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Abstract: Large numbers of non-dissipative equalizers have been proposed for solving the
inconsistency problem of lithium battery strings. However, these equalizers face problems such as
slow speed or using excessively large numbers of energy storage elements. This paper improved a
multiple switch-inductors equalizer (MSIE), and proposed a novel inductor-based non-dissipative
equalizer (NIBNDE). A simulation is built to compare the NIBNDE with two other equalizers, which
indicated that the NIBNDE can reduce the number of energy storage elements while remaining at
a good equalization speed. Experimental results validate the analysis of the simulation and the
feasibility of the NIBNDE.
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1. Introduction

Currently, lithium batteries are widely used in electric vehicles, hybrid electrical vehicles and
stationary storage systems. Due to the limited voltage of a single cell, a lot of cells have to be connected
in parallel and in series to provide the required voltage and capacity. However, after multiple charge
and discharge cycles, battery cells in the battery pack may suffer from imbalance resulting from aging,
internal impedence, manufacturing inconsistencies and differences in operating environment [1].
This imbalance will intensify over time, which greatly degrades the available capacity and battery life,
or even leads to overcharge and deep discharge and thus creates potentially dangerous situations [2,3].
Battery equalization helps the battery strings alleviate the imbalance, release as much energy as
possible and extend battery life. Therefore, the equalization for battery strings needs to be realized.

Battery equalization is a technology for keeping lithium batteries in the same state to avoid
deterioration of lithium batteries and safety hazards. It can be categorized into dissipative equalization
and non-dissipative equalization. Dissipative equalization appears earlier, so it is more mature, simpler
and widely used. However, dissipative equalization consumes energy and generates heat, which
reduces the efficiency of the system and increases the difficulty of battery thermal management.
The non-dissipative equalization has a higher energy utilization rate and lower heat production than
dissipative equalization, but the structure is more complex and the cost is higher [4].

At present, there are a large number of studies on non-dissipative equalization circuits, in which
the number of energy storage elements and the speed are two key considerations of the equalization
circuit. Non-dissipative equalization circuits can be divided into the following two types: one uses
only one energy storage element, such as the single switched-inductor equalizer (SSIE) proposed in [5],
as shown in Figure 1, and the equalization circuit in [6]. This kind of topology is simple and low-cost,
but it is hard to realize ideal equalization speeds. The other topology has fast equalization speeds, but
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the number of energy storage components used in the equalization circuits are close to the number
of batteries, resulting in an oversized circuit and excessive cost. As shown in Figure 2, a parallel
architecture equalizer (PAE) based on buck-boost converters for battery strings in [7] is one of the
most representative circuits. A systematic comparison has been done in [7], which proves that the
PAE has an extraordinarily fast equalization speed. Equalizers for comparison include PAEs based on
buck-boost converters, traditional inductor-based adjacent equalizers (IBAE) [8], parallel architecture
equalizers based on a multi-wind transformer (PAEBMWT) [9] and double-tiered switched-capacitor
equalizers (DTSCE) [10]. The equalization circuits in [1–3,8–19] also suffer from the same problem of
oversized circuits and excessive cost. In summary, it is difficult to reduce the number of energy storage
elements while maintaining a good equalization speed. This paper improved the MSIE proposed
in [11] by using MOSFETs (Metal Oxide Semiconductor Field Effect Transistor) to replace some of the
inductors and proposed a novel inductor-based non-dissipative equalizer (NIBNDE). The NIBNDE can
significantly reduce the number of energy storage elements and keep a good balancing speed. With the
same number of batteries, the NIBNDE uses fewer energy storage elements than the equalization
circuits in [1–3,7–19].
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The equalization principle and the key parameters of the NIBNDE are presented in Section 2.
Section 3 describes the simulation results and the comparison between NIBNDE, SSIE and PAE.
Section 4 compares the experimental results with the simulation results. Section 5 concludes the paper.

2. Proposed Equalizer Scheme

2.1. Structure of the Proposed Equalizer

The equalization circuit proposed in [11] is shown in Figure 3a. The proposed NIBNDE replaces
the even-numbered inductors in [11] with MOSFETs, which can almost reduce half of the inductors.
Because the volume of a MOSFET is much smaller than an inductor, the NIBNDE can greatly reduce
the volume of the equalization circuit.
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inductor-based non-dissipative equalizer (NIBNDE).

As shown in Figure 3b, the number of batteries is assumed to be n. If n is an even
number, the equalizer consists of n/2 inductors, (n − 2)/2 bidirectional MOSFET switches and
n MOSFET switches S1 − Sn. The inductors L1, L3 − Ln−1 have odd-numbered subscripts,
while the bidirectional switches have even-numbered subscripts, which are respectively named
(S2a, S2b)−

(
S(n−2)a, S(n−2)b

)
.

If n is an even number, the last set of series MOSFETs is replaced by an inductor to ensure the
circuit can operate functionally. Therefore, the required elements are (n + 1)/2 inductors, (n − 3)/2
bidirectional MOSFET switches and n MOSFET switches S1–Sn.

2.2. Equalization Principle

As shown in Figure 4, the NIBNDE is applied to four series connected batteries for illustrating
the equalization principle. The battery B2 is assumed to have the highest voltage, VB2, and B1 is
assumed to have the lowest voltage, VB1. The average voltage Vavg of the four cells is calculated by
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Equation (1). The equalization circuit will be activated when the voltage gap between VB2 and Vavg

exceeds the equalization threshold (see Equation (2)). Figure 4 presents the two consecutive stages of
the equalization principle [20].

Vavg =
VB1 + VB2 + VB3 + VB4

4
(1)

VB2 − Vavg < 3mV (2)

Stage 1: Charge L1

As shown in Figure 4a, in a pulse-width modulation (PWM) cycle, when S2 and S2b are turned
on, cell B2 charge inductor L1, iL1 increases [19].

VB2 = RoniL1 + L
diL1

dt
+ VD 0 < t ≤ ton (3)

where Ron represents the total loop resistance when S2 and S2b are turned on, L represents the
inductance value of L1, iL1 represents the inductor current of L1, VD represents the forward voltage of
the body diode of the MOSFET and ton represents the turn-on time of S2 and S2b.

The general solution of Equation (3) is:

iL1 =
VB2 − VD

Ron
− VB2 − VD

Ron
e−t Ron

L =
VB2 − VD

Ron

(
1 − e−t Ron

L

)
0 < t ≤ ton (4)

When t = ton, the circuit current iL1 reaches the maximum value ip, that is:

iL1 = ip =
VB2 − VD

Ron

(
1 − e−ton

Ron
L

)
, t = ton (5)

Stage 2: Discharge L1

As shown in Figure 4b, when t > ton, S2 and S2b are turned off, and L1 charges B1 to transfer
energy from cell B2 to cell B1:

L
diL1

dt
= VB1 + VD + Ro f f iL1 ton < t ≤ td (6)

The general solution of Equation (6) is:

iL1 = ipe−(t−ton)
Ro f f

L − VB1 + VD
Ro f f

(
1 − e−(t−ton)

Ro f f
L

)
ton < t ≤ td (7)

where Ro f f represents the total loop resistance when S2 and S2b are turned off and td represents the
moment when the inductor current is reduced to zero [21,22].
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2.3. Calculation of the Key Parameters

In this section, the current and the duty cycle of switching waveforms are analyzed. In Figure 4b,
when td < t ≤ T, the circuit current can only flow unidirectionally because the discharge circuit passes
through the body diode of S1. Therefore, after the inductor L1 discharges all the energy, cell B1 will
not reversely charge the inductor L1. T represents the switching period.

Due to the small values of Ron and Ro f f , ex is approximately equal to 1 + x. Hence, the above
formula about iL1 can also be written as:

iL1 =


VB2−VD

L t, 0 ≤ t < ton
VB2−VD

L ton − VB1+VD
L (t − ton), ton ≤ t < td

0, td ≤ t < T
(8)

ip =
VB2 − VD

L
ton =

(VB2 − VD)·D·T
L

(9)

In Equation (9), D represents duty cycle. The inductor current has to be reduced to zero within
one period. Because td represents the moment that the inductor current falls to zero, td < T, which
means that when t = T, the following formula must be satisfied:

VB2 − VD
L

ton −
VB1 + VD

L
(T − ton) < 0 (10)

Furthermore:
D <

VB1 + VD
VB2 + VB1

(11)

3. Simulation

In this paper, PSIM (Power Simulation) 9.0 is used for simulation. A number of 1F capacitors are
used for substituting batteries to reduce simulation time [1]. The switching frequency is 10 kHz and the
inductance is 100 µH. During simulation, the capacitors, inductors, and switches are considered ideal
devices while ignoring the effects of parasitic capacitances and parasitic inductances. Compared to
equalization based on state of charge (SOC) inconsistency, equalization based on voltage inconsistency
does not require complex algorithms and only needs to collect the cell voltages by voltage sampling
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circuit, making it easier to implement and more commonly adopted [12–14]. This paper use the cell’s
terminal voltages as the index of inconsistency.

3.1. Equalization Simulation for SSIE, PAE and NIBNDE with Four Cells

Since the circuits for comparison are affected by the initial distribution sequences of the batteries,
all the distribution sequences will be simulated and compared. The total number of different
distribution sequences of the four batteries is A4

4 = 24, of which twelve samples are independent.
The initial voltages of the four batteries are shown in Table 1, and the equalization threshold is 3 mV.

Table 1. The initial cell voltages of four batteries (voltage unit: V).

A B C D

Voltage 3.98 3.96 3.92 3.88

The circuit diagrams of the three equalizers are shown in Figure 5. Table 2 gives the balancing time
of SSIE, PAE and NIBNDE in the twelve independent samples, while Table 3 provides a comprehensive
comparison of them. Compared to the SSIE, the proposed NIBNDE requires four less MOSFETs and
one more inductor, while reducing the average balancing time by 29.23%. Compared to the PAE,
the NIBNDE uses the same MOSFETs and one less inductor. The PAE spends 80.08% less balancing
time than the NIBNDE on average.
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Figure 5. Circuit diagrams of the single switched-inductor equalizer (SSIE) (a), the parallel architecture
equalizer (PAE) (b) and the NIBNDE with four cells (c).

Table 2. The balancing time in different distribution sequences for SSIE, PAE and NIBNDE (time
unit: seconds).

ABCD ABDC ACBD ACDB ADBC ADCB BACD BADC BCAD BDAC CABD DABC

SSIE 0.7865 0.7867 0.7865 0.7864 0.7875 0.7877 0.7864 0.7864 0.7865 0.7875 0.7864 0.7869
PAE 0.059 0.059 0.1216 0.1214 0.1525 0.1522 0.059 0.059 0.1525 0.1213 0.1209 0.1525

NIBNDE 0.6355 0.6916 0.2775 0.564 0.6905 0.5651 0.6985 0.7543 0.29 0.7542 0.4707 0.29

Table 3. The comparison between SSIE, PAE and NIBNDE in four cells battery string (G: Good; M:
Marginal; P: Poor).

Expected Time (s) Cell Number MOSFET Inductor Control Complexity

SSIE 0.7868 4 10 1 M
PAE 0.1109 4 6 3 G

NIBNDE 0.5568 4 6 2 M
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In summary, although the SSIE uses only one inductor, the equalization time and the number of
MOSFETs for the NIBNDE are both less than the SSIE. The equalization speed of the PAE is faster than
the NIBNDE, but the NIBNDE uses one less inductor.

3.2. Equalization Simulation for SSIE, PAE and NIBNDE with Six Cells

As shown in Figure 6, SSIE, PAE and NIBNDE are applied to six cells in order to compare the
balancing speed between them. The number of different distribution sequences of the six batteries
is A6

6 = 720, of which three hundred and sixty samples are independent. In this paper, we chose
fifty random samples to simulate and calculate the average balancing time. The initial voltages of the
six batteries are shown in Table 4, and the equalization threshold is 3 mV. Figure 6 shows the circuit
diagrams of SSIE, PAE and NIBNDE with six cells.
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Table 4. The initial cell voltages of the six cells (voltage unit: V).

A B C D E F

Voltage 3.98 3.96 3.94 3.92 3.90 3.88

Figure 7 presents the simulation waveforms in SSIE, PAE and NIBNDE with the distribution
sequences of ABCDEF. VBx (x = 1–6) represents the voltage of Bx. Table 5 gives a comparison of
the data. Compared to the SSIE, the proposed NIBNDE requires four less MOSFETs and two more
inductors, while reducing the average balancing time by 34.52%. Compared to the PAE, the NIBNDE
uses the same MOSFETs and two less inductors. The balancing time of the PAE is 75.19% less than
the NIBNDE.
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In summary, although the SSIE uses only one inductor, the equalization time and the number of
MOSFETs for the NIBNDE are both less than the SSIE. The equalization speed of the PAE is faster than
the NIBNDE, but they use the same number of MOSFETs and the NIBNDE uses two less inductors
than the PAE.

Table 5. The comparison between SSIE, PAE and NIBNDE in a six cell battery string (G: Good; M:
Marginal; P: Poor).

Expected Time (s) Cell Number MOSFET Inductor Control Complexity

SSIE 0.9983 6 14 1 M
PAE 0.1622 6 10 5 G

NIBNDE 0.6537 6 10 3 G

3.3. Equalization Simulation for SSIE, PAE and NIBNDE with Sixteen Cells

SSIE, PAE and NIBNDE are applied to sixteen cells in this section. The number of different
distribution sequences of the sixteen batteries is over 2 × 1013, of which more than 1 × 1013 samples
are independent. In this paper, we chose one hundred random samples to simulate. The initial voltages
of the sixteen batteries are shown in Table 6, and the equalization threshold is 3 mV.

Table 6. The initial cell voltages of sixteen cells (voltage unit: V).

A B C D E F G H

Voltage 3.98 3.96 3.94 3.92 3.90 3.88 3.86 3.84

I J K L M N O P

Voltage 3.82 3.8 3.78 3.76 3.74 3.72 3.7 3.68

Figure 8 presents the simulation waveforms in SSIE, PAE and NIBNDE with the distribution
sequences of DPCAEFGHIJKLMBON, in which VBx (x = 1–16) represents the voltage of Bx. Table 7
shows the comparison of the data. Compared to the SSIE, the NIBNDE reduces the equalization time
by 22.4% while using seven more inductors; the PAE reduces the equalization time by 88.8% while
using fourteen more inductors. At the cost of increasing the required inductors, the PAE is more
efficient than the NIBNDE in increasing the equalization speed. However, when it is necessary to
increase the equalization speed while not expecting to excessively increase the required inductors,
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the NIBNDE proposed in this paper can be considered. That is to say, when considering both the
equalization speed and the number of inductors, this paper provides another choice for selecting an
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Table 7. The comparison between SSIE, PAE and NIBNDE in a sixteen cell battery string (G: Good; M:
Marginal; P: Poor).

Expected Time (s) Cell Number MOSFET Inductor Control Complexity

SSIE 2.0441 16 34 1 M
PAE 0.2283 16 30 15 G

NIBNDE 1.5862 16 30 8 M

3.4. Comparison for PAE and NIBNDE with n Cells

Table 8 shows that the NIBNDE has one less MOSFET than the PAE when the number of batteries
is odd and the same number of MOSFETs when the number is even.

Furthermore, the difference in the amount of inductance between PAE and NIBNDE increases
with the number of batteries, which can be seen from Equations (12) and (13):

eodd =
n − 3

2
(12)

eeven =
n − 2

2
(13)

where eodd represents the difference in the number of inductances between PAE and NIBNDE when
the number of batteries is odd. eeven represents the difference in the number of inductances between
PAE and NIBNDE when the number of batteries is even.

The price of one inductor is 3 yuan and the volume of one inductor is 0.66 cm3. When there are
16 cells, compared to the PAE, the NIBNDE uses seven less inductors, so it costs 21 yuan less and
reduces the volume by 4.62 cm3, but the equalization time of the NIBNDE is about seven times that
of the PAE’s equalization time. In this case, the PAE is better than the NIBNDE. However, when the
number of cells is 128, the NIBNDE uses 64 inductors less than the PAE, so it costs 192 yuan less and
reduces the volume by 42.24 cm3. In summary, when there are a large number of cells, the cost of the
inductors and the volume of the equalization circuit are as important as the equalization speed, so both
the NIBNDE and the PAE have their own advantages.
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Table 8. The comparison between SSIE, PAE and NIBNDE in an n cell battery string (n ≥ 2).

Cell Number MOSFET Inductor

SSIE n 2n + 2 1
PAE n 2n − 2 N − 1

NIBNDE n 2n − 2 (when n is even)
2n − 3 (when n is odd)

n/2 (when n is even)
(n + 1)/2 (when n is odd)

4. Experimental Results

Experiments have been carried out to verify the equalization performance of the NIBNDE. Table 9
gives the initial cell voltages. An equalization prototype with four 2.2 Ah Samsung lithium batteries is
built and the parameters are summarized in Table 10, which RDS(on) represents the on-resistance of
MOSFET. This section compares the simulation with the experiment. The frequency, the equalization
threshold and the initial voltages of the batteries in the simulation are the same as the experiment.

Table 9. The initial cell voltages of four batteries (voltage unit: V).

A B C D

Voltage 3.9264 3.9859 3.9769 3.963

Table 10. Component values used for the equalizer.

Parameters Value

Battery string Samsung lithium battery B1–B4 2.2 Ah -
Equalizer MOSFET S1–S4, S2a, S2b IRF3205PBF RDS(on) < 0.008 Ω

- Inductor L1, L3 100.8 µH, 100.1 µH R < 0.0752 Ω
R < 0.0547 Ω

Figure 9 shows the four cells’ voltage waveforms in the equalization process. Figure 10 presents
the separate figures for the transient voltages of cells A, B, C, and D. Figure 11 shows a comparison
of the four cells’ voltages before and after equalization. The initial voltage gap shown in Table 9 is
59.5 mV, and it decreases to 4 mV at about 34 min 53 s, so the equalization accuracy of the NIBNDE
is excellent.
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Figure 11. Voltages of the four cells before and after equalization.

As shown in Figure 12, the initial voltage gap (59.5 mV) decreases to 4 mV at about 0.2139 s in the
simulation. In the experiment, the batteries have internal resistance, the inductors have resistance and
magnetic leakage, the MOSFETs have on-resistance, the voltage detection of the battery has errors, etc.
As a result, the average voltage in the experiment is lower than the simulation result.

As shown in Figure 13, the peak value of the inductor current iL1 in the experiment is about
1.51 A, 4.79% lower than the simulation result (1.586 A). Considering the resistance of the experimental
circuit and the components used in the experiment are not ideal, the current error is small enough.
In summary, the accuracy of the equalization is excellent and experimental results agree with the
analysis in Section 2.3.
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5. Conclusions

In this paper, a novel inductor-based non-dissipative equalizer (NIBNDE) is proposed.
The structure of the NIBNDE, the equalization principle, theoretical analysis and performance
comparisons with other equalizers are presented. The simulations show that, compared to the SSIE,
the NIBNDE reduces the balancing time by 29.23% in four cells, 34.52% in six cells and 22.4% in sixteen
cells, respectively. Compared to the PAE, the NIBNDE can greatly reduce the number of energy storage
elements, especially when there are a large number of batteries in series. The experimental results
verify the conclusion of the simulation and the equalization accuracy of the NIBNDE. In summary,
the NIBNDE can reduce the number of energy storage elements while retaining a good equalization
speed. Future research will focus on using the state of charge as an index of inconsistency to achieve
higher precision of the proposed circuit.
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