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Differentiation Power Control of Modules in
Second-Life Battery Energy Storage System Based
on Cascaded H-Bridge Converter

Chang Liu"’, Ning Gao, Xu Cai

Abstract—There is a possibility that second-life power batteries,
which can store and deliver substantial energy, could satisfy the
requirements of stationary energy storage applications. In this ar-
ticle, split second-life battery modules with good performance have
been directly introduced to the dc sides of the H-bridges in cascaded
H-bridge converter (CHBC) without complex manual dismantling,
screening, and recombination of the battery cells. However, the
severe discrepancies of the second-life battery modules’ parameters
can lead to overcharge, overdischarge, and underutilization of some
battery modules’ effective capacity simultaneously. To suitably
integrate and control these widely different battery modules, a
differentiation power control strategy based on the online battery
parameter estimation method is proposed. Real-time online power
allocation of the independent power modules according to the
parameters of the battery modules is conducted by the strategy,
which ensures that the charging/discharging trajectories of the
second-life battery modules during a charging/discharging cycle
will all arrive at their maximum/minimum values at the same time,
whether the battery modules are in the same phase or different
phases. The control range and capability of the strategy are also
analyzed quantitatively. Finally, modeling, analysis, and experi-
mental validation are performed on a downscaled prototype in the
laboratory.

Index Terms—Battery energy storage system (BESS), cascaded
H-bridge converter (CHBC), differentiation power control
strategy, online parameter estimation, quantitative analysis,
second-life battery.

1. INTRODUCTION

IGH penetration of renewables on the grid and construc-
H tion of the distributed microgrids, ancillary services, and
so on are stimulating the growth of demand for energy storage
system (ESS) [1]-[5]. Among all the ESS technologies, battery
energy storage system (BESS) has been giving priority to the
development because of its high power density, quick response
time, small volume, and no special requirement for installation
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site [6]-[8]. The high cost of batteries represents a prominent
barrier for widespread use of BESS in the utility grid [9].
Recently, with the promotion and application of electric vehicles
(EVs) around the world, large amounts of second-life batteries
will pour into the market in the near future. Usually, the EV
batteries are considered depleted when they cannot provide 80%
of the nominal capacity, which is needed for the vehicle range.
But the depleted batteries are competent to the stationary energy
storage system at reduced cost, which can not only extend the
whole-life cycle of the battery, but also relieve the pressure of
waste batteries’ recycling and disposal [10]-[13].

Papers [14]-[17] analyzed the feasibility of second-life bat-
tery energy storage system (SLBESS) from the angle of econ-
omy, technology, and environmental impact, which has laid the
groundwork for the relevant future studies. However, only a
very limited number of papers have given a detailed analysis
of the design from the viewpoint of the system’s realization
[11], [18]-[21]. Power electronics converter plays a key role in
SLBESS, which can be categorized into two main types based
on the interface converter. First, all the retired battery cells are
assembled in one module after screening and recombination, and
it is integrated with load or into the grid through a traditional
two-level converter [11], [18],[19]. In [18], Tong et al. examined
the feasibility of integrating a second-life battery module with
an off-grid photovoltaic (PV) vehicle charging system. The
second-life battery module is charged by a PV array with a
maximum power point tracking controller, and then the battery
system charges a vehicle via a two-level inverter. The second-life
battery module has 135 LiFePO4 based battery cells, which
have been connected in series and parallel to achieve an acces-
sible storage capacity of 13.9 kWh. Experimental results show
that the SLBESS with a simple control structure achieved the
desirable function successfully. Second, the second-life battery
modules are integrated into the grid through multilevel or multi-
port converter [20], [21]. In order to make full use of second-life
batteries on the grid system, a modular boost-multilevel buck
converter topology along with its module-based distributed con-
trol architecture were introduced in [20]. Second-life batteries
with widely different parameters, such as module voltage, ca-
pacity, and initial state-of-charge (SOC), can be integrated to
an inverter dc link flexibly under this topology and its control
method. However, the proposed converter is a three-stage single
phase inverter with cascaded dc links and also is inapplicable
in appliances what require high power quality and large-scale
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capacity. And also, capacity expansion of the SLBESS in [20]
is limited and difficult. Furthermore, a three-stage converter is
accompanied by low efficiency, low reliability, and complicated
control strategy. In [21], three second-life battery modules were
recombined by screened battery cells or modules with relatively
good performance, then they were integrated to the dc bus of a
three-phase grid-connected inverter through three independent
dc/dc converters. Meanwhile, an energy management control
strategy is proposed to distribute and control the power demand
among three second-life battery modules under different load
conditions and disturbances, which has been developed to inte-
grate flexibly different levels (i.e., size, capacity, and chemistry
type) of the second-life battery modules into the grid through a
multiport converter. We found that all the SLBESSs mentioned
above are more or less confined to small capacity, low efficiency,
low reliability, and low scalability to large-scale capacity, which
all aroused from the adopted converters.

Compared with the new ones, second-life batteries suffer
from lower reliability because of degraded performance and
failure, which will have impact on overall system reliability.
Both the reliability of different single phase battery-to-grid
converter interfacing schemes and second-life battery modules
were calculated and compared in [22], where a CHBC with anin-
tegrated dc—dc converter scheme for robust and reliable SLBESS
is recommended without taking the efficiency and volume of
the system into consideration. CHBC can integrate the split
low-voltage small-capacity battery module into the high-voltage
grid (10-35 kV) without bulky line transformer. Thus, a higher
efficiency of the whole system can be obtained and the problem
of circulating current among battery cells can be solved. Also,
the modular structure of CHBC improves the redundancy and
reliability of CHBC-BESS. The advantages mentioned above
make CHBC the most likely approach for massive BESS [23],
[24].

In this article, split second-life battery modules with effective
functional components have been introduced to the dc sides
of the H-bridges in CHBC directly without complex screen-
ing and recombination of the battery cells. When applicated
in EVs, the differences in series—parallel mode, placement,
working condition, and degradation trajectory lead to widely
different battery parameters, such as effective capacity, internal
impedance, and so on. So, the conventional interphase or inter-
bridge SOC balancing strategies and the control strategy for the
CHBC-BESS based on the new batteries, as reported in [25],
where the SOC is defined by the rated capacity, are inapplicable
in second-life BESS based on cascaded H-bridge converter
(CHBC-SLBESS). To make full utilization of these widely dif-
ferent battery modules and avoid overcharge and overdischarge
of them, we redefine the SOC of the second-life battery accord-
ing to the effective capacity obtained by the proposed online
battery parameter estimation method, then a real-time online
power allocation of the independent power modules according
to the parameters of the battery modules is conducted. On the
basis of these, a differentiation power control strategy of CHBC-
SLBESS based on the decoupled current control of CHBC is
proposed, which includes both the interphase differentiation
power control and interbridge differentiation power control.
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The interbridge differentiation power control is implemented by
introducing closed module power control loops. The interphase
differentiation power control is implemented by injecting the
zero-sequence voltage related to the battery parameters into the
output voltage of CHBC. Meanwhile, the control ranges and
interplay of the proposed interphase and interbridge differenti-
ation power control strategy are analyzed in detail. The analy-
sis shows that the proposed interbridge differentiation power
control strategy can greatly reduce the control range of the
interphase differentiation power control strategy. To address this
issue, a double 1/6 third harmonic voltage injection (DTHVI)
method based on the fundamental frequency zero-sequence
voltage injection (FFZSVI) method was proposed to extend the
control ranges of the interphase and interbridge differentiation
power control strategy at the same time to the fullest possible
extent. Moreover, quantitative analysis of the control range is
conducted. Under the proposed differentiation power control
strategy, these widely different battery modules can be fully
utilized and overcharge and overdischarge of them can also
be avoided. In [24], an active-power control strategy of indi-
vidual power modules in CHBC-BESS was proposed, which
also enables the multiple battery modules operate at different
power levels. However, the power sharing strategy of the power
modules is ignored in [24], so it is unclear how to allocate the
power that is assumed by each power module. By comparison,
our method has a clear description of the power sharing strategy
and can allocate the power assumed by each power module
according to their parameters. Additionally, the strategy of [24]
did not take the parameters of the batteries into consideration,
which makes the strategy invalid when the battery parameters
change. Finally, the control range of the strategy proposed in
[24] is much narrower than our method. Though our method
adds more complexity to the system compared with methods
proposed in [24] and [25] and its requirements for control system
are high, it could reduce the cost of the whole system because
second-life battery modules can be introduced to the dc sides
of the H-bridges directly without screening and recombination
of the battery cells under our proposed method. The rest of
this article is organized as follows. Section II is devoted to
the system configuration and modeling of CHBC-SLBESS.
Online battery parameter estimation, distributed power sharing
strategy, and differentiation power control strategy are given
in Sections III-V, respectively. Experimental results from a
downscaled laboratory prototype are provided in Section VI
to validate the effectiveness and feasibility of the presented
strategy. Finally, Section VII concludes this paper.

II. SYSTEM CONFIGURATION AND MODELING OF
CHBC-SLBESS

Fig. 1 shows the layout of a star-connected, three-phase,
2n + 1 level CHBC-SLBESS, which consists of 3n power
modules, each composed of H-bridge converter and its driving
circuits, dc bus capacitance, dc fuse, precharge device on the dc
side, and second-life battery module. When the fault of either a
power device or a battery module is detected, or the fuse in series
with the battery unit blows, the corresponding power module is
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Fig. 1. System configuration of CHBC-SLBESS.

bypassed immediately by short-circuiting its ac terminal by a
bidirectional switch or a bypass contactor [26]. Then, the whole
system can keep running. The modular structure of CHBC allows
easy extension to reach higher voltage and power levels, thus
making it feasible to connect to a high-voltage grid without bulky
and heavy line-frequency transformers. In Fig. 1, vgq, Usp, Use
and 744, %5p,%sc represent grid voltages and currents, respec-
tively. v,, vy, v represent the output voltages of CHBC. vy,
Vbkj» tdkjs Leksjs Lok; Tepresent the ac side output voltage, battery
module voltage, dc side current, dc bus capacitance current,
and battery module current of the jth power module of phase
k, respectively (k=a, b, c;j=1,2..., n).

The ac sides of the H-bridge converters are connected in series,
so the output voltage of CHBC is easily determined from the
following equation:

ve =Y vk = dijvers, (k =a,b,c) (1)
j=1 j=1

where dy; is the switching function of the jth power module of
phase k. The system’s dynamic behavior can be described by (2)
and (3), where v,y represents the zero-sequence voltage of the
system and R is the parasitic resistance of the filter inductance
L,

dig . _
VUsk — Vg — (Ls Zdtk + stk) = Voo! (2)
1
Voo = g(vsa + Vsp + Vse — Vg — Up — Uc)
. L . - L Cdvbkj . .
Ldkj = tekj + ki = O~z + Tk 3)

idkj = dij sk

As the control input of the system, the switching function dy;
can have the discrete values -1 or 0, when the output voltage of
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TABLE I
PARAMETERS OF A NEW BATTERY MODULE

Items Parameters
Nominal voltage (V) 23
Nominal capacity (Ah) 10
Array mode 10S1P
Operating voltage range (V) 18-27.5
Rated operational current (A) 40
Maximum allowable continuous 60
working current (A)
Operating temperature range (°C) -20—+60

the H-bridge is =vy,,; or 0, respectively. To linearize the model of
the converter, the discrete switching function dy,; can be replaced
by the continuous sinusoidal switching function s, which is
bounded in the interval [—1, 1].

III. ONLINE PARAMETER ESTIMATION OF SECOND-LIFE
BATTERY MODULE

Online battery parameter estimation is necessary for making
full utilization of the second-life battery module’s capacity.
Corresponding adjustment of the proposed differentiation power
control strategy should be made according to the parameter
variations of the battery. The estimated parameters include inter-
nal impedance, open-circuit voltage (OCV), effective capacity,
and SOC. Taking a second-life lithium titanate battery module,
which was applied in the laboratory prototype and manufactured
by Microvast Power Systems Co., Ltd., as an example, this sec-
tion presents the process of online battery parameter estimation
in detail. Table I shows the parameters of a new battery module.
When first applied in EVs, the battery module functions as the
basic unit, which can form the power train of the vehicle after
suitable series—parallel connection.

The proposed online parameter estimation in this section
performs the following steps.

Step 1: Estimate the internal impedance (Z) of the battery mod-
ule. Fig. 3 shows the two kinds of the commonly used
equivalent-circuit models of the battery, i.e., the RC
model and linear model. The RC model, which includes
one or several RC networks, the internal resistance
(Rs) as well as the voltage source, which provides the
predicted OCV [27], [28], [31]. The RC parallel net-
work modeling the activation polarization or charge-
transfer overvoltage and concentration polarization at
anode and cathode [27] is added to implement the time
constant during transient. The number of RC branches
depends on the desired accuracy and bandwidth of the
model [28]. One to three RC branches are typically
used. We have to emphasize the fact that the RC branch
model is actually an “analogue” of an electrical system
rather than a model of specific electrical components
(such as series internal resistance R,) [33]. The RC
model is suitable for describing the dynamic perfor-
mance of the battery. The linear model is simple and
suitable for describing the steady-state performance of
the battery [29]. The internal resistance (R;) of the RC
model has the same value for the linear model. Then,
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Fig. 3. Battery module’s equivalent circuit. (a) RC model. (b) Linear model.

we can easily draw the conclusion that the RC model
and the linear model have the same performance during
the steady state of the battery [29]. This paper adopts
a ripple based online internal impedance estimation
method, as shown in [30]. Each cascaded single phase
H-bridge converter results in the 100 Hz rippled current
of the battery. At the same time, the battery voltage
ripples with the current because of the impedance of
the battery module, as shown in Fig. 2. This internal
impedance estimation method works under the steady
state of the battery, so we adopt the linear model shown
in Fig. 3(b) in this article. The impedance of the battery
(Z) during the steady state can be considered purely
resistive [25]. The battery impedance can be calculated
by (4), where Vpmax, Ubmins bmax, and tpmin represent
the maximums and minimums of the instantaneous
value of the battery module current and voltage in one
ripple cycle

_ % _ wbmax ’(')bmm‘ ) (4)

AZb |Zblnax - mein|

Estimate the battery module’s OCV. Fig. 3(b) shows
the linear battery model adopted in this article, where
I, and V,, represent the average values of the battery
module voltage and current during a pulsation cycle,
respectively. [}, is negative during discharging and pos-
itive during charging. Thus, the OCV can be estimated
by the following equation:

oCV=W-1-Z )

Step 2:
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Step 3: Estimate the SOC from a precharacterized and prede-
fined OCV-SOC lookup table (LUT) for each battery
module once the OCV is confirmed. There is a one-to-
one correspondence between OCV and SOC.
Estimate the effective capacity (Q.) of the battery
module. Two accurate SOC values and the integrated
current between these two values are sufficient to es-
timate the capacity of the battery cell. When the OCV
changes from OCV, to OCVy, the SOC does from
SOCy to SOC;. Since the OCV versus SOC curve is
monotone, it can be inverted, and therefore the SOC of
a battery module can be estimated using a OCV-SOC
LUT and the measured OCV. Then the effective capac-
ity can be calculated from (6), where i; represents the
instantaneous value of the battery module current
B fot ipdt B fot ipdt

SOCt = SOC{) + T = Qe = WSOC(%)

The unbalance in the grid voltage or lines impedance would
affect the estimation of the parameters. In this case, there will
be negative sequence current in the system, which may bring
distortions to the battery currents. To solve this problem, a
negative-sequence grid voltage feedforward control can be ap-
plied. In this way, the CHBC can actively produce an amount
of negative-sequence voltage in response to system voltage
imbalance, thereby suppressing the negative-sequence current
resulting from the system voltage imbalance. Then, the imbal-
ance voltage’s impact on the estimation of the battery parameters
can be eliminated.

A. Testing Methods for the OCV-SOC Curve

OCV test methods have been extensively studied by many
researchers to get more reliable OCV-SOC curve and more
precise lithium battery model [32]-[38]. In order to shorten the
test time to the greatest extent, we adopt the constant current
discharging/charging with a short intermission method [32],
[33] in this article. When the test starts, the battery is fully
charged or discharged and left at rest for 1 h. An SOC interval
(ASOC) of 1% is obtained by 0.5C (5 A) constant current
discharging/charging, followed by a pause of 1 min, which is
aimed at making the battery module voltage approximate OCV
conditions [32], [33]. Repeat in this way until the cut-off voltage
of the battery module, i.e., 18 V, is reached or the battery is fully
charged after a constant voltage phase is applied. OCV is the
average value of the voltages measured after a pause during
processes of charging and discharging. The whole test carried
out at 25 °C takes only several hours [32], [33].

Polynomial function is usually used to fit the OCV-SOC curve,
which can be programmed in the actual control system then.
Unfortunately, ill-conditioned curve with low reliability and
resolution can be easily caused by polynomial fitting. Hence,
we design a 2 x 101 LUT with an SOC interval of 1%. A
monotone, nonlinear interpolation of OCV values is required
to get the intermediate values between two data points in order
to get the OCV curve with a higher resolution. We propose
using piecewise cubic Hermite polynomials, which preserves the
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Fig. 5. OCV-SOC curves under different effective capacity.

shape of the data, visually pleasing, and respects monotonicity,
for the interpolation of OCV values [34]. The OCV-SOC curve
obtained by piecewise cubic Hermite polynomials interpolation
is shown in Fig. 4, where the SOC is defined according to the
nominal capacity.

B. Normalization of the OCV-SOC Curve

In practical application, the nominal capacity is usually used
to perform the SOC estimation rather than the effective capacity.
However, the accuracy of SOC estimation cannot be guaranteed
because the effective capacity gradually degrades while the cycle
time is increasing. Taking a battery module with a rated capacity
of 10 Ah and a 20% capacity degradation as an example, the
SOC should be zero after the fully charged battery completely
discharges. However, if the capacity degradation is neglected,
the SOCis 20%. Considerable error is introduced in SOC estima-
tion, which would lead to overdischarge of the battery. Different
OCV-SOC curves under different effective capacity tested at
25 °C and obtained by piecewise cubic Hermite polynomials
interpolation are shown in Fig. 5, where the SOC is defined
according to the nominal capacity. The significant differences
of the OCV-SOC curves in Fig. 5 are caused by the different
effective capacity. To address the above-mentioned problem, we
propose normalizing the OCV-SOC curve. To accomplish this,
the SOC is redefined as the ratio of the remaining capacity to the
effective capacity, as shown by (7), where @),- and (). represent
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remaining capacity and effective capacity of the battery module,
respectively. The coulomb counting expression is also modified
accordingly, shown as follows:

SOC = 2w 100% )
Qe
t .
dt
SOC, = SOCy + Jo éb . (8)

We adopt the normalization method described above to nor-
malize the OCV-SOC curves in Fig. 5. Fig. 6 gives a clear
illustration of the normalized OCV-SOC curves. The OCV-SOC
curves arrive at a mutually agreed-upon state though they are
tested under different effective capacity, which is a verification
for the validity of the normalization method. The second-life
battery module’s OCV-SOC curves under arbitrary condition
can be obtained by only one OCV-SOC test under certain effec-
tive capacity with the adoption of the proposed normalization
method.

Based on the above-mentioned work, we can acquire accurate
online estimations of effective capacity, internal impedance,
OCYV, and SOC of a second-life battery module following the
steps 14 aforementioned.

IV. DISTRIBUTED POWER SHARING STRATEGY OF POWER
MoDULES IN CHBC-SLBESS

Compared with the new ones, the second-life battery modules
tend to react in different way according to their significantly
different parameters, such as effective capacity, SOC, and volt-
age. So, the traditional SOC (defined according to nominal
capacity) balancing control strategy reported in [25], which is
aimed at increasing utilization of the new battery’s capacity,
is not applicable in CHBC-SLBESS. To address this issue, a
distributed power sharing strategy among the power modules
in CHBC-SLBESS is proposed, which includes both the inter-
phase power sharing strategy and the interbridge power sharing
strategy.

The proposed distributed power sharing strategy is based
on the interphase power sharing weighting factor wj, and the
interbridge power sharing weighting factor wy,;, which can rep-
resent the status (current effective capacity, SOC and voltage) of
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the applied second-life battery modules. The interbridge power
sharing weighting factor (wy,;) of the jth power module of phase
k and interphase power sharing weighting factor (wy,) of phase
k can be derived from (9) and (10), respectively, where Qcx;,
SOCy;, and Vy,;,; represent the effective capacity, instantaneous
SOC, and average battery voltage during a pulsation cycle of the
Jjth power module of phase k. It is worth noting that the weighting
factor during discharging is different from that during charging.
Based on the interphase and interbridge power sharing weighting
factor, the sharing power of each phase P}’ and the sharing power
of each power module P,:j can be calculated by (11) and (12),
respectively, where P* represents the total reference active power
of the system

Qekj SOCk; - Vor;

ST+ Oury SOCk, Vior; discharging
Wiy = )
Qek; (1-S0Ck;) - Vir; charein
>o=1 Qekj(1-8OCk;)- Vi, ging
=1 QeriSOCk; Vi
Dok 21 Qerj SOCy; - Vi
=1 Qe (1-SOCk;)- Vi
2ok 21 Qerj (1-SOCy;) Vi,

P,:f:wk-P*

discharging
(10)

charging
an

wii P*
Py = .
To make full utilization of the battery capacity, each of
the applied battery modules will charge/discharge at different
rates according to their characteristics. This adopted distributed
power sharing strategy ensures that the charging/discharging
trajectories of all the applied second-life battery modules dur-
ing a discharging/charging cycle will all arrive at their mini-
mum/maximum values at the same time. The average battery
current during a pulsation cycle of the jth power module of
phase k, i.e., Iy, should satisfy the following equation:

12)

Tyin
o= Ok (13)
Wkn

Tyia
Wi1

Tpio

Wk2

Meanwhile, the interphase power sharing weighting factors
satisfy the following equation:

Wq +wp +we = 1. (14)
V. DIFFERENTIATION POWER CONTROL STRATEGY OF
MoDULES IN CHBC-SLBESS

A differentiation power control strategy of CHBC-SLBESS is
proposed in this paper, whose overall control structure is shown
in Fig. 7. The whole strategy consists of the following five parts:

1) online parameter estimation of the second-life battery

module;

2) distributed power sharing strategy;

3) decoupled current control of CHBC;

4) interbridge differentiation power control strategy;

5) interphase differentiation power control strategy.

We have respectively described the first two parts of this
strategy in Sections III and IV in detail and will not reiterate
them here. The third part, i.e., decoupled current control, just as
described in [39], will not be detailed here either. The reference
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of the output positive sequence fundamental voltage of CHBC,
i.e., v}, v, and v}, can be obtained by applying the inverse dg
transformation to the following equation:

Vd | _ | Vsd _ 0 —wLS id _ ) iz—id
i b i P | A R ]
—K/ {Z.‘jl.d}dt

Zq—Zq

where vg and v, are the d- and g-axis positive-sequence com-
ponents of the converter’s output voltage, whereas ig and i,
are those of the grid current, respectively. We assumed that the
grid voltage is balanced and only positive-sequence component
exists in it, so the grid current is also balanced. vsq and v,
are the d- and g-axis positive-sequence components of the grid
voltage, respectively. i;; and iy are the given d- and g-axis current
commands. Kp; and K, ; are the parameters of the current
controller. The tuning process of the current loop controller
can be seen in the Appendix. After being decoupled, the d-
and g-axis currents can be controlled independently and the
frequency domain models of converter with control in d- and
g-axis are the same. We select the d-axis as the active power
axis. So the selection of the weighting factor for charging and
discharging depends on the sign of ¢};, which indicates the phase
of grid side current with respect to the grid voltage. Hence, we
use the sign of ¢); to perform the dynamic changeover through
an edge detector in this strategy.

The fourth and fifth parts play a crucial role in the proposed
differentiation power control strategy, which will be detailed in
this chapter.

5)

A. Interbridge Differentiation Power Control Strategy

The aim of the interbridge differentiation power control
strategy is to control the power of the series-connected
power modules in the same phase independently according
to the applied second-life battery modules’ characteristics. To
realize the independent power control of the power modules
in the same phase, each of the applied battery modules will
charge/discharge at different rates, which can promise full uti-
lization of the battery capacity. However, when n power modules
are series-connected as shown in Fig. 1, the power transfer man-
agement is not really independent due to the fact that the current
flowing through them is the same and the ac current in this case
is controlled through the combined action of the n power mod-
ules. The challenging independent power control of the series-
connected power modules has been proven to be strictly related
to stability problems [40]-[42]. In summary, stability problems
arise because n + 1 state variables (one ac current plus n mod-
ules’ power) are managed with only n switching functions [43].

To resolve this problem, we introduce n — 1 closed module
power control loops for the second to the nth power module in
each phase. The reference of the closed module power control
loop can be obtained by (12). The module power controller se-

A

lects the amplitude (.S ;']) for the positive-sequence fundamental
component (S,‘:j) of the switching function (S%;). The phase of
S,':j is the same with that of the positive-sequence fundamental
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control in the dg synchronous rotating frame. v, F divided by Vy,
which represents the average voltage of the battery modules in
one phase, is the positive-sequence fundamental component of
total modulation wave for each phase, i.e., Stotalk When we
obtain the positive-sequence fundamental components of the
switching functions for the second to the nth power module, the
positive-sequence fundamental component of switching func-
tion for the first module in each phase can be obtained by the

following equation:

Sk Stotalk (SZFQ + T+ Sljn) :

This proposed interbridge differentiation power control strat-
egy can not only realize independent power control of the power
modules in the same phase, but also avoid instability problem.

(16)

G (5)

Fig. 8. Block diagram of the introduced closed module power control loop in
frequency domain.

The block diagram of the introduced closed module power
control loop in frequency domain is shown in Fig. 8, where [,
represents the amplitude of the grid current and  represents the
phase difference between the grid current and positive-sequence
fundamental component of the converter output voltage.

As previously mentioned, a second harmonic component ex-
ists in the battery voltage, which would lead to the third harmonic
component in the grid current. To restrain the third harmonic
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component in grid current, we adopt a whole period integrator,
as shown in Fig. 8. The third harmonic component is eliminated
from the grid current in this way. The whole period integrator
can be described as follows:

1 t+T
kaj = ? / vbkjdt.
t

The total system delay can be considered as an approximate
equivalent of the half of the switching period T4y /2, i.e.
1
1+s-Tew/2
The open-loop transfer function is then given by the following
equation:

a7

Gdelay('s) = eisTdelay ~

(18)

Kp-s+ K; 1
Gopen(s) =

Virj - I - cose
s 1+ Tew/2 2 ‘
19)
The PI module power controller is designed by zero-pole
cancellation method. The response time of the closed module
power control loop has to be in accordance with that of the
current loop in order to guarantee the good dynamic performance
of the system. Then, the PI parameters of the module power
controller, i.e., K p and K, can be figured out.

B. Interphase Differentiation Power Control Strategy

In addition to the battery parameter inconsistency among the
battery modules in the same phase, battery parameter inconsis-
tency among different phases, like the inconsistent total effective
capacity of each phase, should not be neglected in order to make
full utilization of all the applied battery modules’ capacity. In this
case, each phase should assume the different amount of power
according to its specific battery configuration. If not, the battery
modules of certain one phase would be the first to arrive the
cut-off states, which would result in underutilization of effective
capacity of the battery modules in the other two phases simulta-
neously. To address the above-mentioned issue, the interphase
differentiation power control strategy was proposed, which can
redistribute the power of each phase according to the applied
battery modules’ characteristics in real time. The power assumed
by each phase can be calculated by (11).

The interphase differentiation power control strategy is im-
plemented by injecting a zero-sequence fundamental frequency
voltage into the converter output voltage. The injection of zero-
sequence voltage would not lead to introduction of the zero-
sequence current because of the star configuration of CHBC-
SLBESS. Therefore, the FFZS VI method redistributes the power
among three phases as required to provide three-phase balanced
currents. With the introduction of this fundamental frequency
zero-sequence voltage v°, as shown in (20), the converter voltage
reference vy, can be rewritten as (21). Vp,,, and 6 represent the
amplitude and phase angle of the injected zero-sequence voltage

(20)
ey

The power redistribution caused by the injected zero-
sequence voltage for each phase can be expressed by (22), where
©iq Tepresents the phase angle of the A phase current and AP,

0% = Vimcos (wt + 6p)

Vi = v,j —I—UO.
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should satisfy (23). No additional active power is produced after
the injection of zero-sequence voltage, but the power distribution
among three phases is changed.

The amplitude and phase angle of the injected zero-sequence
voltage can be figured out according to (22), as shown by (24)
and (25), respectively. V, represents the rms value of line voltage

A]Da - %VOmInLCOS(QO - 901(1) =P (Wa - %)
APy = §VomImcos(bo — pia + 57) = P* (wp — 3)
APC = %%mImCOS (90 — Pia — 2771') =P (% — Wy — wa)

(22)

AP, + AP, + AP, =0 23)
41P% 1
Vom = W2 + w? 4+ wewp — W — Wp + =
0 NI b b vt 3
1

= 2\/§Vg\/w3 + Wi + wewp — W — wp + 3 (24)

0o zatan2(1—wa—wa,\/g~wa—\/§/3)+cpia. (25)

When the FFZSVI is put into practice, the zero-sequence
voltage superimposed on the reference voltage of each module
is gained by multiplying v° and wy;. Then the fundamental
frequency zero-sequence component of the switching function,
ie., S 2 ;»can be obtained. The switching function of each module

is the sum of S} ; and S,j'j, as shown by the following equation:

Wkj - UO
‘/bkj

Skj =S¢ + = S+ S (26)
However, the injection of the fundamental frequency zero-
sequence component comes at the expense of increasing con-
verter output voltages. While the converter output voltages
increase with the severity of the battery parameter inconsistency
and reach the limit set by the dc-side second-life battery module
voltages, the target of delivering balanced grid currents with the
FFZSVI method fails. To avoid the overmodulation, we must
ensure that the maximum value of converter output voltages
should be less than the sum of the battery module voltages in
one phase. The injected zero-sequence voltage is different from
that in [25], where the injected zero-sequence voltage is related
to the SOC of each phase and would change with SOC during the
SOC balancing process. In contrast, the injected zero-sequence
voltage in this article is related to interphase power sharing
weighting factor, which depends on the battery parameters and
is nearly invariable during a charging/discharging cycle. So,
the injected zero-sequence voltage in this article can also be
considered nearly invariable. To guarantee no overmodulation
during the whole charging/discharging cycle after the injection
of zero-sequence voltage, the converter output voltage vy should
satisfy formula (27), where Vi min is the minimum value of
battery voltage during the whole charging/discharging cycle

max {Uaa Up, Uc} S Z VE)kj min - (27)
j=1

An SOC window between 5% and 95% is used in the actual
system for battery safety because error exists in the estimation
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Fig. 9. Control range of the interphase differentiation power control strategy
based on FFZSVI.

of SOC. High equivalent switching frequency ask for a small
filter inductance in CHBC, then the voltage of the filter induc-
tance can be ignored. In this way, the converter output voltage
v can be shown as follows:
vp = Vgi + 0. (28)
After the reasonable approximation, the maximum value of
converter output voltage can be indicated as a function of w,
and wy, i.e., max{v,, vy, Ve H (W, wp). The theoretical range of
we and wy is (0, 1). This article also provides a quantitative
analysis method for the interphase differentiation power control
capability, which offers a reference for the battery configuration
and design of fault-tolerant control strategy in CHBC-SLBESS.
Interphase differentiation power control capability is defined as
the ability of dealing with interphase battery parameter incon-
sistency. All possible interphase battery parameter inconsistency
cases fall within a shaded triangle and can be represented by a
unique operation point (w,,ws) inside the shaded triangle, as
shown in Fig. 9. The coordinates of all the points inside the
shaded triangle simultaneously satisfy the following inequali-
ties: 0 < w, < 1, 0 <wp < 1, and w, + wp < 1. If the maxi-
mum converter output voltage satisfies (27), then three-phase
balanced grid currents can be generated without overmodula-
tion, and this operation point is in the control range of the
given method. All operation points in the control range form
a two-dimensional space, defined as interphase differentiation
power control space (IDPCS). The ratio of the area of IDPCS
(Sippcs) to the area of the shaded triangle (Sirangle) is defined
as the interphase differentiation power control factor (IDPCF)

_ Jo Jo F (@a,w3) dus,dus,

Strangle

IDPCF = 10Pes

29
Strangle ( )

where F'(w,,wp) is defined as follows:
F (wg,wp)

. {0, max {Uaa Ubyvc} (meb) > Z?:l kaj min

1 max{vg, vp, Ve } (Wa,wp) < Z?Zl Vokj min-
(30
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TABLE II
MAIN PARAMETERS OF THE PROPOSED CHBC-SLBESS

Parameters Values
Grid line voltage 175V
Rated power 10 kW
Cascade number 8
Rated voltage of battery module 23V
DC capacitor 11 mF
Grid side filter inductance 0.5 mH
Switching frequency 1 kHz

The proposed quantitative analysis method is used to quantify
the control range of the interphase differentiation power control
strategy based on FFZSVI. The system parameters shown in
Table II are adopted. The analysis result is shown in Fig. 9,
where the red section represents the IDPCS and the IDPCF is
2.76%.

As Fig. 9 shows, the control range of FFZSVI is very
small because of the low utilization of the dc-side voltage.
So overmodulation is prone to arise. Moreover, each of these
applied battery modules will charge/discharge at different rates
according to their characteristics, in order to all arrive at their
maximum/minimum values at the same time. When the battery
modules with significantly different parameters are applied in
the same phase, there is a possibility that the amplitudes of
switching functions for some modules are nearly closed to 1 or
even more than 1 before the injection of zero-sequence voltage.
In this case, overmodulation is more prone to arise after the
injection of zero-sequence voltage. We can draw the conclusion
that the interbridge differentiation power control strategy further
narrows the control range of the interphase differentiation power
control strategy based on FFZSVI under some certain cases.

Therefore, it is necessary to find a way to expand the con-
trol range of the differentiation power control strategy. Third
harmonic injection is an effective way to improve the dc
voltage utilization of the three-phase voltage-source converter
[44]-[46]. Adding high-order harmonics to FFZSVI will not
affect its power redistribution effort, since these harmonics
are expected to generate zero average active power with the
fundamental frequency grid currents. For symmetrical converter
output voltages, a third harmonic injection with an amplitude
of 1/6 of the fundamental frequency component achieves the
highest ac output voltage without overmodulation. Having noted
that the injected fundamental frequency zero-sequence voltage
is also sinusoidal, a straightforward way to find a harmonic
injection is to combine the optimal injection of the positive
sequence with the optimal one of the zero sequence [44]. The
method is hence named as the DTHVI method. The converter
output voltage of phase k with DTHVI can be written as follows:

Vg :v,j —v;k—kvo—vg
o V+km
= Vigmeos (wt + ¢r) — cos (3wt + 3¢y)

Vom
+ Vomeos (wt + 6p) — UTCOS (Bwt + 30p)  (31)
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where U;_k and v} represent the injected 1/6 third harmonic of
the fundamental frequency positive-sequence component and
the zero-sequence component of the converter output voltage,
respectively. V ., and ¢y, represent the amplitude and phase an-
gle of the fundamental frequency positive-sequence component
of the converter output voltage, respectively. The interbridge
power sharing weighting factor wy,; is used as a standard to
distribute the double third harmonics and the fundamental fre-
quency zero-sequence voltage for each power module. Then, the
switching function (Sy;) of each power module can be described
as follows:

Skj =St = S3 + Sp; — S

wkj . UO
Viokj

0
_ wkj . 'Ug
Vik

+
wkj *Ug

32
Virg (32)

_ qt
=St -

where S. ;}C ;and S ; represent the third harmonic of the positive-
sequence component and third harmonic of the zero-sequence
component of the switching function, respectively.

The proposed quantitative analysis method is also used to
quantify the control range of the interphase differentiation power
control strategy based on DTHVI. The analysis result is shown
in Fig. 10, where the blue section represents the IDPCS of
the interphase differentiation power control strategy based on
DTHVI and the corresponding IDPCF is 8.06%. Compared
with FFZSVI, DTHVI has a much wider control range. DTHVI
method increases about 15% in the dc voltage utilization by
the injection of the double 1/6 third harmonic voltage, which
means it can also increase about 15% in the control range of the
interbridge differentiation power control strategy.

VI. EXPERIMENTAL VALIDATION

A. Experiment Prototype

In order to verify the feasibility and effectiveness of the
proposed differentiation power control strategy of modules in
CHBC-SLBESS, a downscaled prototype is built in the labo-
ratory. Table II lists the main parameters of the prototype. The
battery modules retired from EVs are applied in this prototype,
whose detail parameters have been shown earlier in Table I.
The initial SOC and effective capacity of the applied second-life

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

TABLE III
INITIAL SOC AND EFFECTIVE CAPACITY OF THE APPLIED SECOND-LIFE
BATTERY MODULES

Phase A Phase B Phase C
No 0./AH socC 0./AH socC 0./AH socC
1 8.7 68% 7.3 62% 6.7 63%
2 8.7 60% 6.8 65% 7.4 55%
3 8.9 54% 6.5 61% 6.6 64%
4 8.3 67% 7.4 65% 7.2 65%
5 8.6 56% 6.9 66% 6.8 66%
6 9.0 61% 6.5 53% 6.9 69%
7 9.3 58% 7.5 67% 7.3 64%
8 8.4 70% 6.7 46% 6.9 58%

Maincontroller

Sampleboard
Fiber

Second-life battery <
modules

BMU H-bridges Power

subcontroller

Fig. 11.  Power module, battery module, and control system structure of the
prototype of CHBC-SLBESS.

battery modules are shown in Table III. The switching frequency
is selected as 1 kHz, so the equivalent switching frequency is
16 kHz when the carrier phase shifted modulation is adopted
here. The battery module, power module, and control system
structure of the prototype are shown in Fig. 11. A distributed
control system is applied to implement the proposed differenti-
ation power control strategy. The control system is composed
of maincontroller, subcontrollers in power modules, sample-
board, and battery management system (BMS). A framework of
DSP+FPGA is adopted both in the maincontroller and subcon-
troller. We summarize the main functions of the maincontroller
as follows:

1) communicating with host computer and receiving active
and reactive power instructions;

2) communicating with BMS through CAN bus and sending
instructions to the battery modules;

3) reading sample information from FPGA and completing
the main control arithmetic and the interphase differenti-
ation power control strategy.

We summarize the main functions of the subcontroller as

follows:

1) storing the precharacterized and predefined second-life
battery module’s OCV-SOC lookup table (LUT);

2) online battery parameter estimation, such as effective ca-
pacity, internal impedance and SOC of the battery module;

3) completing the interbridge differentiation power control
strategy.



LIU et al.: DIFFERENTIATION POWER CONTROL OF MODULES IN SECOND-LIFE BESS BASED ON CHBC

NI virtual oscilloscope

Second-life battery module cabinet
P t—— -

BMS cabinet

DC cables

(24 pairs)

Power module
cabinet

Control and
switch cabinet

Programmable
AC power supply

Fig. 12.  Photograph of the experiment prototype.

Dischargin ; Chargin
g gi Zing

(@ 2504 [ ) @ 505 @ 2aaAv ) (Z 20.0ms :gqu;Tlﬂ @
Fig. 13. Transient waveforms of the three-phase grid currents with FFZSVI-

based interphase differentiation power control strategy.

The photo of the experiment prototype is shown in Fig. 12.
The grid is simulated by RS90 programmable ac power supply.
The battery current and voltage are measured and displayed by
an NI virtual oscilloscope. Two power modules are contained
in one power module cabinet and it is the same situation in one
second-life battery module cabinet.

B. Validation of the Proposed Differentiation Power
Control Strategy

As we can see from Table III, the effective capacity and
SOC of the battery modules in the same phase are significantly
different. Moreover, the total effective capacity of each phase,
i.e., the sum of the effective capacity of all the battery modules
in the same phase, is also significantly different. The transient
waveforms of the grid currents and the converter output voltages
from discharging to charging operation with a step change in
rated active power from —10 to 10 kW at 0.12 s after the device is
started under the proposed differentiation power control strategy
are shown in Figs. 13 and 14. Here, the interphase differentiation
power control strategy is implemented by FFZSVI first. Fig. 15
shows the waveforms of the switching functions for the power
modules in phase A, where overmodulation arises because of
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Fig.15. Transient waveforms of the switching functions for the power modules

in phase A with FFZSVI-based interphase differentiation power control strategy.

-]

©

v\\// \/ 4\&/
THD=197% .1 4
Discharging!; Charging

(@ 5.0A @

@ 25.0A @ 200V )[zzo.oms

Fig. 16.  Transient waveforms of the three-phase grid currents with DTHVI-
based interphase differentiation power control strategy.

the significantly different battery parameters and narrow control
range of FFZSVI described before. That is why the three-phase
grid currents, shown in Fig. 13, are distorted and asymmetrical.
Figs. 16 and 17 show the transient waveforms of the three-
phase grid currents and the converter output voltages under
the same experiment condition, but the only difference is that
interphase differentiation power control strategy is implemented
by DTHVI. Actually, the large distortion in the output voltage
waves of CHBC arises from the injection of the third harmonic of
the positive-sequence and zero-sequence fundamental frequency
output voltage. However, the third harmonic injection would
not introduce harmonic current in star-connected CHBC. The
current total harmonic distortion (THD) is low (THD < 5%),
which can meet the grid code. So the distortion in the output
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Fig. 19. Power distribution among three phases.

voltage of the CHBC does not have an impact on its connection
to the grid. Fig. 18 shows the waveforms of the switching func-
tions for the power modules in phase A at this moment, where
overmodulation disappears because the control range of inter-
phase differentiation power control strategy based on DTHVI is
much wider than that based on FFZSVI. The three-phase grid
currents are rebalanced, as shown in Fig. 16. So we adopt the
DTHVI-based interphase differentiation power control strategy
in this article. The three-phase converter output voltages shown
in Fig. 17 are distorted and asymmetrical owing to the injection
of the double third harmonics and the fundamental frequency
zero-sequence component, respectively. Fig. 19 shows the power
distribution among three phases under this case. The waveforms
of the currents of the second-life battery modules in phase A
are shown in Fig. 20. The conditions of the second-life battery
modules in phase B and C are similar with that in phase A,
which will not be displayed here. As we can see from Fig. 20,
the battery modules in phase A charge and discharge at different
rates according to their characteristics. When discharging, the
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Fig. 20. Waveforms of the currents of the second-life battery modules in
phase A.
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Fig. 21.  SOC trajectories of the battery modules in phase A during charging.

average values of the battery currents during a pulsation cy-
cle are Iyg1 = —22.98 A, Ipa2 = —20.27 A, Ipa3 = —18.60 A,
Tpas = —21.53 A, Iygs = —18.73 A, Ipes = —21.32 A, Iyo7 =
—20.90 A, and I, = —22.68 A. When charging, the aver-
age values of the battery currents during a pulsation cycle
are Ipg1 = 17.60 A, Ipgo = 21.63 A, Ipes =24.78 A, Ipes =
17.22 A, Ipas = 23.73 A, Ipes = 22.05 A, Ip,7 = 24.36 A, and
Ipes = 15.75 A. Then, we can draw the conclusion that the
average values of the battery currents during a pulsation cycle
satisfy (12) in both charge state and discharge state.

For validation of the full charging and discharging trajectory,
all the second-life battery modules were started at different ef-
fective capacity, as shown in Table III, and different initial SOC,
as shown in Figs. 21 and 22. The CHBC-SLBESS was running
under the rated active power using the proposed differentiation
power control strategy. The estimated SOCs of the battery mod-
ules in phase A are plotted during processes of charging and
discharging, as shown in Figs. 21 and 22, respectively. A zero
redefined SOC corresponds to the minimum capacity condition
and a unity one corresponds to the fully charged condition after
redefinition of it. We can see that the module with a lower initial
SOC has a larger slope compared with the module with a higher
SOC during charging and vice-versa during discharging. The
SOCs of the battery modules in the same phase all arrive at
their maximum/minimum values at around the same time using
the proposed interbridge differentiation power control strategy.
The SOC of each phase, i.e., SOCy, is plotted during processes
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Fig. 24.  SOC trajectories of the three phases during discharging.

of charging and discharging, as shown in Figs. 23 and 24,
respectively. The SOC of each phase is defined by (33), rather
than the mean value of the SOCs of all the battery modules in
the same phase, as described in the following equation [25]:

> ;=1 Qerj - SOCy;

SOC), — ¢
i Zj:l QEkj

(33)

The SOCs of the three phases all arrive at their maxi-
mum/minimum values at around the same time using the pro-
posed interphase differentiation power control strategy.
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Fig. 26.  Discharging—charging SOC trajectories of the three phases.

In order to find out the effect of load variation on the sys-
tem, we have added SOC discharging—charging trajectories of
the system, as shown in Figs. 25 and 26. We think that the
system’s switching from discharging mode to charging mode
with the rated active power can represent the most dramati-
cal load variation. Fig. 25 shows the experimental result of
discharging—charging SOC trajectories of the battery modules
in phase A when the converter was running with the rated active
power. After 8 min, the converter switched from discharging
mode to charging mode. Fig. 26 shows the experimental result of
discharging—charging SOC trajectories of the three phases. As
we can conclude from Figs. 25 and 26, though the mode of the
converter changed during operation, the proposed differentiation
power control strategy can also converge all modules to the same
SOC whether they are in the same phase or different phases.

VII. CONCLUSION

A differentiation power control strategy for the power mod-
ules in CHBC-SLBESS has been proposed and analyzed to inte-
grate the second-life battery modules with significantly different
battery parameters suitably and to utilize them optimally. More-
over, a quantitative analysis method for the differentiation power
control capability and a way to improve it are also proposed. This
differentiation power control strategy redistributes the power
of the three phases and the power of the modules in the same
phase according to the interphase and interbridge power sharing
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weighting factors, respectively, which depend on the second-life
battery modules’ characteristics, such as SOC, effective capacity
and voltage. In this way, all of these applied battery modules,
whether they are in the same phase or different phases, will
charge/discharge at different rates and the discharging/charging
trajectories of the battery modules during a discharging/charging
cycle will all arrive at their minimum/maximum values simulta-
neously. The underutilization of effective capacity, overcharge
and overdischarge of the battery modules can be avoided. Fi-
nally, the superior performance of CHBC-SLBESS and the
feasibility of the proposed differentiation power control strategy
are demonstrated and verified by the experimental results.

APPENDIX

The Appendix shows the details about tuning process of the
current loop controller and the module power loop controller.

The d- and g-axis components of current vector can be con-
trolled independently after being decoupled and the frequency
domain models of the converter with control in d- and g-axis
are the same. The block diagram of d-axis current control in
frequency domain is taken as an example, as shown in Fig. 27.

The equivalent gain of converter Kpyy is selected as 1. The
normal delay in the system, which affects the stability of the
system, is also taken into consideration for accurate analysis
of the system. The open-loop transfer function of the current
control loop is as follows:

Gi(s) = Gpr,i(5)Gaelay (5)Gplant ()

Ki»i —8Tqelay 1
<Kp71+ 5 >(e ‘)<R+SLS)' (34)

The total system delay can be considered as an approximate
equivalent of the half of the switching period Ty /2, i.e.

1
145 Tsw/2

When designing the PI parameter, the stability of the system
is most important. In the Bode diagram, the phase margin should
be in the range of 30° to 60° and the magnitude-frequency
characteristic of open-loop function should cross 0 dB with a
slope of =20 dB/dec. The design of the current loop PI controllers
focuses on the selection of open-loop crossover frequency fg;;
and PI zero-turning frequency f: ;, which satisfy

Gelay (5) = e *Taetny (35)

K.
fzt,i = =

G (j27 fera) | 21Kp,;

(36)

Taking the two abovementioned principles into consideration,
the open-loop crossover frequency f., ; should be much less than
the switching frequency fs, and the PI zero-turning frequency
fz¢,i should be much less than f, ;. A typical group of f.,; and

fzt,i is
1 1 1 1
fcni = (20 ~ 10) fsw fzt,i = (20 ~ 10> fcr,i- (37)
We select f.,; and f,; ; as follows:

1

1
fcr,i - Tofsw fzt,i - Efcr,i' (38)
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Fig. 27. Block diagram of d-axis current control in frequency domain.

The parasitic resistance R of the filter inductance L, is es-
timated as 5% of the inductance impedance at fundamental
frequency. Once the switching frequency is determined, the PI
parameters of the current loop controller can be calculated as
follows:

[RtjweriLel® _ [ (R)*4+(weriLs)®
weti\2 Wt )2
1+(chi> 1+(chi)

Ki,i = wzt,iKP,i'

Kp; =

(39)

The block diagram of the introduced closed module power
control loop in frequency domain is shown in Fig. 8. The PI
module power controller is designed by zero-pole cancellation
method and the module power closed control loop is designed
as a first-order system. The settling time of the closed module
power control loop has to be in accordance with that of the
current loop in order to guarantee the good dynamic performance
of the system. Since the PI parameters of the current loop
controller have been calculated out, the settling time of the
current control loop can be obtained. Then, the PI parameters of
the module power controller, i.e., K, and K, can be figured out.
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