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Summary 

Self-reconfigurable battery architectures have gained a lot of interest recently in the literature, with more and 

more advanced functionalities. This paper describes the performance analysis of our proposed High Frequency 

Self-Reconfigurable Battery (HF SRB). To evaluate specific features with long-term dependencies of our system, 

a full functional behavioural simulator has been developed. A comparison with a real 128 levels HF SRB validates 

the simulator operation. The balancing performances obtained on vehicle test cycles show the cell capacity 

discrepancy that the HF SRB is capable of handling in a single complete charge or discharge cycle. The 

magnitude of this gap demonstrates the extent to which the HF SRB is capable of operating with second life cells 

or even different chemistry mixes. 
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1 Introduction 
In most of Li-Ion electrical storage systems, the battery pack is composed of a certain number of unitary battery 
cell arranged in series and/or parallel, according to a fixed arrangement. A traditional li-ion battery system is 
limited by the weakest cell of the battery pack whatever is the charge balancing mechanism [1]. Consequently, 
battery manufacturers must use cells having perfectly homogeneous characteristics and must implement 
advanced thermal management to maintain this homogeneity as long as possible. This kind of limitation makes 
it difficult to build a battery mixing different cells characteristics as with reusing second life battery cells because 
the system will be always limited by the cell having the smallest capacity and/or the highest impedance. 

Not being able to use the full energy contained in all cells of the battery is one of the aspects that led to the 
development of Self-Reconfigurable Batteries (SRB) [2]. The key idea of those batteries is to introduce individual 
control of each cell in the battery pack thanks to dedicated half-bridge chopper switches. With such a 
management, it becomes possible to disconnect only the weakest or damaged cells and supply the required power 
with the remaining ones. Moreover, bypassing switches offer the capability to adjust the number N of cells placed 
in serial and thus to adjust the output voltage of the battery. 

Optimal cell connection strategies have been widely studied for well-determined power profiles ([3], [4]). Those 
algorithms generally consist in exploring all the combinations of cells through the power profile and choosing 
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the one that minimizes a certain criterion such as the total capacity loss. However, those methods were not 
applicable when the SRB is also used to provide an AC output voltage, to directly drive a motor [5] or to recharge 
the battery directly on the electric grid ([6], [7]). 

 

Figure 1: Staircase shape sine waveform generated by N-level SRB 

The generation of an AC waveform voltage from a SRB rely on the sequential superimposition of each cell 
voltages resulting in a staircase shape signal as shown in Fig. 1. A cell insertion increases the output voltage of 
one cell voltage, we name that voltage increment a “Level”, “Level 1” being the first step, and “Level n”, the nth 
step. A level is not attached to a particular cell, any cell of the battery pack can ensure that level. In order to 
follow the maximum slew rate of the signal, the minimal control time step should be defined according to the 
period of the fundamental harmonic of the voltage and the amplitude of the levels, as stated on Fig. 1. Staircase 
shape waveform are usually generated from multilevel converters using carrier phase shift Pulse Width 
Modulation (PWM) or carrier cascaded PWM implemented on FPGA and DSP targets [8].  

A HF SRB has been recently proposed in [9]. This SRB relies on a Nearest Level Control (NLC) to allow the 
integration of the switches control in low cost microcontrollers. This study demonstrated the operation of a 
prototype of 128 cells recharging directly on the electrical grid without charger, while perfectly balancing the 
cells in real-time. Its operating principle is detailed in section 2.  

Cell balancing in this SRB relies on individual control of the utilization rate of each cell in the overall power 
generation and/or absorption. This variation in the utilization rate is achieved by modifying the order of use of 
the cells to generate the staircase shape sinusoidal waveform. The average current supplied or absorbed by a cell 
decreases with the number of the level at which the cell is introduced. The balancing is then performed in real 
time with a large dynamic thanks to the use of the nominal power usage. Moreover, the balancing criteria are not 
limited to the voltage balancing of the cells or their state of charge. Indeed, by adjusting the utilization rate of 
each cell, it is also possible to balance cells temperature, State of Charge (SoC), State of Health (SoH) or any 
other characteristic that may be observed or estimated as the remaining capacity; or a weighted combination of 
them. The assessment of balancing algorithms and their validation requires the use of a large number of cells and 
multiple charge or discharge cycles. In addition, the variation of several criteria, such as the power profile or the 
temperature profile, increases the number of tests tenfold. This can be time consuming and even introduce safety 
constraints. In addition, initial cells states must be well known. All this makes it preferable to carry on this study 
in simulation. Thus, in order to evaluate correctly the trends of some balancing features, many trials can be 
performed concurrently without requiring the supply of many expensive batteries. However, the simulation 
results have first to be compared with those produced by a real system in order to validate the reliability of the 
simulator results. 

A first aim of this study is to evaluate the balancing capability of the HF SRB. For this purpose, a simulator is 
created and used aside a real demonstrator to validate its operation. Once validated, the simulator is used to study 
the running time gain achieved by the HF SRB over different standardized driving cycles from heterogenous 
distributions of the SoC and total capacities of the cells. 

This document is composed as follows: a first section describes the main operating principles of the HF SRB. 
Then a second part details the simulator with the description of its constitutive blocks. A third section details the 
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validation of the simulator, with respect to the demonstrator of a real system, as well as its operation with test 
driving cycles. Then a following section presents the results obtained from the simulator. The balancing 
performance of the State of Charge (SoC) is evaluated on the New European Driving Cycle (NEDC) with an 
initial SoC imbalance of 56%. The impact of the balancing criteria used, such as cells’ voltage or SoC, is then 
evaluated on a profile consisting of repeated alternating NEDC cycles and recharging phases. Subsequently, the 
improvement in battery life is evaluated with a Worldwide harmonized Light Vehicles Test Procedure (WLTP) 
driving cycle based on an initial cells’ capacity dispersion of +/- 10%. Finally, a final section concludes on the 
performances demonstrated by the results obtained and develops the perspectives that follow. 

2 HF SRB operating principle 
The HF SRB consists of a distributed system divided into remote modules named “Slave” and a central module 
named “Master”. An overview of the overall hardware architecture is given in Fig. 2. 

 

Figure 2: HF SRB hardware architecture 

Each Slave is composed of four serial cells connected through half-bridge chopper circuits, an H-Bridge to invert 
the module polarity, and a local controller. The number of serial stages associated to each local controller is 
limited to reduce the electrical constraints of the implemented switches (low voltage MOSFET) as well as the 
complexity of the number of switches and cells to manage (low cost CPU). Then Slaves are chained to reach the 
required output voltage.  

The Master module is in charge of managing all slave modules thanks to a master controller. It estimates the state 
of each cell and manages the safety according to data collected through the remote modules (mainly voltage and 
temperature of the cells). Then, it performs a centralized calculation to define which cell need to be 
activated/deactivated and send orders to the slaves to apply the new states. The slave controllers apply the orders 
by closing/opening local switches attached to each cell. The slave controller is supplied by the local cells sharing 
a same local ground potential, simplifying the transistors driving and voltages measurements.   

Cells balancing is achieved by activating the cells according to an order of priority based on their state. A first 
part of those state parameters is directly measured and transmitted by the local controllers, such as voltages and 
temperatures. The rest of the cells state indicators, such as SoC, SoH or SoE, are estimated at master controller 
level. 

The AC waveform generated by the HF SRB is obtained by a Near Level Control (NLC) method. The number of 
serial levels to activate at each time instant is determined in real-time by rounding up to the nearest integer the 
real value given by a closed-loop control.  The voltage waveforms generated with this system are similar to those 
from carrier cascaded PWM. The control loop updates a reference voltage in real time, which allows a forthwith 
management of the electrical network voltage perturbations while regulating the exchanged current at a set value 
[9]. 
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Figure 3: HF SRB cells switch control principle 

As shown on Fig. 3, the First In First Out (FIFO) principle is applied to connect and disconnect the cells. The 
selection of the cell to be connected or disconnected is performed on the fly in a priority order X(t) provided by 
a balancing algorithm. The failing cells are handled forthwith without disturbing the generated waveform thanks 
to a cell swap operation. A larger number of cells than those required to provide the AC waveform can be 
integrated in order to maintain the continuity of service capabilities offered by the bypass circuits as operated in 
DC SRBs. The additional cells are then used as hot redundancy so that their capacity contributes to the total 
capacity of the HF SRB [10]. 

3 HF SRB Simulator 
This section focuses on the simulator of the HF SRB developed in order to study thoroughly its various 
performance, and particularly its capability in terms of voltage, temperature, SoC or remaining capacity 
balancing. These balancing capabilities are measurable over operating periods that can be limited to a few 
complete battery cycles. 

The study of HF SRB capability in terms of SoH estimation improvement and SoH cells balancing is beyond the 
scope of this paper. It would require the simulation of a very large number of cycles, which would imply the use 
of another version of this simulator with a very simplified operation. Moreover, this simulator would have to 
integrate generalizations on the balancing capability over operating periods of a few cycles such as those obtained 
in this study. 

 

Figure 4: High Frequency Self-Reconfigurable Battery model synoptic 

The HF SRB simulator has been developed in MATLAB. Its structure is illustrated in Fig. 4. The lowest 
simulation time step is based on the control time step of the serial levels used in the real system (50 µs) in order 
to be able to compare the results obtained with the latter. The equivalent frequency of execution for each block 
of the simulator are reported in Fig. 4. The simulator is detailed hereafter through the description of its building 
blocks. 

3.1 Cell selection 

The role of this block is to simulate the cells selection from the set point of the number of active serial levels 
required and the cell usage order of priority. Then, the activation state of the cells is directly updated according 
to this selection. The order in which the cells are used is generated by the balancing function. For example, when 
discharging, the balancing function sorts the cells according to their SoC so that the most charged cells are 
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discharged first. In this study, the balancing criteria are limited to either the cell voltage, the SoC, or the remaining 
capacity. 

The selection function also needs to take care about unavailable cells. Those cells are the ones exhibiting a 
temperature or a voltage exceeding the security thresholds. Thus, knowing the required number of active serial 
levels determined by the regulation function, the selection function connects the cells satisfying the availability 
and priority criteria. If there are not enough cells to meet the demand, all cells are disconnected and the system 
stops working. The selection function is used at the operation frequency, which can be up to 20 kHz in the case 
of a 50 Hz 230 VRMS sinusoidal waveform from a HF SRB of 128 serial levels as shown in [9]. 

Two other functions need to be executed at this high frequency as they are closely linked to the selection function: 
the “cell model” function that simulates the cells evolution and the “control loop” function, non-represented on 
Fig. 4, adjusting the number of cells to connect (see Fig. 5). 

3.2 Cell model 

A cell model reproduces the behaviour of the cells (voltage, temperature, instantaneous capacity, total capacity, 
internal impedance) with respect to external solicitations such as exchanged currents, and external temperatures. 
As usually done to limit the computational cost, each cell of the battery is modelled by an equivalent-circuit 
model [11]. Depending on the complexity we are looking for, the cell electrical equivalent circuit used can be 
parameterized in the simulator. This cell model goes from the simplest model of a voltage source and an internal 
resistance to more complex models including four series-connected resistor-capacitor parallel circuits. For 
example, in the case of using the internal resistance R0 + a single resistor-capacitor pair R1C1, the evolution 
equations are: 

𝑧̇(𝑡) = −𝑖(𝑡)
ఎ(௧)

ொ
        (1) 

𝑣(𝑡) = 𝑂𝐶𝑉൫𝑧(𝑡)൯ − 𝑅଴𝑖(𝑡) − 𝑅ଵ𝑖ோభ
(𝑡)      (2) 

డ௜ೃభ(௧)

డ௧
= −

ଵ

ோభ஼భ
𝑖ோభ

(𝑡) +
ଵ

ோభ஼భ
𝑖(𝑡)       (3) 

where z denotes the SoC, i the current in the cell, η the coulombic efficiency, Q the cell nominal capacity, v the 
cell voltage, OCV the Open Circuit Voltage, R0 the cell internal resistance, R1 and C1 the resistor and capacitor 
values of the parallel circuit, iR1 the current through the resistor R1. Cell parameters are identified on an Arbin 
test bench at some discrete breakpoints. Then it is necessary to interpolate each parameter at the SoC points of 
interest. To avoid interpolation computations at each time step, interpolated parameters are stored along a 
discretized SoC grid. The validity of this approach is confirmed in section 4.1. 

3.3 Control loop function  

A control loop function is used to determine the instantaneous number of required active serial levels from a Root 
Mean Square (RMS) set point of a sinusoidal voltage, current or output power (see 3.7). First, a temporal 
reference signal of the set value is generated from its RMS set point. Then, a control loop compares the actual 
output value with the required one and deduces the number of cells to be connected. 

3.4 Measurement error models 

The value of each parameter is perfectly known in a battery simulator. This block is used to reproduce the biases 
from the real measuring circuits used to observe parameters such as voltage, current and temperature. 

3.5 SOC Estimator 

As the simulator is designed to faithfully reproduce the behaviour of a real battery, the SoC has to be estimated 
from the electrical data measured on the battery, as it would be done on a real system. The SoC is one of the state 
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indicators commonly monitored by a BMS, leading us to implement a well-documented Extended Kalman Filter 
to this purpose. Indeed, Kalman Filters are widely used for SoC estimation [12] due to an efficient compromise 
between model complexity and accuracy. In our situation, a frequency comprised between 20 Hz and 200 Hz 
allows reducing the calculation time while providing a very reasonable SoC error lower than 1.6% for the worst 
case. The frequency used to perform the SoC estimator is then fixed to 100 Hz. 

3.6 Cell balancing 

The cell balancing function is in charge of providing the cells usage order from a parameter to balance. This order 
has to be refreshed with a time dynamic correlated to the parameter evolution. A 10 Hz frequency is used for the 
cells’ voltage balancing as well as for their SoC balancing. 

3.7 Implementation 

The simulator implements the model of SRB described previously with either a model of load or a load profile 
such as vehicle test profiles. The model of HF SRB computes its overall voltage from incoming current and the 
number of activated levels. In turn, the simulator computes the next number of levels to activate as well as the 
coming current in the HF SRB from the voltage applied on the load or ordered by a temporal current/voltage load 
profile like the normalized vehicle test profile, as illustrated in Fig. 5. 

 
Figure 5: HF SRB model implementation in the simulator 

For a vehicle test profile as the Worldwide harmonized Light vehicles Test Cycle (WLTC), the vehicle speed is 
translated into power consumption according to the relations (1) and (2) and using the dataset shown in Tab. 1 
[11]. Then the instant power is used to determine the corresponding current consumption according to the battery 
output voltage. 
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Table 1: Dataset used to translate the vehicle speed into power consumption 

 Values Description 
𝐶௥ 0.0111 Rolling friction coefficient 
𝑔 9.81 N/kg Acceleration of gravity 
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4 Simulator validation 

4.1 Arbitrary waveform generation validation 

First, the ability of the HF SRB model to follow an arbitrary waveform signal is assessed. To do so, a recorded 
signal of a real electrical grid voltage is directly injected as a set voltage in the control loop performed at 20 kHz 
with no output current. This signal is rectified to match the real prototype behaviour. Indeed, this prototype 
integrate a rectifier diode stage at its charging input to prevent outputting current on its connector. 

The results are shown on Fig. 6. The small differences between the battery voltage and the electrical grid voltage 
show the proper operation of the closed-loop control. One can also see that the 20kHz control frequency is well 
adapted to follow the electrical network voltage. 

 

Figure 6: Output voltage control loop tracking the electrical grid 

In order to pursue the simulator validation, it is now necessary to check the fidelity of the model with respect to 
the behaviour of the cells it simulates. 

4.2 Comparison to a real battery 

A comparison of the simulator output with a real prototype of the HF SRB is required to validate its proper 
operation. The real battery demonstrator we designed is made of 128 SONY VTC6 18650 cells (Lithium-ion 
NMC cells, 3.6 V nominal voltage and 3 Ah capacity). As explained before, one of the aims of self-reconfigurable 
batteries is to balance cells State of Charge. To validate the ability of our system to perform an efficient balancing, 
cells have been heavily unbalanced prior to the recording. After a one-hour rest, we start to monitor the cells 
voltage while the battery is charging under a 230 VRMS 50 Hz voltage. The initial voltages are used as a good 
approximation of the Open Circuit Voltage to initialize the simulator. Then, the initial SoC are deduced from the 
relationship between OCV and SoC. This leads to a strong 56% discrepancy between the SoC of the cells, in both 
real and simulated battery. The theoretical end of charge voltage is 4.2 V but it has been reduced to 4 V for safety 
reasons.  

It has to be noticed from Fig. 7 that the real battery stopped charging after 1 hour and 29 min although the voltage 
is still below 4 V. This comes from the fact that the voltages represented are filtered over 20ms periods to avoid 
seeing irrelevant voltage increases when a cell is connected (because of the resistive term R0 · I added to the 
OCV when a cell is connected). Thus, the unfiltered voltages reached 4 V, causing the BMS to stop charging the 
battery. 
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Figure 7: Simulated and experimental results of the HF SRB charging over the national power grid with a 56% initial State 

of Charge unbalancing 

To be as realistic as possible, each modelled cell is parameterized with slightly different capacity and impedance 
parameters. According to [13], the disparity among the capacities of cells coming from a same manufacturer is 
usually around 2.5%. As the exact capacities of the cells used in the real battery are unknown, simulated cells 
have their capacities distributed according to a normal distribution with a 0.025C variance (with C denoting the 
nominal capacity). Moreover, the work of [14] states that a 20% mismatch in internal impedance is a reasonable 
maximum for cells from the same batch, and leads us to add a normal random variable of variance 0.1Zi to each 
impedance value Zi (where Zi is the mean of the impedance Zi over the SoC grid). As a compromise between model 
accuracy and computation time, a R − 2RC model is chosen for each cell, leading to five Zi parameters: R0, R1, C1, 
R2, C2. This cell description allows us to compare the balancing dynamics of the simulated battery and the real 
one. 

As there exists no exact model of the cell, we cannot expect the simulator to reproduce the exact behaviour of 
the battery. Keeping this consideration in mind explains why it is acceptable that the simulated battery works 8% 
longer than the real one. The main result to observe in Fig. 7 is that the simulator behaves in the same way as the 
real battery with similar tendencies. Both systems present a 56% SoC mismatch at the beginning of the charging 
process and become completely balanced at the end of charge. For the sake of simplicity, a voltage balancing is 
performed in both cases and produces a perfect balancing in less than 1 hour and 40 minutes for an average 
charging current of C/2.  

5 Simulations results 
Now we have validated the simulator, and assessed its fidelity to the real system, we can use it to simulate some 
use cases. 

5.1 Application to the New European Driving Cycle (NEDC) 

To begin with, the New European Driving Cycle (NEDC) is used as a reference current and voltage signal to 
assess the balancing capability over a vehicle test cycle. To do this, the same cells SoC imbalance of 56% from 
section 4.2 is used as initial SoC distribution. The simulator is set to use 20 NMC cells of 3 Ah in series in order 
to provide a rated voltage of 48 V. The current provided by the NEDC is then normalized to take this into account. 



EVS33       9 

The vehicle driving cycle is used until a first cell reaches the end of discharge. A SoC balancing is performed 
during all the operation. 

 

Figure 8: SoC dispersion balancing with NEDC profile 

Fig. 8 shows at left the normalized NEDC cycle used by the simulator and at right the SoC of each cell during a 
discharge following the NEDC cycle. The figure shows that the complete energy contained in the cells can be 
exploited in spite of an initial SoC imbalance of 56%. 

5.2 Effect of the balancing criterion 

The impact of the balancing criterion is assessed through the comparison between the use of cell voltage and the 
use of its estimated SoC during several alternances of driving NEDC cycles and charging periods. The effect of 
the chemistry of the cell is also assessed by comparing the behaviour of NMC cells and LiFePO4 cells. The mean 
SoC and spread between the minimal SoC and the maximum SoC is shown for each case in Fig. 9. 

 

Figure 9: State of Charge dispersion over NEDC profile 

It appears that the balancing criterion have no effect on the battery autonomy for both chemistries. In other word, 
the cell voltage balancing is as efficient as the SoC balancing, even for LiFePO4 cells, which have a lower 
correlation between their output voltage and their state of charge. In fact, LiFePO4 cells shows a large SoC 
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imbalance between 20% and 80% of their capacity in the case of voltage balancing. But the balancing capability 
is so high that, as soon as the cell voltage correlation becomes stronger outside of constant voltage window, the 
SoC imbalance is forthwith compensated. 

5.3 Cells capacity dispersion and battery lifetime improvement over WLTC 

 

 

Figure 10: Comparison of charge dispersions between a static battery and a self-reconfiguring battery discharging with 
WLTC vehicle cycles 

Since we know that the simulator efficiently reproduces the behaviour of a real battery, the point of interest is 
now to use it to evaluate the performance of the self-reconfigurable battery compared to a classical static battery. 
To this purpose, the HF SRB and a classical static battery are compared using a WLTC driving cycle. 

Both simulated batteries are parameterized to use 128 NMC cells of 3 Ah in series with a cell voltage end of 
discharge threshold of 2.9 V. The WLTC driving cycle is translated into a power profile normalized for a 360 V 
battery and applied to discharge both simulated batteries through a control-loop (see 3.7). A cell total capacity 
dispersion of +/- 10% around 2.696 Ah is created as initial cell conditions for both batteries while all are 
initialized to 100% of their SoC. Thus, each battery starts with an overall capacity of 345 Ah taking into account 
the applied dispersion. The simulation is performed with SoC balancing as well as remaining capacity balancing 
to compare their effect on the behaviour of the HF SRB. 

Before analysing the results of the simulation shown on Fig. 10, the energy delivered by each battery is compared 
to ensure a similar use. The difference between the cumulated energy of both batteries have to be compared when 
the first battery is fully discharged. For both balancing strategies, the static battery stops its discharge at time t1 
where 2.208 Ah have been used when 2.22 Ah have been used for the HF SRB, which shows the similar use of 
both batteries with a difference of less than 0.5%. 

Thus, 18.1% of the total capacity is unavailable in the static battery while the HF SRB stops its discharge at t2 
with a total of 2.43 Ah provided with the charge balancing strategy and 2.505 Ah for the SoC balancing, which 
respectively represent 9.87% and 7.1% of unavailable capacity. 

In term of battery lifetime improvement from a WLTC profile, this leads to increase the running time by 10.5% 
which is around half the capacity dispersion applied on the initial state of charge of the cells. This demonstrate 
the ability of the HF SRB to use the energy available in each cell through a standard driving cycle as the WLTC. 

One can note that the strategy of balancing the remaining charge of the cells allows to converge much more 
quickly towards a homogeneous distribution of those charges. This shows that a much greater dispersion of cell 
capacity could be envisaged without impacting the power delivered, which paves the way to the use of second 
life cells or even of different chemistries mixes. 

+10,5%

+/- 10%
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6 Conclusion 
In this paper we evaluated the HF SRB capability to maximize the use of all cells when cells are significantly 
dispersed in terms of state of charge (up to 56%). That was both validated by simulation and experimentally. 

A comparison of cell balancing performance between SoC and cell voltage criteria have been carried out on the 
basis of this dispersion. It has been shown that it is possible to exploit the cell voltage to perform SoC balancing 
even for flat voltage profile chemistries such as LiFePO4. Indeed, the fast balancing speed offered by the SRB 
HF makes it possible to use cell voltage information as the cell voltage becomes more accurate as it approaches 
end-of-charge or end-of-discharge conditions. 

Furthermore, our simulator allowed to evaluate the HF SRB operation for various voltage/current profiles without 
running a real engine, or other use case, and to confirm its capability to extend at some time the battery autonomy. 
The ability of the HF SRB to use the energy available in each cell when cells are significantly dispersed in terms 
of capacity (up to 20%) has been demonstrated with a gain of 10% in term of running time on a standard driving 
cycle as the WLTC. The behaviour of the simulated HF SRB with a balancing of the remaining charge of the 
cells demonstrates the extent to which the HF SRB is capable of operating with second life cells or even different 
chemistries mixes. 
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