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Abstract: The Li-ion battery is becoming the optimal choice for the Electric Vehicle’s (EV)
power supply. In order to protect the Li-ion battery from charging damage and to prolong the
battery’s life, a special control strategy based on the dynamic balanced point along with a
non-dissipative equalizer is presented. The main focus of the proposed control strategy is to
insure that the individual cell of a battery pack will be rapidly, efficiently and simultaneously
balanced, by adjusting equalizing current of each cell dynamically. In this paper, a model of
a four series connected Li-ion batteries pack has been established to evaluate the proposed
control strategy. Superior performance is demonstrated by the simulation and experiment.

Keywords: EV; Li-ion battery; dynamic balanced point; control strategy; non-dissipative
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1. Introduction

With the increased energy crisis and environmental pollution, new energy vehicles, such as electric
vehicles (EV), based on their low-consumption and minimum pollution, have become the emerging
direction of the automotive industry. It is anticipated that the lithium-ion battery as the energy storage
will be widely used, because of its high energy and power densities, long cycling life and good cost
performance [1].

The nominal voltage of a lithium-ion cell is about 3.65 V. In order to meet the demand of an EV,
dozens of lithium-ion cells are usually stacked and connected in series. Nevertheless, connected serially
brought lithium-ion battery pack some issues, especially inconformity of cells [2]. As a result of the
limitation of manufacturing technology, each cell from a battery string is not equal to the others, in terms
of capacity, voltage and internal resistance. Due to the inconsistency, cells from a battery pack will be
over-charged or over-discharged, meanwhile the performance and lifecycle of the entire battery pack
will be dropped significantly, and worst of all, that may cause a fire or explosion [3]. Therefore,
it is absolutely necessary to employ a cell equalizer, which is far more feasible than developing
manufacturing technology, in order to eliminate the cell unbalancing.

Nowadays, a lot of equalization structures and balancing strategies have been proposed [4—18], and
summarized in [2,15]. In considerations of energy consumption and transformation, they can be divided
into dissipative balancing circuits [4] or non-dissipative balancing circuits [5—18]. Dissipative balancing
circuits violate the future trend of energy-saving, although it is practical with simple topologic and
convenient control strategy. According to the charge transfer structure, non-dissipative balancing
circuits can be classified into three methods: pack-to-cell balancing methods [6—11], a direct cell-to-cell
method [12-14] and an adjacent cell-to-cell method [15—17]. The pack-to-cell balancing methods and
direct cell-to-cell generally show outstanding balancing performance and speed due to direct charge
transfer. However, because of the difference in the reference voltage between each cell in the battery
pack, the aforementioned balancing circuits should use transformers for galvanic isolation or many
bidirectional switches. Moreover, most bidirectional switches require a floating gate driving circuit due
to different reference voltages, and their voltage stress is relatively high in order to withstand the
battery pack voltage. As a result, the aforementioned balancing circuits have bulky size and high
implementation cost. On the other hand, adjacent cell-to-cell balancing circuits can be competitive
candidates for cost-effective circuits with a small size because of low voltage stress of all of the switches
and diodes. Thus, the buck-boost converter [19] included as one of the adjacent cell-to-cell methods is
quoted in this paper.

Relatively complex circuits limit the deployment for rapidity, stability or efficiency. To solve the
deficiency, utilization of a high-performance control strategy [20—23] is essential. Fuzzy control [18] is
beneficial to reduce balancing time, while Proportional Integral (PI) control [20] is an effective method
to improve balancing accuracy. In order to integrate the advantages of control methods above,
a Fuzzy-PI control has been shown in [20]; however, it is complex. Almost all of the control strategies
are in PFM (pulse frequency modulation) mode based on the voltage difference. However, it is difficult
to design magnetic elements without a certain range of frequencies.

In this paper, a non-dissipative DC-DC (direct current) converter is applied as main circuit of the
equalizer. The DC-DC converter will be optimized for maximized averaged current for the different
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positions of series connected lithium-ion battery. Meanwhile, in this paper, adoptive balancing frequency
and associated control strategy were proposed, to furnish a theory for the design of components, and for
achieving the fastest balancing speed. The optimized circuit parameters and the control strategy of
pursuing dynamical balancing frequency will improve charging and discharging speed of batteries
string. Furthermore, modularization using a layered balancing structure is appropriate for both EV’s
power battery system and Smart Grid’s energy storage battery system.

2. Li-Ion Battery Equalizer Circuit

In order to satisfy the demands of large batteries string equalizer in EV applications, a layered
balancing structure is adopted in which four cells constitute a bottom balancing module and four bottom
balancing modules constitute an upper balancing module lowering the voltage stress and loss of switch
components. The framework is shown in Figure 1.

Module 1 ‘

[®d

INOJIO duroue

1

Figure 1. Layered balancing structure.
2.1. Circuit Description

Figure 2 depicts the DC-DC converter equalizer [19] which is the main circuit of battery equalization
in this paper. Each of the cells B, (n =1, 2, 3, 4) is connected to a buck-boost converter with MOSFET
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(metal-oxide semiconductor field-effect transistor) Q,, and energy storage inductor L,,, and a commutating
diode D,,. The buck-boost equalizer has the ability to drive high current with less loss, because it uses
only one MOSFET per cell.
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Figure 2. Battery string with DC-DC converter equalizer.
2.2. Operating Principle

Therefore, as to introduce the operating principle clearly and concisely, B; is taken as an example.
As shown in Figure 3a, V¢ is the average voltage of four cells. Vg is the voltage of each cell.

When Vg, is higher than Ve, Qq is on, current flows from B; to L; via Qq, meanwhile, excess
energy of B; transferred and stored in L;. According to Figure 3b, when Vg, is lower than Ve, Qq is
switched off, current continued flows from L; to cells B,-B;-B, and the excess energy of B,
transferred to B,-B3-B, successfully. Similar procedures are adapted to B,, B; and B,. In Figures 4-6,
excess energy of B, is transferred to B;, excess energy of B; is transferred to B;-B,, and excess
energy of B, is transferred to B;-B,-Bs. Thus, the switching frequency is controlled by the difference
between 1}, and V. in order to achieve equalization. The principle is to utilize inductors as energy
carriers for transferring energy in order to achieve equalization.
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Figure 3. Current path from B; to B,-B;-B,: (a) When Q; is switched on, current flows
from B; to Li; (b) When Q; is switched off, current flows from L; to cells B,-B3-B,.
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Figure 4. Current path from B, to B;: (a) When Q, is switched on, current flows from

B, to L,; (b) When Q, is switched off, current flows from L, to cell B;.
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Figure 5. Current path from B3 to B;-B,: (a) When Q; is switched on, current flows
from B to Ls; (b) When Qj is switched off, current flows from Lj to cells B;-B,.
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Figure 6. Current path from B, to B;-B,-B3: (a) When Q, is switched on, current flows
from B, to L,; (b) When Q, is switched off, current flows from L, to B;-B,-Bs.
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3. Purposed Control Strategy
3.1. Dynamic Balanced Point

For each cell, energy flows out during the switch-on cycle, and then it absorbs energy from other cells
during the switch-off cycle. In a state when cells of a battery string tend to be well balanced, it can be
assumed that the energy that flows out from each cell is equal to the energy it absorbs. This state might
be known as a dynamic balanced point. At a certain moment, if the charges of one cell are more than the
average charges of the balancing module, the cell will only release charges; if the charges of one cell are
less than the average charges of the balancing module, the cell will only receive charges. All the cells will
be controlled to trace the balanced state of the average charges of the balancing module, and this balanced
state is called the dynamic balanced point at that moment. Because any cell will only release or receive
charges, this balancing method of tracing the dynamic balanced point will reduce the energy circulating
from one cell to the other cell. Thus, this control strategy can reduce switching losses and accelerate the
process of balancing.

3.2. Balancing Control Method

In this paper, a MCU (micro control unit) is employed to monitor the voltage across the cells and
commanding a FPGA (field programmable gate array) to accomplish the energy transfer required by
equalizer. The FPGA has been designed to provide PFM signal with fixed duty cycle until difference
between highest cell voltage and average cell voltage is below 5 mV. The cooperation of MCU and
FPGA makes it possible to apply the equalizer to the battery string of mass cells.

3.2.1. Duty Cycle Derivation

Continuous current mode (Figure 7) and discontinuous current mode (Figure 8) are two operating
modes of a DC-DC converter. To avoid saturated hysteresis, the DC-DC converter should operate in
discontinuous current mode in which inductors could completely release energy during the switch-off
cycle. The derivation process of the condition that duty cycle must meet is as follows.
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Figure 7. Continuous current mode.
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Figure 8. Discontinuous current mode.

Taking Q,, n = 1,---N, for example, the voltage across the inductor is marked as Vp when the
switch is on. When the switch is off, the voltage across the inductor is marked V, . As far as the first
switch is concerned, Vy, = equals to the sum of all the following cell voltages. For the other switches,
Vo, €quals to the sum of all the upper cell voltages. T, and T, refers to switching period of Q,
and the moment when the inductor current falls to zero, respectively.

The inductor current expression is as follows:

1%
(Bnt, 0<t<DT,
é_Ln
i =4V V
SR, — T (= DT DT, < t < Ty v
n n
LO, TCT-StSTTl

As T, is greater than T, and that inductor current is zero when t equals to T, the quantity

VL'JDTn - VLﬂ (t— DTn)] is less than zero when t equals to T,:

Vp Vo

Lrpr — (T, —DT,) <0 )

Ly Ly
then:

V, 1
D < — =
VBn + VOn VBn +1 (3)

On

Inequality (3) must be satisfied in order to ensure the converter operating in discontinuous current
VB,
Vo

mode (DCM), no matter how the quantity is. According to the circuit structure, Inequality (3) can

n

be classified in to four conditions as follows:

1
n=1D<
Ve, +1 )
Vs, + Vg, + Vg,
n=2,D<
Ve, 14 (%)

Vg,
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n=3D<
Ve Ly (6)
Vs, + Vg,
1
n=4D<
B, +1 (7)

Vg, + Vg, +Vp,

To simplify the control method, the duty cycles of the switches are the same in the whole circuit.
In order to meet the inequalities (4)—(7), the minimum of duty cycle (D) should be taken, that is to say,

Vﬁ should take its maximum in inequality (5). Since lithium-ion battery voltage range is from 2.5 to
On

3.65V, we set Vg, equals 3.65V and Vg, equals 2.5V, then:

1
2.5

Therefore, the duty cycle must be less than 0.4065, in order to make sure that convertors operate in

D <

discontinuous current mode. In this paper, a duty cycle of 0.38 is used. Since the buck-boost circuit is
stable when the duty cycle is less than 0.5 [24], the proposed circuit is stable giving duty cycle as 0.38.

3.2.2. Inductance Value Calculation

- di = Al
Since the amount of voltage delivered by B, can be expressed as Vg = Ly %, and { d ; _ D'Izl in
- n
DCM mode, the peak current of inductor, Al,, is given by:
Vg, DT, Vg D

Al = 9
L ©)

where D is the duty cycle, and f;, is the oscillation frequency of MOSFET.
The energy released from cell B,, in a period is marked as W,,. From the formula W = Ult, W,, can
be written as:

1
W, = EVBnAInDT (10)
substitute Equation (9) into Equation (10):
w, = LoD 11
ST .

According to the operating principle, the energy variations in the cells during the state of dynamic
balanced point, can be shown as in the following formulas:

(W, =W, +1/2Ws+1/3W,
W, =1/3W, +1/2W; +1/3W,
W, =1/3W, +1/3W, (12)
w, =1/3W,;

where W, is the energy that cell B,, absorbed in one period. Since W, = W,,, Equation (12) can be
rewritten as:
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(13)

Supposing that the cells have been well equalized at the dynamic balanced point, as a result,

Vi=V,=V;=V, and f; = f, = f3 = f,. Hence, the relation of energy storage inductors can be

derived with Equation (13) as:

llz s EZ l’l
9

l13 s ;I l’l

L, = 3L,

(14)

Assuming that L; = 4 pH, values of the other inductors are as follows, L, = 6 pH, L; = 9 pH, and

L, = 12 pH.

3.2.3. Control Algorithm

Obviously, it is more efficient and faster to equalize all cells at the same time. Hence, a PI control

with PFM modulation is proposed for adjusting the balancing current, which is a direct method to

enhance balancing speed. The structure of the control algorithm is shown in Figure 9. V}, is the initial

voltage of each cell. I, is the average voltage of four cells. AV is the difference of Vj, and V.
AV,.r is the reference voltage. fy is the dynamic balanced frequency. f, is the frequency when AV

passes through the PI controller. The PI controller can reduce static error rapidly, which is beneficial to

improve balance quality and guarantee balance speed.

fo
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Figure 9. PI controller block diagram.
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According to Figure 9, if AV is higher than AV,.r, the FPGA works. At the same time, the PI
controller sends the difference of f;, and f,, to the FPGA. Then the FPGA will drive the PFM signal to
control the equalizer circuit and achieve equalization.

Judging by Equation (9), the balancing current is inversely proportional to the switching frequency.
In other words, the more excess energy a cell has, the lower frequency it should take. However, in order
to protect cells in the balancing circuit, the balancing current should be limited. In this paper, 5 A is the
maximum average balancing current. When the purposed equalizer starts operating, every cell is
releasing or absorbing energy continuously to approach the balanced point, however, the balanced point
is changing dynamically because of the variation of cell voltage during charging or discharging.

3.2.4. Frequency Value Calculation

Since the inductor current has been expressed by Equation (1), average current of inductor during
switch-on period which is denoted as I, ,,, can be written as:

I 1 f jRc tdt =
o )y Ly T, 2L

_ V,D2T,,
~[(DT,)? - 0] = T (15)

At the switch-off period, average current of inductor which is denoted as I, ,sf can be written as:

T/ 2
n Vg Vo Vg D*T, (VB >
—DT,, — "(t—DT)dt (= 16
noff J;)T [ n 2Ln VOn ( )
As mentioned before:
Voo Vo _ 1
Vo, 3Vs 3
Ve, Vg, 1 (17
— = = n#F1
Vo, (m—1Vg n-1
substitute Equation (17) into Equation (16):
( VBnD T, _q
I _ 2L, %3’ 18
noff — V D T 1 ( )
2L, x(n—1)’

According to Equations (15) and (18), the average current of inductor which is denoted as I, 4, and
can be written as:
Vg D?T, 1
I T, (1 + —) ,n=1

2L 3
In,av = In,on + In,off = 4 v, DzTn 1 (19)
Bpn n

2L, *(1+n—1>'n¢1

In this paper, in order to meet the customer’s demand for balancing speed, we suppose that the
average balancing current is 3 A, so the frequency can be given as follows:



Energies 2015, 8 1840

f, = 29.281 kHz
f, = 29.281 kHZ
f, = 14.641 kKHZ (20)
f, = 9.760 kHZ

As mentioned, balancing current is inversely proportional to the frequency. However, excessive
current will lead to an excessive releasing or excessive absorption of energy during one switching
period. In order to remedy this, more energy should be absorbed or released in other periods. Hence, the
efficiency will be decreased as a result of the many energy transformations. By considering both
balancing speed and efficiency, we choose the average frequency among f;-f,-f3-f1 as the dynamic

balanced frequency, which is chosen as f, = five = w = 20.741 kHz. Since the frequency

varies within a narrow range from f, to f;, the effect of frequency can be ignored when designing the filter.
4. Simulation Performance

In this section, the propose equalizer and controller have been simulated in order to test the performance
of equalization in Simulink of Matlab 2010B. Test condition includes ideal components and battery
model. It is important to note that the simulation is aimed to give a qualitative analysis for the feasibility;
hence, the model of battery is simply built with a series connected resistor and capacitor; in addition, the
ideal components have been applied as well. Table 1 shows the initial parameters of four lithium-ion
cells. Considering that the simulation time is limited, the capacity of lithium-battery model is smaller
than the actual. Duty cycle and inductors have been given in Section 3.

Table 1. Cell Parameters.

Battery B B, B3 B4
Capacitance 500 uF 500 uF 500 uF 500 pF
Resistance 0.5mQ 05mQ 0.5mQ 0.5mQ
Initial voltage 340V 300V 290V 330V
Maximum voltage difference 0.50 vV

4.1. Balanced Frequency Analysis

According to Equation (20), Figure 10a shows the static state when f, = f; = f, = 29.281 kHz is
chosen as the dynamic balanced frequency f,. Figure 10b—d shows the static balancing process with
different balanced frequency f,, among which are f;, = f3 = 14.641 kHz, f. = f, = 9.760 kHz, and
fa = fave = 20.741 kHz. As expected, the simulation performance of Figure 10d is the best with less
switching periods and higher speed. Hence, we applied f, = f; = fave = 20.741 kHz as the dynamic
balanced frequency definitely, which has been mentioned in Section 3.
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Figure 10. Cell voltages during static state with different balanced frequency:
(a) Cell voltages during static state when dynamic balanced frequency f,= 29281 Hz;

(b) Cell voltages during static state when dynamic balanced frequency f; = 14641 Hz;

(¢) Cell voltages during static state when dynamic balanced frequency f, = 9760 Hz;
(d) Cell voltages during static state when dynamic balanced frequency f, =20741 Hz.

4.2. Charging State

In charging state, a 16 V DC voltage source is applied in simulation. The initial voltages from
batteries string are shown in Table 1. According to the characteristic of lithium-ion battery, we set
3.65 V as the charge voltage limit (CVL). Figure 11 shows the variation of cell voltages during
equalization with 0.50 V initial maximum difference. Successfully, all cells have been well balanced
with the difference between maximum and the minimum voltage is less than 5 mV. It is important to
note that the battery model applied in this section is imperfect, and for this reason, the variation rate of
battery voltage is abnormal. Especially for the charging process, cell voltages have suddenly increased
by about 0.25 V at the beginning; however, it does not impact the simulation for qualitative analysis.
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In order to observe the balancing current of each cells during equalization, Figure 12 is captured and
presented. Balancing current is directly proportional to the difference of cell voltage. Meanwhile,
cell voltages can be well balanced by only a few switching periods.
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Figure 11. Cell voltages during charging state.
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Figure 12. Balancing currents during charging state.
4.3. Discharging State

In discharging state, a 100 Q resistance is serially connected to the batteries string which is served as
load in simulation. Simulation condition is consistent with charging state, while discharge voltage limit
(DVL) is 2.5 V. Figure 13 shows the variation of cell voltages during equalization with 0.50 V initial
maximum difference. All cells have been successful balanced with the difference between maximum
and minimum voltage is less than 5 mV as well. Figure 14 is given to show the balancing current.

In general, the purposed control strategy is able to realize equalization both in charging process and
discharging process. Meanwhile, voltage difference between cells can be limited to 5 mV, successfully.
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Most of all, introducing the dynamic balanced point with PI control, the purposed equalizer can realize
cells equalization by only a few switching periods, which is able to reduce switching losses and
accelerate balancing speed as well.
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Figure 13. Cell voltages during discharging state.
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Figure 14. Balancing currents during discharging state.
5. Experiment Result

In order to verify the control strategy based on dynamic balanced point, a prototype of four battery
cells is implemented. To show the equalization performance of the prototype, an equalization test is
conducted. Figure 15 shows the experimental wave forms. Battery voltages before and after charge
equalization is shown in Table 2.
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Table 2. Battery voltages before and after charge equalization.

Battery

Initial Voltage (V) Final Voltage (V)

3.11
3.09
2.85
3.21

2.90
2.90
2.89
2.90

The highest voltage of four battery cells is 3.21 V (B,). The lowest voltage of four battery cells is
2.85 V (Bj). After equalization for 960 s, the voltage gap is diminished from 0.36 V to 0.01 V. From
Figure 15, it can be seen that the presented control strategy based on dynamic balanced point is feasible.

The Figure 16 comes from [7] in order to make a comparison with this paper proposed method.
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Figure 16. Experimental wave forms about multi-output converter.
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From Figure 16, it can be seen that the highest voltage of four battery cells is 3.854 V (B,). The lowest
voltage of four battery cells is 3.750 V (B3). The voltage gap is diminished from 0.104 to 0.014 V after
22 min. Compared with Figure 16, any cell in the proposed method will only release charges or receive
charges, this balancing method of tracing the dynamic balanced point will reduce the energy circulating
from one cell to the other cell. Thus, this control strategy can reduce switching losses and accelerate the
process of balancing. For this reason, the equalization time in Figure 15 is less than that in Figure 16.
Therefore, the proposed balancing method is expected to be suitable for the series connected battery
strings on speed. Due to the experimental conditions and time, our balance efficiency is slightly lower,
which we need to improve in the future.

6. Conclusions

Cell equalization is no doubt an important issue that has to be considered in the application of
lithium-ion battery strings. Especially for EVs, a mass of cells should be connected serially in order to
supply enough energy, while the inconsistency problem between cells leads to poor performance.
Employing a good equalizer and design a right control strategy is necessary as to avoid the shortage.

The applied balancing structure can drive high currents with less loss and the purposed control
strategy has the ability to successfully improve the performance of the equalizer. Cell voltages have been
limited in a small difference after equalization during both charging and discharging process.
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