IET Power Electronics l m
The Institution of

Research Article Engineering and Technology

ISSN 1755-4535

Received on 4th January 2019
Revised 19th April 2019
Accepted on 16th May 2019
E-First on 11th July 2019

doi: 10.1049/iet-pel.2019.0021
www.ietdl.org

Single-magnetic equaliser without any
sensors for series-connected battery strings

Fulin Liu?, Runmin Zou', Mei Su?, Yao Sun’, Yonglu Liu’, Xing Li2, Hui Wang?, Guo Xu' =
School of Automation, Central South University, Minzhu Building, Changsha, People's Republic of China

2Department of Electrical and Electronic Engineering, Hunan University, Changsha, People's Republic of China

= E-mail: xuguocsu@csu.edu.cn

Abstract: This study proposes an automatic cell-to-cell equaliser to balance the battery voltages in series-connected battery
strings. In the proposed equaliser, each cell needs only one MOSFET, and the adjacent cells share the transformer winding. The
voltage balance is automatically realised by using a pair of complementary control signals with a fixed duty cycle. What's more,
no sensing circuit is required. Consequently, the proposed equaliser is cost-effective and easy-to-realise. The circuit topology
and operating principles are firstly presented. Then the voltage balance analysis is given in detail. Moreover, a design guide is
also given by considering four lithium-ion cells. Finally, the validity of the proposed equaliser is verified by experimental results.

1 Introduction to achieve the energy transfer. More information on the

Lithium-ion batteries have been one of the most widespread
rechargeable batteries due to the advantages of low self-discharge
rate, high energy density, high cell voltage, and no memory effect
[1, 2]. To meet the requirements of high voltage and large capacity,
a large number of lithium-ion battery cells are connected in series
and parallel to form a battery pack [3-5]. However, the
manufacturing tolerances and environment could lead to
differences in the capacities and internal resistances between
battery cells. What's worse, the inconsistency will be expanded
with the repetitive charging and discharging. Once any cell reaches
the charging/discharging cut-off voltage, the whole battery pack
stops working, which makes other cells underutilised [6].
Therefore, a battery equaliser is required to make the best use of
lithium-ion battery cells.

Many equalisation schemes have been proposed in the last few
years [7-9]. They can be classified into two types: passive and
active balancing methods. The former [10] is based on energy
dissipation, which utilises the dissipative element to drain excess
energy in higher voltage cells. The highlights of this method are
low cost and simple control. However, the available capacity of the
battery pack is reduced as the excess energy is dissipative.

As for the active balancing method, the excess energy from
higher voltage cells is transferred to lower ones. Hence, a more
efficient and rapid balance can be realised. Generally, passive
elements such as inductors [11-15], capacitors [16-20],
transformers [21-29], and their combinations [30, 31] are required
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Fig. 1 Battery equalisers using a multi-winding transformer
(a) Equaliser based on forward—flyback conversion [29],
(b) Proposed equaliser
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mathematical model and control of battery equalisation systems is
summarised in [32-34].

It is a good way to balance the energy of batteries by using the
state-of-charge (SOC). The model-based estimation methods,
which used the equivalent circuit model, are widely applied to
obtain the SOC of batteries [15, 35]. However, the number of
sensors increases with the increasing number of cells, which raises
the cost and the control complexity. Simply balancing by voltage is
commonly adopted, and the results are acceptable [18-20, 27-29].

To reduce the cost and control complexity, some equalisers with
no voltage sensors are developed. Lim et al. [27] propose a
modularised equaliser based on a flyback converter. The
magnetising energy of the multi-winding transformer is utilised to
equalise cells, which reduces the size and cost. However, the
equalisation speed and battery life are reduced as the equaliser
transmits energy from cells into groups. What's worse, the
application is limited to the case with one or two battery modules.
Li et al. [28] propose a simple circuit of battery equaliser using a
symmetrical multi-winding transformer. Each cell is configured
with only one MOSFET and one winding. Only one control signal
is required for all the MOSFETs, and energy can be directly
transferred from higher voltage cells to lower ones. The
disadvantage is that the additional circuit is used to achieve
demagnetising and modular structure. As shown in Fig. la, Shang
et al. [29] propose a battery equaliser based on the forward-flyback
converter. All MOSFETs are controlled by one pair of
complementary pulse-width modulation (PWM) signals, and the
magnetic energy stored in the transformer is automatically reset.
However, the energy stored in the leakage inductance is wasted
when the switches are turned off.

To further reduce the size and cost, this paper proposes an
automatic equaliser with reduced transformer windings and without
sensing circuit. It is an improvement of the work in [29]. The used
windings are reduced by sharing one winding between two
adjacent cells. Moreover, all MOSFETs are driven by a pair of
complementary control signals with a fixed duty ratio. Then,
energy can be directly transferred from higher voltage cells to
lower ones to achieve voltage balance. Low cost, small size, simple
control, and wide applicability are the main advantages of the
proposed equaliser. The rest of the paper is organised as follows:
the introduction and voltage balancing principle of the topology are
described in Section 2. Section 3 demonstrates the design guide of
an equaliser for four cells and shows experimental results. A
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comparative study is provided in Section 4, followed by the
conclusion in Section 5.

2 Proposed equaliser
2.1 Operation principles

The proposed equaliser is shown in Fig. 1b. The battery string
includes x groups, and each group consists of the adjacent two
cells, two MOSFETs and one shared winding. The two MOSFETs
in each group are driven by a pair of complementary signals, i.e. all
the upper MOSFETs are driven by PWM+, and the others are
driven by the complementary signal PWM—.

The detailed analysis of the equaliser for four cells is presented
as follows, and other cases can be similarly analysed. For the
convenience of analysis, the following assumptions are given:

(1) The battery string comprised of two groups is taken as an
example, and the circuit model is shown in Fig. 2. The windings in
each group have the same turn number. R represents the equivalent
resistance. L and Ly, represent the leakage and magnetising
inductance of the multi-winding transformer, respectively.

(i1) In each group, the upper MOSFET is driven by PWM+, and
the other is driven by PWM—. All of the duty ratios are set to be
50%.

(iii) £; (i=1, 2, 3, and 4.) represents the battery voltages of B;. The
initial voltages of battery cells satisfy E{>FE,>E3>FE4. And the
terminal voltages of battery cells are constant during a switching
period.

(iv) i; and i, represent the currents of leakage inductance, i\
represents the load current of the battery string.

From Fig. 2, the equaliser has two switching states during a
switching period, i.e. State I and State II. The relevant equivalent
circuits are shown in Fig. 3.

State I (ty—t1): In this state, switches Q; and Q3 are turned on
and switches O and Qy are turned off. Its equivalent circuit model
is shown in Fig. 3a.

According to Fig. 3a, the following differential equations are
obtained as:

LI — B, — Riy(r) — Ly 2220
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State II (t;—t, (T)): In this state, switches O, and Q4 are turned
on and switches Q; and Qs are turned off. The equivalent circuit
model is shown in Fig. 3b.

According to Fig. 3, the differential equations of the circuit are
formulated as follows:
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Assume the initial conditions are
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Then, the solution of formulas (5) is expressed as (see (7)) . Hence,
at the end of state II
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Fig. 2 Circuit model and operating states of the proposed equaliser
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Fig. 3 Equivalent circuit model
(a) State I,
(b) State 11
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where A =e RT2L+2w g = o-RTRL ¢ — 4 4 T/2 and T is the
switching period.

Compared with the voltages of battery cells, the current could
quickly enter into the steady state. Thus, it is reasonable to assume
that i1(tp) = i1(2), i2(t2) = ix(tp). From (3), (4), (7), and (8), currents
i1 and i are obtained

(see (9))

(see (10))

According to the direction of the current in Fig. 3, during 7y <¢
<ty, i1(¢) and iy(¢) are assumed to be the discharging current of B;
and Bj3. While during #| <t <1, i1(¢) and i)(¢) are assumed to be the
charging current of B, and Bj.

2.2 Voltage balance analysis

From Fig. 4, the average transmission power of the four cells over
each switching period could be expressed as follows:

]
P=2 [ i@
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13
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I
According to (9) and (10), (11) is rewritten as
P, = aE; — bE, — cE,
P, = aE; — bE, — cE, a2

P, = aE; — bE; + cE,
P,=aE; — bE, + cE,

where

c= (E\+E,— E;— E)L(1 - B)

2TR(1 + B) ’
bz(E,+E2+E3+E4)(L+2LM)(1—A) oL
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IfP;>0(i=1, 2, 3, 4), the cell releases energy; otherwise, it stores
energy.

In the following analysis, the battery cell is replaced by an ideal
voltage source U,, a resistor R, and a capacitor C [36]. U,
represents the initial voltage of the battery, R, is the internal
resistor, and C represents the A—H capacity of the cell. The
terminal voltage of a battery is obtained as

E;i=U,+ U; + Ry(iy + ip;) (13)
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If the voltage differences of the capacitors converge to zero, the
balance of cells will be achieved. The differential equations of the
circuit are formulated as follows:

du, P,

CT=i0—E=io—(aEl—b—c) (14a)
cdzz=io—%=io—(aEz—b—c) (14b)
C%:%—%:io—(aE3—b+c) (14¢)
C%:io—%zio—(a&—b+c). (14d)

Subtracting (14b) from (14a) leads to
C% = —akE, (15)

where Uy, = U, — U,, E;, = E, — E,. According to (13) and (15) is
rewritten as

dUu,, a

&~ Clak,—D" (16)

where a = (1/2R). As (a/(aR,— 1)) = (1/(Ry—2R)) < 0, U,, will
converge to zero. Therefore, the balance of B; and B, will be
achieved.

Subtracting (14c) from (14a) and subtracting (14d) from (14b)
lead to

dU

C dtl3 = —aE;;+2c -
dU

C dt24 = —aE,,+2c

where U =U, - Us, Uy=U,- U, Es=E, —E;, Exy=E,—E,.
According to (13) and (17) are rewritten as

dzm =mUy; + nU,,

(18)
dU.
dtu =nU;+mU,

where

_ k+a(aR,— 2kR,— 1)
"= TaR, — D)(aR, — 2kR, — DNC’
~ k _ _L1-B)
= (@R, — D)(aR, — 2kR, — NC’

n k_Z—'
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As m+n<0 and m—n<0 (see Appendix for the detailed
analysis), U,; and U,, will also converge to zero.
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According to the analysis above, effective balancing among all
cells is automatically achieved. What's more, the state of the
battery string (charging, discharging, or rest) and the internal
resistor do not affect the work of the equaliser.

Since the value of the leakage inductance is very small, the
voltage equalisation speed mainly depends on the time constant R
and C. Thus, R is a critical parameter in controlling equalisation
speed.

Meanwhile, the effect of R on power loss is discussed as
follows. From (12), the power loss of R and conduction losses of
MOSFETs are obtained

Pos=aEi +EX+ES+E) —e (19)

where a=(1/2R) and
e=(((E\+E:+ E; + E)(L + 2Ly)(1 — A))/2TR(1 + A)).
The switching losses of MOSFETs can be obtained by

T
1. 1
Psfloss = %/‘ zlmvds(toff + ton) + Ecossvés dr. (20)
0

According to (12) and (19), (20), the power loss rate is obtained

Pioss + P.
Moss = IOSSP—:_IOSS (21)
ou

where P, is the total power of cells which release energy. The
power loss rates with respect to P, and R are shown in Fig. 5 by
using parameters in Table 1. Clearly, the power loss rates decrease
with the decrease of R.

In summary, R should be set as low as possible to improve the
equalisation speed and balancing efficiency.

2.3 Expanded study

The equaliser can be used for battery strings with a different
number of cells.

As for the case of odd cells, the leakage inductor of the
independent winding is not utilised anymore. And the energy
stored in the leakage inductor dissipates when the states change.
Taking three cells as an example, as shown in Fig. 6a, iy drops to
zero and i; grows up to iy when Q) and Qj are turned off, and O,
is turned on.

For operation principles, a similar analysis can be applied. The
initial conditions are expressed as

il(t)|z:z0 =it
. (22)
lz(f)|z:ro =0
W=, = ia(t) = in(n) + b(1) . (23)
Then, the currents i; and i, can be expressed as
(see (24))
(see (25))
where
L) = —E, + ¢ R+ E | E, 4+ E, — A(E, + E5)]
1\‘o) — .

R(l _ e—(RT/Z)((l/(L + Ly + /L + 2LM>>))

The voltage balance analysis is similar to that in Section 2.2, and it
will not be repeated here.

Because a transformer cannot balance all the cells in some
applications, the modularised method is proposed. As shown in
Fig. 6b, every module consists of 2x cells, 2x MOSFETs, and one
transformer with x windings and one additional winding TS. When
one transformer cannot meet the requirement, the additional
windings TS from different modules can be connected to the same
polarity in parallel. Likewise, only a pair of complementary control
signals are used. Also, the number of cells in each module is 2x and
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Table 1 Experimental parameters
Parameters Value
battery model ICR18650-26F
nominal capacity 2600 mAh
nominal voltage 3.7V
standard charging current 1.35A
internal resistance <100 mQ
MOSFET model IRF3707Z
on-resistance 9.5mQ
transformer NP1:NP2:NS¢ 1:1:6
L 167 pH
L 0.3 pH

it is limited by the maximum balancing current and the maximum
magnetising current.

3 Experimental results

To verify the feasibility of the proposed equaliser, a prototype with
four lithium-ion cells connected in series has been built. Fig. 7
shows the implemented prototype and Table 1 lists the main
parameters. The control board generates a pair of complementary
PWM singles to control the MOSFETs.

3.1 Design consideration

The key design parameters of the equaliser consist of switch
frequency f, magnetising inductance Ly, the maximum discharging
and charging current ipey, the maximum magnetising current
iMpeak» and the equivalent resistance R.

The voltage range of the used battery (ICR18650-26F) is 2.75—
4.2 V. Considering the voltage margin, transformer parameters and
so on, the voltage range of 3—4 V is used in this paper. To improve
the equalisation speed and the balancing efficiency, the voltage
difference between the four cells is limited to 0.400 V in the
extreme condition. Due to the symmetry structure of the
transformer, the desired duty cycle is 50%, the turns ratio is 1:1.

To reduce the hysteresis loss and no-load loss, the ripple
current, in any case, is limited to 0.6 A. As the switching frequency

2315
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is set to 20 kHz. The magnetising inductance of the multi-winding
transformer is obtained as follows:

E
Ly > IY[AAX

Lrip

X 0.5x T = 167 uH. (26)

Although a large magnetising inductance can reduce the ripple
current in any case, the size will increase. By compromise, the
magnetising inductance is selected as 167 pH.

The maximum balancing current i, of the battery is limited to

1.2 A. From (9), the constraint of the resistance R is expressed as

R> Evax  , Emax + 3EmiN
- ipeak 2ipeak(l + A)
Enmax — EmiN
—B—"————-=0.283Q.
Dipear(1 + B)

@7n

PWM +

Fig. 6 Proposed equaliser
(a) Odd cells,
(b) Modularised structure

Fig. 7 Experimental setup
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To avoid saturation of the transformer, the maximum magnetising
current ippeak 1S limited to 1.6 A. From (9) and (10), the constraint
of the resistance R is expressed as

S Envax + EmiN _ 2Evax + 2Evmin

R -
- lMpeak(l + A)

=0.305Q.

. (28)
IMpeak

According to (27) and (28), R is set to be 0.305 Q.

3.2 Experimental waveforms

Since the design consideration is derived from a theoretical model,
the theoretical analysis can be proved through the experimental
waveforms.

When the initial values of £}, E,, E3, and E4 are 4.013, 3.903,
3.702 and 3.608 V, respectively. As shown in Fig. 8a, when
switches Q; and Q3 are turned on, energy is automatically
transferred from B; to B3 and the magnetising inductance. When
switches O, and Q4 are turned on, energy is automatically

Model 1

PWM +

Jé O

E]_ O

_]E& O
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Orriyit

b

- ..
g Oscilloscope
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Fig. 8 Experimental waveforms
(a) General current,

(b) High magnetising current,

(¢) High balancing current

transferred from B, and the magnetising inductance to B4. The
average balancing currents flowing out from By and B, are ~310
and 125 mA, and the average balancing currents flowing in B3 and
B4 are ~130 and 300 mA. An automatic energy transmission from
higher voltage cells to lower ones is achieved. This result agrees
with the previous theoretical analysis in Fig. 4.

When the initial values of E;, E,, E3, and E4 are 4.020, 3.595,
4.016 and 3.609 V, respectively, as shown in Fig. 8b, the ripple
current is about 0.6 A, and the value of magnetising current is
about 1.6 A (iyy=1; t1i). The average f balancing current flowing
in By and B4 from By and B3 is ~325 mA.

When the initial values of E;, E,, E3, and E4 are 3.995, 3.598,
3.612 and 3.602 V, respectively, as shown in Fig. 8c, the ripple
current is about 0.55 A, and the value of balancing current is about
1.15 A. These results agree well with the design consideration and
the theoretical analysis.

3.3 Balancing results

In this section, all the values of cell voltages are measured by a
multimeter. Fig. 9 shows the equalisation results with different
initial voltages. The voltage equalisation is achieved in the two
imbalanced situations. And the maximum voltage difference is
reduced from 401 to 15mV. This proves that the proposed
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Fig. 10 Dynamic equalisation results for four battery cells
(a) Charging,
(b) Discharging

equaliser can be applied to the imbalanced situations with different
initial voltages.

The dynamic balancing results are shown in Fig. 10, which can
prove the validity of the proposed equaliser. As shown in Fig. 10a,
the battery string is charged with the constant current, and the
maximum voltage difference is reduced from 349 to 14 mV. As
shown in Fig. 105, the battery string is discharged with the constant
load, and the maximum voltage difference is reduced from 312 to
13 mV. It can be observed that the proposed equaliser achieves
voltage equalisation regardless of the state of the battery string
(charging, discharging, or rest).

Fig. 11 shows the equalisation results for battery strings with a
different number of cells. And the minimum voltage difference is
reduced to 14 mV. Although the equaliser can be applied to the
equalisation between odd number cells or non-adjacent cells, the
advantage of the effective use of leakage inductance is lost.
Compared with [29], only the number of windings is reduced.
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Fig. 11 Experimental results for battery strings with a different number of

cells

(a) Equalisation for B, B3, and By,
(b) Equalisation for B and By,

(¢) Equalisation for B3 and B4

Fig. 12 shows the modularised equalisation result for eight
battery cells. The equalisation between modules is easily achieved
by connecting the winding NS; in parallel. The initial cell voltages
are 3.344, 3.469, 3.553, 3.634, 3.476, 3.385, 3.295, and 3.147V,
respectively, and the maximum voltage difference is reduced from
498 to 13 mV. This validity of the proposed modularised equaliser
is verified.

Finally, balancing efficiency is measured through experiments.
The efficiency concerning the transmission power Pg, is shown in
Fig. 13. P,y is the total power of cells, which release energy. The
efficiency is the ratio of the total power of cells, which receive
energy and P, And the power used for the calculation is obtained
from average current and cells voltage during five switching
cycles. Since the conditions (the values of E|, E,, E3 and E,4) are
different and changing, the results are measured by balancing four
cells in five different conditions. Compared with the calculated loss
of Fig. 5, the total loss increases, which could be caused by
magnetic loss. These results show that the proposed equaliser can
work with high efficiency at different conditions, and achieves the
highest efficiency of 90.2%.

4 Comparative study

Compared with the conventional equalisers, the advantage of the
proposed equaliser is that no sensing circuit is required. This
advantage will reduce the system complexity, the cost and the size.
Detailed comparisons between different equalisers have been
presented in [29]. To avoid repetition, the comparison is only
carried out between the proposed method and the one proposed in
[29].

Table 2 shows the comparison results in terms of components,
balancing mode, cost, and size. In both of them, only one MOSFET
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is required for each cell, one pair of complementary control signals
are employed for all MOSFETs, and energy is automatically and
directly delivered from high-voltage cells to low-voltage ones
without using voltage sensors. Thus, low cost, small size, and
simple control are the main advantages of them. Compared with
the proposed equaliser in [29], the proposed topology has the
following improved features:

(1) The adjacent two cells share a winding of the transformer.
Therefore, the number of windings is cut in half compared with the
method proposed in [29], resulting in smaller circuit size and lower
cost, especially in the case of long series-connected battery strings.

(i1) For the forward-flyback equaliser [29], the leakage inductance
current drops to zero when the switches are turned off.
Consequently, the energy stored in the leakage inductance is
wasted and the stress of the device increases. However, that is
avoided in the proposed topology.

(iii) The leakage inductance in the equaliser [29] should be set as
small as possible to reduce the negative influence, which increases
the design difficulty of the transformer. For the proposed equaliser,
the issue is avoided and the cost is reduced.

5 Conclusion

An improved automatic battery equaliser with a reduced number of
transformer windings is proposed in this paper. Its highlights are
low cost and simple control. The winding of the transformer is
shared between the two adjacent cells, and the leakage inductance
is effectively utilised. Also, all MOSFETs are driven by a pair of
complementary control signals, and energy can be directly
transferred from higher voltage cells to lower ones without using
sensing circuits. Moreover, the number of the cells and the state of
the battery string do not affect the work of the equaliser, leading to
wide applicability. The experimental platform has been set up to
verify the theoretical analysis. In short, the proposed equaliser can
be a good candidate for long series-connected battery strings,
especially for the case with a low voltage difference between cells.
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Table 2 Comparison between different equalisers

Equalisers Number of MOSFETs Number of windings Leakage inductance Balancing mode Cost Size
Shang et al. [29] n n no utilisation cell-to-cell high large
proposed equaliser n ni2 utilisation cell-to-cell low small

Note: n is the number of cells in the battery string.
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Appendix

m — n is rewritten as

_ a(aRy— 1 — 2kR,)
= Ry = D((aRy — 1) — 2kRy)C

a

~ @R, - 1)C (29)
= ; <0
“®-2RC "
m + n is rewritten as
tn o 2k+a@R, — 1 —2kR,)
M= R, — D((@Ry — 1) — 2kR,)C
B (a = 2k)(aR,— 1)
= @Ry = D)((@R, — 1) = 2kRy)C (30)
—((TR(1 + B) — 4L(1 — B))/2TR’(1 + B))
- ((aRy — 1) — 2kR))C :
As ((aRy,—1)—-2kR)C <0, the key 1is to prove that

—((TR(1 +B) —4L(1 — B))/2TR’(1 + B)) is less than zero. It is
assumed that
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f(x _ Q) _ _TR(A+B)—4L(1 - B)
L 2TR’C(1 + B)
4L(1 _ efRT/<2L)) _ TR(l + efRT/(zL))
- 2TRC(1 + ¢ F77°D) @b
41 —e) — x(1 +e?)
B 2xRC(1 + e™7?)

Then, the key is to prove that f(x) is less than zero. Because x is
always greater than zero, we only need to prove

fi(x) =41 —e™) — x(1 + e is less than zero when x> 0. The
first and the second derivatives of f](x) are
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Fid) = 14 e™ 4 2xe (32)

U(x) = — %xe”"z. 33)

Due to x>0, f/'(x) <0. So f/(x) is a monotonically decreasing
function. Hence, f|(x) < f{(x - 0) =0, and f,(x) < fi{(x > 0)=0
is obtained.
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