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Abstract—A novel piezo resonator-based resonant 
converter topology is presented, specifically tailored for active 
cell balancing applications.  The bidirectional operation of the 
converter is presented, and the control requirements are 
discussed. Simulations are performed to determine the output 
voltage gain and output current of the converter. Finally, the 
cell balancing performance of the converter is simulated and 
compared to a passive balancing method, showing improved 
efficiency and balancing speed.  

Keywords—DC-DC converters, Battery Management 

Systems (BMS), Piezoelectric resonator 

I. INTRODUCTION 

Cell balancing is one of many critical functions of 
battery management systems (BMS), ensuring the state of 
charge (SOC) of each cell within a string is equalized, 
increasing the performance of the battery [1]. Passive 
approaches typically dissipate charge from high SOC cells, 
reducing their SOC until it reaches that of the lowest SOC 
cell in the battery [2]. Active methods use additional 
circuitry to transfer charge from high SOC cells to low SOC 
cells [2]. Active approaches are more efficient than passive 
methods but are difficult to implement and are typically 
larger in volume. As a result, commercial BMS integrated 
circuits focus on the use of passive balancing rather than 
active balancing. However, several active balancing 
approaches have been previously presented including, 
switched capacitor [3], [4], Ćuk converter, buck-boost 
converter, flyback converter, quasi-resonant converter, and 
transformer based [2].  

Piezoelectric resonators (PRs) and piezoelectric 
transformers (PTs) use the piezoelectric effect to convert 
energy between electrical and mechanical domains. Both 
devices are commonly integrated into resonant power 
converters where they replace the discrete passive 
components. PRs and PTs both exhibit high Q factor 
resonant tank circuits, giving rise to highly efficient, 
compact resonant converters for low power (<50W) 
applications [5], [6]. PTs have seen more academic interest 
than PRs [7]–[10], given the ideal transformer they contain 
within their equivalent circuit, as shown in Fig. 1. This 
allows both isolation and a turns ratio to be achieved. 
However, whilst zero-voltage switching (ZVS) can be 
achieved in PT based converters without additional passive 
components, achieving ZVS whilst having appropriate 
control of the output voltage is challenging due to the 
narrow operating frequency range [11]–[13]. As a result, 
PR converters are of greater academic interest, as although 
they do not provide galvanic isolation, PRs are versatile 
with authors presenting PR based resonant converter 

topologies for various output power and voltage gain 
requirements [14]–[17]. 

 

a) 

 

b) 

Fig. 1. Equivalent circuit for a) piezoelectic resonator (PR) b) 
piezoelectric transformer (PT) 

We present a novel PR based converter which can be 
used in both step-up and step-down applications, can be 
operated bidirectionally and inverts the polarity of the 
output voltage. These properties make the bidirectional 
inverting piezo-resonator (BIPR) converter ideal for use in 
active cell balancing applications. The BIPR converter has 
reduced component count, manufacturing complexity and 
size compared to typical active balancing approaches.  

II. ACTIVE CELL BALANCING REQUIREMENTS 

A number of active cell balancing schemes exist, these 
include: cell-to-cell (energy is transferred between adjacent 
cells in the string), cell-to-pack (energy is transferred from 
a high-SOC cell to the whole pack) and pack-to-cell 
(energy is extracted from the whole pack and provided to a 
low-SOC cell) [18]. In this work, a cell-to-cell scheme will 
be used. In our implementation, a converter is placed 
between each pair of adjacent cells in the string, where the 
converter allows charge to be passed between the adjacent 
cells, as shown in Fig. 2. In Fig. 2, cells A and D are 
assumed to have a high SOC and cells B and C have a low 
SOC.  

To allow energy transfer, the balancing converter has 
several requirements. Firstly, it must be able to support 
bidirectional energy transfer, so that energy can be 
transferred both up and down the string of cells. The 
converter must invert the polarity of the output voltage 
compared to the input voltage. This feature is required as a 



local common exists between each adjacent pair of cells, 
therefore the voltage on the top cell is observed by the 
converter as positive and the voltage on the bottom cell is 
observed as negative. Therefore, to allow energy to be 
passed between the cells, the converter must accept a 
positive input voltage and output a negative voltage (and 
vice versa). This leads to another key requirement: the 
converter must be able to operate with the input voltage 
level as low as a single cell with a gain both above and 
below unity. This is important as the converter is only 
required to operate with a gain of less than unity but for 
some converter topologies this requires duty cycles close to 
the theoretical limits. As a result, the controller has limited 
regulation and, in some cases due to parasitic components, 
the converter will not operate correctly.  

 
Fig. 2. Active cell balancing network during operation, with circular 
arrows showing the flow of current 

III. BIDIRECTIONAL INVERTING PIEZO RESONATOR-BASED 
(BIPR) CONVERTER 

 
Fig. 3. BIPR converter, dashed box shows PR equivalent circuit 

The BIPR converter is proposed for use in active cell 
balancing applications. This converter exhibits both 
bidirectional energy transfer capabilities and output voltage 
inversion, making it ideal for this application.  Fig. 3 shows 

the proposed BIPR converter, with the dashed box 
highlighting the equivalent circuit of the PR. In a practical 
application, ��  and ��  represent two adjacent series 
connected cells within a battery. Switches �� - ��  are 
MOSFETs, with switches ��  and ��  forming a 
bidirectional switch. ��  can be replaced with a diode for 
easier gate drive requirements.  

A. Operation of BIPR converter 

The BIPR converter’s operation can be described by six 
operating modes, which depend on the conduction states of 
the MOSFET switches. As the BIPR converter supports 
bidirectional energy transfer, a different set of operating 
modes are required for converter operation in each 
direction.  

1) Primary-to-secondary (P-to-S) energy transfer 

In P-to-S energy transfer, the BIPR converter will 
operate with a positive input voltage and a negative output 
voltage. This is used to transfer charge from a high-SOC 
cell to the cell below it in the string, such as between cells 
A and B in Fig. 2.  

 

Fig. 4. PR voltage, resonant current and gate drive waveforms for the 
BIPR operating with �� � 3.7V and �� � -3.7V in P-to-S energy transfer 

Fig. 4 shows voltage and current waveforms for the 
BIPR converter when operating with primary to secondary 
energy transfer (i.e. forward transfer with positive input). 
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This operation is described by the following six operating 
modes: 

M1  (0 → ��): At � � 0, the PR voltage (��� is equal to 
�� and the resonant current crosses zero. �� turns on 
with ZVS and current flows from �� to the resonator, 
energising the resonator. 

M2  (�� → ��): At � � ��, �� turns off and resonant current 
�� discharges �� from �� to �� 

M3  (�� → �� ): At � � �� , ��  turns on with ZVS and �� 
flows to the output �� through �� 

M4  (�� → �� ): At � � ��  the resonant current ��  crosses 
zero, �� turns off and the resonant current charges �� 
from �� to 0 

M5  (�� → �� ): At � � �� , ��  and ��  turn on with ZVS, 
clamping PR voltage to 0.  

M6  (�� → ��): At � � �� , ��  and ��  both turn off and �� 
charges �� from 0 to �� 

2) Secondary-to-primary (S-to-P) energy transfer 

 

Fig. 5. PR voltage, resonant current and gate drive waveforms for the 
BIPR operating with �� � 3.7V and �� � -3.7V in S-to-P energy transfer 

In S-to-P energy transfer, the BIPR converter will 
operate with a negative input voltage and a positive output 

voltage. This is used to transfer charge from a high SOC 
cell to the cell above it in the string, such as between cells 
C and D in Fig. 2.  

Fig. 5 shows idealized voltage and current waveforms 
for the BIPR converter when operating with secondary to 
primary energy transfer (i.e. reverse transfer with negative 
input). This operation is described by the following six 
operating modes: 

M1  (0 → ��): At � � 0, the PR voltage (��� is equal to 
the output voltage ��  and the resonant current �� 
undergoes a positive zero crossing. All switches are 
turned off, so �� flows into ��, discharging it to 0.  

M2  (�� → �� ): At � � �� , ��  and ��  turn on with ZVS, 
clamping PR voltage to 0.  

M3  (�� → ��): At � � �� , ��  and ��  both turn off and �� 
discharges �� from 0 to �� 

M4  ��� → ��:  At � � ��  the resonant current �� 
undergoes a negative zero crossing, �� turns on and 
current flows from ��  to the resonator, charging the 
resonator. 

M5 (�� → �� ): At � � �� , ��  turns off and ��  charges �� 
from �� to �� 

M6 (�� → ��): At � � ��, ��  turns on and ��  flows to the 
output �� through �� 

3) BIPR converter control 

 
Fig. 6. Block diagram for an example BIPR converter controller 

A block diagram of a sample controller for the BIPR 
converter is presented in Fig. 6. Each converter is operated 
at its system resonant frequency, i.e. the frequency which 
ensures the driving signals are in phase with the resonant 
current. However, in piezoelectric based converters, the 
resonant current cannot be directly measured as it is not a 
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measurable current but is a modelling analogue of the 
vibration velocity. Discounting the use of a laser 
vibrometer, the resonant current can only be estimated; this 
is standard practice for PR and PT converters [19], [20].  

The mode timings are tightly controlled, to both control 
the output current and to ensure ZVS. In P-to-S conversion, 
the duration of M1 is set, either manually (in open loop 
control) or by a controller (closed loop control) to control 
the output current, with a larger M1 duty cycle giving a 
larger output current. Modes M3 and M5 begin based on 
when the ���

 voltage equals ��  and 0 respectively. 
Therefore, this voltage needs to be an input to the 
controller, this can be achieved using either a comparator 
(for analogue or digital control) or ADC (for digital 
control). Finally, M5 should end with just sufficient time 
for �� to charge to �� before the end of the cycle. 

Similarly, for S-to-P conversion, the duration of M4 
controls the output current. Modes M2 and M6 start when 
the ���

 voltage equals 0 and ��  respectively. Finally, and 
in similarity to the P-to-S case, M2 should end with just 
sufficient time for ��  to discharge to 0  before resonant 
current zero crossing. 

Additionally, in a cell balancing application, control of 
the whole network of converters is required in order to 
balance the full string of cells. Therefore, a control 
algorithm is required to determine which of the converters 
connected to the battery should be in operation at any time, 
should energy be transferred P-to-S or S-to-P in each 
converter and a suitable balancing current for each 
converter. Determining a suitable control algorithm is a 
challenging task for cell-to-cell balancing networks, 
especially in the worst-case scenario of the highest SOC 
cell and the lowest SOC cell being at opposite ends of the 
battery, requiring charge to be transferred through the 
whole battery of cells to achieve balance. Implementing 
and compensating a controller for the BIPR converter and 
BMS integration is beyond the scope of this work.  

IV. SIMULATION 

A. Converter operation 

Initially, the operation of the converter will be 
examined with a resistive load and then with a cell as a load. 
In both cases a Steminc SMD30T21F1000S radially 
vibrating piezoresonator (Fig. 7) is used, with its equivalent 
circuit properties given in TABLE I.  Simulations will be 
performed using LTSpice.  

 
Fig. 7. SMD30T21F1000S piezo resonator 

TABLE I.  SMD30T21F1000S PR EQUIVALENT CIRCUIT 
PROPERTIES 

�� (Ω) �� (mH) �� (nF) �  (nF) 

2.22 4.47 1.02 2.54 

A resistive load is used to examine the output voltage 
gain that can be achieved using the BIPR converter. A 50 Ω 
and a 500 Ω load are used, and the duty cycle (M1 for P-
to-S and M4 for S-to-P) is varied through a range of 15-
40%, for both directions of energy transfer. The output 
voltage gain is observed for each variation. Idealised 
switches are used, with an on-state resistance of 0.1Ω. It 
should be noted that no parasitic capacitance is simulated 
for the switches as this has a negligible effect on 
performance due to the large parallel capacitance of the PR. 
The results are shown in Fig. 8. 

 
Fig. 8. Voltage gain against M1 duty (for P-to-S mode) and M4 duty (for 
S-to-P mode) with both a 50Ω and 500Ω load 

From Fig. 8 we can conclude that the converter exhibits 
the same gain irrespective of the direction of energy 
transfer. During operation with the 50Ω load, the gain of 
the converter is lower than 1 for all variations in duty cycle. 
This is due to the large output current that is generated for 
this load and as a result, the high level of power loss in the 
resonator. For a less lossy resonator, higher gain could have 
been achieved. With a load of 500Ω, the converter is able 
to achieve a wide range of gains from 0.5 to 2.75, showing 
the versatility of the converter.  

A second simulation was performed to observe the 
output current that is achieved when the converter is used 
in a cell balancing application. In this case, the resistive 
load is replaced with a voltage source (modelling a cell), 
with both the input voltage and output voltage set to 3.7V, 
the nominal voltage of a single Li-ion cell. Similar to the 
previous simulation, the M4 duty cycle is varied between 
25 and 40%, and the output current is observed when 
operated in S-to-P mode (again operation is the same in P-
to-S mode). In addition, a second, lower loss PR presented 
by Pollet et al [17] is simulated, with properties given in 
TABLE II. The results of these simulations are shown in 
Fig. 9. 
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TABLE II.  POLLET ET AL [13] PR EQUIVALENT CIRCUIT 
PROPERTIES 

�� (Ω) �� (mH) �� (nF) �  (nF) 

0.6 1.1 2.9 8.4 

 
Fig. 9. Output and resonant current with changes in gain controlling duty 
cycle, for both the SMD30T21F1000S and PR in [17], with �� � 3.7V and 
�� � -3.7V in S-to-P energy transfer 

Fig. 9 shows the output current of the converter can be 
controlled by the duty cycle (M1 or M4 depending on 
energy transfer direction), in agreement with theory. In 
both cases, the maximum output current is achieved at 
around 35% duty, with higher duty giving higher loss and 
thus lower output current. The duty cycle control over 
output current gives the BMS control over the balancing 
current (compared to passive balancing) and thus more 
granular control over balancing the cells. A maximum 
current of 120mARMS is observed with the 
SMD30T21F1000S PR and a maximum of 380mARMS for 
the PR presented in [17]. In comparison, the BQ79616 
battery monitor and balancing IC from Texas Instruments 
(passive balancing), exhibits a balancing current of 240mA 
DC, thus with balancing current in between the two 
simulated BIPR converters. The BIPR converter only 
achieves an efficiency between 10-84% (using the PR in 
[17]), which, although comparatively low compared to 
other techniques, is more efficient than the passive method.  

B. BIPR converter cell balancing 

To evaluate the performance of the BIPR converter in a 
cell balancing application, a simplified simulation was 
performed. Due to the sub microsecond-level of control 
required to operate the BIPR converter (1% change in duty 
at 89kHz equals a change of 112ns) and the long simulation 
duration required to observe the cell balancing 
performance, the converter will be replaced by two 
behavioural current sources to enable accurate and timely 
cell balancing simulation. Here an S-to-P energy transfer 
scenario was simulated, with a 2-cell Li-ion battery (Cell A 
SOC of 65%, Cell B SOC of 70%), each with a capacity of 
0.25Ah, as shown in Fig. 10. Balancing will be simulated 
during charging of the battery at a constant current of 1C 
(i.e. 0.25 A). Both the BIPR converter and a passive 
balancing network are simulated to observe the differences.  

 
Fig. 10. Simulated BIPR converter cell balancing circuit 

To simulate the BIPR converter, a suitable input and 
output current shape and amplitude should be determined. 
Observing Fig. 5, with a M4 duty cycle of 30%, we can see 
that the resonant current is drawn from the negative cell 
(!"#) for 30% of the cycle (�� → ��), then following a short 
(we assume negligible) period of time where the resonant 
current charges �� to ��  ��� → ��, the resonant current is 
then transferred into the positive cell ( !$%& ) for the 
remaining ~20% of the cycle (�� → ��). To simulate this 
behaviour, a multiplication block was used in Simulink, 
multiplying a sine source (set to an amplitude of 1.13A and 
a frequency of 89kHz to match the resonant current found 
in Fig. 9, for a 30% duty and using for the PR in [17]) with 
the gate signal for switches �� and ��, allowing two signals 
to be produced which equal �"#  and �$%&  in Fig. 5. 
Therefore, �"#  and �$%&  in Fig. 10 are set equal to these 
signals. To simulate the battery, the Specialized Power 
Systems library in Simulink was used and a 0.25Ah Li-Ion 
cell was simulated with an internal resistance of 0.148 Ω. 
The circuit was connected as shown in Fig. 10. For passive 
balancing, a constant current sink was used and set to draw 
240mA from Cell B, until balanced.  

The set-up was simulated with a duration time of 200s 
for both the equivalent BIPR converter and passive 
balancing circuits. Fig. 11 shows results of this simulation, 
showing the SOC of both cells, for both passive and BIPR 
balancing techniques.  
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Fig. 11. SOC for both cells over time for both the BIPR and passive 
balancing circuits 

As can be seen in Fig. 11, the BIPR converter achieves 
faster balancing than the passive balancing technique. This 
increase in balancing speed is due to several reasons: first, 
the larger current drawn from Cell B, leading to a reduction 
in SOC in Cell B. Secondly, in the BIPR converter case, as 
the charge drawn from Cell B is transferred to the Cell A, 
this causes an increase the charging speed of Cell A 
compared to the passive balancing case. The increase in 
balancing speed also allows faster charging of the battery, 
with both cells exhibiting 71.5% SOC compared to 70.5% 
SOC in the passive case after 200s, for the same charging 
current. Finally, due to the transfer of excess charge (rather 
than dissipation) from Cell B to the Cell A, the BIPR 
converter is significantly more efficient than the passive 
case.    

V. COMPONENT SELECTION 

For the proposed converter, the chosen PR should 
exhibit low losses, to maximise output (balancing) current 
and for high efficiency. To the authors’ knowledge, it is not 
possible to accurately predict PR loss as the loss arises from 
several sources, which include the piezoelectric material, 
quality of PR construction, electrode connection location, 
mounting method, and varies with ambient temperature 
[21]. However, constructing a PR using a ‘hard’ 
piezoelectric material with a high coupling factor for the 
chosen vibration mode and a high Q factor should help to 
minimise the losses. For a radial resonator (such as that 
used in this work), the radius of the PR determines the 
resonant frequency, and therefore should be chosen to give 
a suitable resonant frequency of the given application. 
Finally, the thickness of the resonator controls the parallel 
capacitance, this should be minimised in most cases to 
minimise the time where energy is circulating in the PR and 
to make achieving ZVS easier [22].  

Assuming ZVS is achieved in the BIPR converter, the 
choice of MOSFET should be based around minimising 
'()*+

, to maximise converter efficiency. Minimising 
MOSFET parasitic capacitance is of lower importance due 
to the relatively high PR parallel capacitance. It should also 
be noted that switch �� can be replaced with a low loss, fast 
recovery diode for easier gate drive requirements but this 
will result in higher losses and lower overall efficiency.  

VI. CONCLUSION 

A new PR based converter is presented for cell 
balancing applications. The operation of the BIPR 
converter is described for bidirectional energy transfer. A 
series of simulations are presented showing the good 
performance of the BIPR converter compared to passive 
balancing techniques. The choice of PR and additional 
circuit components are discussed.  
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