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Control and Analysis of a Modular Bridge for Battery
Cell Voltage Balancing

Atrin Tavakoli

Abstract—A new distributed control scheme and charge flow
analysis is presented for voltage balancing of series connected bat-
tery cells using nondissipative modular power electronics. Each
modular bridge is connected across two battery cells using a high
frequency transformer and an asymmetrical half-bridge. This re-
sults in using one switch and one diode per battery cell. Intrabridge
charge transfer equalizes the voltage of two battery cells within a
module using coupled transformer windings. Each modular bridge
is connected to adjacent bridges by connecting transformer wind-
ings within each module. This allows interbridge charge transfer
and the balancing of pairs of battery cells, both within adjacent
bridge modules and modules more removed. The proposed con-
troller uses a distributed control strategy whereby the control of
each modular bridge monitors its own battery cell voltages and also
those of adjacent bridges, thus reducing the number of feedback
sensors. Detailed analysis is presented that quantifies the flow of
charge between a number of series connected battery cells (/V bat-
tery cells). A per-unit design methodology is used to illustrate the
system charge flow characteristics. Simulations, design guidelines
and experimental results are presented to validate the proposed
method.

Index Terms—Battery, modular circuit, supercaps, two-switch
flyback, voltage balancing.

I. INTRODUCTION

ERIES-CONNECTED battery cells are increasingly be-
S ing used in high dc voltage applications, such as hybrid
electric vehicles and energy storage centers in many industrial
and utility applications. Series-connected battery cell topolo-
gies are often charged and discharged using the same series
current. Therefore, a small difference in battery cells capaci-
tance may lead to overcharging and over discharging in battery
cells. Some battery cells, such as Li-ion, are sensitive to over-
charging/overdischarging and may expose irreversible battery
cell damage and reduced lifetime expectancies [1]-[3]. To pre-
vent these issues, the charge equalization or voltage balancing
techniques can be used.

Battery charge equalization or voltage balancing techniques
can be categorized into dissipative [4]-[6] and nondissipative

Manuscript received July 23, 2017; revised October 27, 2017 and December
21,2017; accepted January 11, 2018. Date of publication January 26, 2018; date
of current version August 7, 2018. Recommended for publication by Associate
Editor M. Ferdowsi. (Corresponding author: Atrin Tavakoli.)

The authors are with the School of Electrical and Computer Engineering, Uni-
versity of Alberta, Edmonton, AB T6G 2R3, Canada (e-mail: atrin@ualberta.
ca; khajeddin @ieee.org; john.salmon@ualberta.ca).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2798636

, Student Member, IEEE, S. Ali Khajehoddin
and John Salmon

, Senior Member, IEEE,
, Member, IEEE

[71-[26] types. The nondissipative circuits improve the effi-
ciency of the balancing mechanism and can be categorized into:
charge shuttling, charge shunting [7]-[9], and dc/dc converter
equalization techniques [10]-[26]. Charge shunting and charge
shuttling use switched capacitors to transfer charge between
battery cells [7], [8]. Although these methods normally require
complex centralized control systems, their implementations are
relatively straightforward.

In dc/dc converter based approaches, normally a high num-
ber of power switches as well as a central battery management
system (BMS) are utilized. For example in [10], the state of
charge (SOC) balancing is performed using a dual active bridge
between each battery and a low voltage bus. Such methods are
effective, accurate but due to high number of switches and sen-
sors the overall system becomes expensive. The system cost
can be slightly reduced by lowering the number of switches
[11] or lowering the switch voltage stress [12], [13]. In most of
the dc/dc converter based approach, a transformer or an induc-
tor is used to control the charge transfer [14], [15]. In [16], a
multiwinding transformer is used to couple battery cells and in
[17] a multiwinding transformer along with a resonant circuit is
used to couple all the battery cells and reduce the stress on the
switches. Although these methods transfer charge rapidly be-
tween nonneighbor battery cells, due to the physical limitation
of a multiwinding transformer, their applications are limited to
cases when a small number of battery cells are used. If an induc-
tor is used rather than a transformer, the charge transfer between
neighboring battery cells becomes feasible with a smaller circuit
size and a lower weight but at a slower speed of charge equal-
ization [18]. Methods where transformers or inductors are used,
normally need a voltage sensor per a battery cell resulting in a
high number of sensors and higher cost. In [12], [13], [19], [23],
and [24], a resonant circuit is used to transfer charge between
battery cells to reduce the energy losses and emi/rfi emissions.
Some methods, such as [18] use inductors to transfer charge to
the neighboring bridges resulting in a pretty slow charge transfer
as it happens only between neighboring bridges. Specifically,
when battery cells with low voltage are not close to battery
cells with higher voltage, these methods are slow. Other topolo-
gies are also proposed to improve the speed of charge equal-
ization [21], [22]; however, generally, such topologies are not
modular.

A new controller for a modular two-switch flyback battery
cell voltage balancing circuit is presented. A single modular
bridge cell (BC) consists of an asymmetrical half bridge with

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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TABLE I
COMPARING DIFFERENT METHODS FOR A SYSTEM WITH 2n BATTERY CELLS

Method PROPOSED
Feature [10] [12] [13] [16] [17] [18] [24] METHOD
Modularity v X v v X v v v
Non-neighbor Batteries
Charge Transfer v v x v v x v v
Supports Unllmlt(_ad Number v X v v X v v v
of Batteries
Charge Transfer Between
More than Two Battery Cells 4 4 X X b 4 X v v
in Each Cycle
Number of Switches / Diodes | 16n/0 | 2/4n+2 | 2n/0 2n/2n dn/2n | 4n—2/0 | 4n+2/8n 2n/2n
Number of Sensors an 0 2n 2n an 2n 2n n
Central/Distributed Controller Dist. Dist. Cent. Cent. Cent. Cent. Dist. Dist.
Complexity Simple Simple Simple | Complex | Complex Simple Complex Simple
a four winding transformer connected to two battery cells. The ;
BC topology is modular with a low switch count per battery Bl
cell. Each BC balances its own two battery cells using magnet- Vi Dy
) o S, UIE p—
ically coupled windings connected to the centre tap of the two L L
.. . f A .
battery cells. Charge transfer to and from battery cell pairs in WW
adjacent BCs is decided locally within each bridge by monitor- -
ing the dc voltages of the battery cells connected to adjacent D, & |+VwI"| f igo |+Vw2'-IS E
bridges. Therefore, the system requires only one voltage sen- " y il
sor per battery cell pair. This ‘distributed” controller is based 52 |
on local data without requiring a BMS or a central controller.
Faster voltage balancing is achieved at a high efficiency using Fig. 1. Single BC connected to two battery cells using an asymmetric half-

no current sensors and fewer voltage sensors when compared
with the conventional methods.

The proposed distributed control improves upon previously
published controllers using the same topology [20], [25], [26].
The controller has a much faster battery cell charge equalization
than was obtained in [20]. The controller also uses a more sim-
plified switching pattern than that is presented in [25] and [26]:
two switching patterns per switching cycle are used rather than
three. The proposed control is demonstrated to transfer charge
among neighboring BCs in one switching cycle, but can also
transfer charge among all bridges. The structure and operation
of the modular BC is examined to derive a new simplified sys-
tem circuit model that contains a series of 2n connected battery
cells with n BCs. This simplified model uses per-unit design
parameters to provide a detailed charge flow analysis, select
appropriate circuit inductance and to place limits placed on the
controller switching periods. A maximum battery cell voltage
deviation is assumed in the design procedures together with the
following design guidelines.

1) A maximum component peak current.

2) A maximum switching frequency where all circuit cur-

rents reach zero at the end of each switching cycle.

3) The controller maximizes the charge transfer rate.

Finally, Table I compares the modular circuit and its proposed
controller with previously published work.

II. CircuiT TOPOLOGY

A single bridge cell, or in the shorter form bridge or BC,
consists of a asymmetric half-bridge, two series connected
battery cells, and a toroidal transformer with four windings,
see Fig. 1: wy, wy/, we, and wor. The magnetizing inductance

bridge and a four-winding toroidal transformer and the added inductor.
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Fig. 2. Connection of two BCs to four battery cells: (a) circuit and (b) four-
winding toroidal transformer.

associated with the transformer windings w; and ws places a
limit on the peak current that is common to both windings dur-
ing the switch on time. Conversely, Ly controls the difference
between the winding currents that can also produce large peak
winding currents: L is necessary due to the very low leakage
inductance of the transformer windings (typical 0.1%). The
transformer windings wy’ and wo- is used to couple one bridge
with its neighboring bridges, making the topology modular: see
Fig. 1 for a one-bridge system, Fig. 2 for two bridges, Fig. 3(a)
for a multi bridge system.
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Fig.3. Controller for a series of connected BCs: (a) cells with their interbridge

transformer winding connections and bridge dc voltages Vi, V;_; etc. and (b)
switching logic for BC; using two switching patterns, P1 and P2 (see Fig. 5).
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Fig.4. Switching states for two bridges when Vg1 + Vpo > Vs + Vpy or
in other words V; > V5: (a) State 1, (b) State 2, (c) State 3, and (d) State 4.

III. PRINCIPLE OF OPERATION AND CONTROL:
TwoO-SWITCH FLYBACK

The distributed controller chooses the switching pattern of
each bridge by monitoring the dc battery cell voltages in adja-
cent bridges, see Fig. 3. The dc voltage V; of BC; (sum of its
two battery cell voltages) is compared with the average of the
adjacent bridge voltages and its own: [(Vi_; +V; + Vi;1)/3].
If V; is the largest voltage, BC; chooses the switching pattern
“P1.” If BC; does not have the largest, it chooses the switching
pattern “P2.” see Figs. 4 and 5 for “P1” and “P2.”

The bridge switching patterns for two BCs, Fig. 2, are illus-
trated in Fig. 4. The battery cell voltages in BC; are assumed
to be V1 > Vpo. BC; is assumed to have the higher voltage
(V4 > V5) and chooses the switching pattern P1, BCs having
the lowest voltage chooses P2:

State 1 [0-x1]:

At the beginning of a switching cycle, the switches in BC;
are turned ON and kept OFFin BC, [see Fig. 4(a)]. Currents in-
crease through windings w; and ws, ¢,,1 and 7,1, respectively,
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Fig. 5. Current waveforms of the two-bridge system shown in Fig. 2.

increasing proportional to Vz; and V9, see Fig. 1 for the cur-
rents directions and Fig. 5 for the currents diagrams. Since
VB1 > Vpo, i1 increases more rapidly and reaches a higher
value (/1 > I»). At the end of this switching state, the switches
in BC; are turned OFF.

State 2 [x1-x25]:

The diodes in BC; turn ON to create a path for the winding
w1, wy currents [see Fig. 4(b)]. The switches in BC, are turned
ON. Some of the stored energy in the magnetic core will be
transferred from BC; to BCs, hence from V; to V5, respectively,
representing intrabridge charge transfer.

Since I; > I and Vg1 > Vpa, i,9 reaches zero before i,
[see Fig. 5]. This results in charge being transferred from Vg
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to Vpo, intrabridge charge transfer, see ip; and ip, in Fig. 5.
However, significant charge is also removed from BC; and trans-
ferred to BCy: the currents increasing in ws and wy, representing
interbridge charge transfer.

The winding voltages V,,; and V,, 9 are increased above V; by
the on-state diode voltages in BCy, and 7,9 drops down to zero
rapidly as a result. After this point, the winding voltage drop in
BC, drops, resulting in the current ramping rate in BCs to drop,
see 7,3 in Fig. 5. This state continues until the BCy switches are
turned OFF.

State 3 [xo-13]:

All switches are turned OFFand only the diodes in the second
bridge are ON [see Fig. 4(c)]. This represents the transfer of
energy from BC; and BC,, respectively. This state continues
until the currents of through all the transformer windings return
to zero. Similar to the previous mode, when one of the currents
reaches zero the ramping rate of the other bridges change.

State 4 [x3-T,]:

All switches and diodes are OFFuntil the next state starts [see
Fig. 4(d)].

In Fig. 5, the areas under the current waveforms represent
the exchange charge. Examination of ig;, ig» for instance,
represent exchanged charge of battery cells in BC; . For example,
the exchanged charge of battery cell 2 in Fig. 5 equals to

T, t 2
Qpo = / i, (t)dt = / T, (t)dt — / b, (t)t
0 0 h

. Ig Xty Il X(t2*t1)
2 2

= Q3 — Q. (D

Comparing Qp1 = Q1 — Q2 and @p,, in Fig. 5, it can be
concluded that Qg1 > Qpo, thus, battery cell 1 transfers more
charges compare to battery cell 2. Similarly, it can be concluded
that battery cell 3 and battery cell 4 absorb charge.

IV. CIRCUIT ANALYSIS AND DESIGN CONSTRAINTS

Circuit analysis is presented for a system containing a series
of 2n connected battery cells with n BCs. This analysis is used
to design the circuit inductances and the controller switching
periods. Given that the system is designed for a maximum al-
lowable battery cell voltage deviation, this analysis also assumes
the following design guidelines:

1) a maximum peak current for the components;

2) amaximum switching frequency where all circuit currents

reach zero at the end of each switching cycle;

3) the controller is maximizing the charge transfer rate.

Since inductance values can have a large variation, the effects
of these variations on charge transfer charge are examined, in-
cluding a charge back flow phenomenon. Lastly, a step-by-step
design procedure is given, resulting in specifying the desirable
size of the system inductances and switching time periods in a
switching cycle.

A. Analysis

An equivalent circuit for an 2n battery cell system (n BCs) can
be constructed together with a system matrix representation. The
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Fig. 6. BC equivalent circuit of Fig. 1: (a) rearranged representation,
(b) general equivalent circuit, and (c) voltage waveform of £y and Eo (L, :
magnetizing inductance for two windings, L; : leakage inductance for two wind-
ings, L I added series inductance).
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Fig.7. Equivalent circuit of a system with “n’ bridges and “2n” battery cells.

latter can be used to predict the system currents and switching
periods, see Fig. 5, over a switching cycle. The circuit for the
BC; in Fig. 4(a) is redrawn in Fig. 6(a), and represented in
with a general equivalent circuit in Fig. 6(b) that has the circuit
voltage waveforms shown in Fig. 6(c).

The general equivalent circuit for a BC in Fig. 6(c), can be
extended to a system containing “n” BC's and “2n” battery
cells, as shown in Fig. 7 and with the matrix representation
given in (2)

-1

L1,1 L1,2 L1,3 L1,2n Vw1
Loy Lao Ly3s Ls oy, Vyy2
L2n,1 L2n,2 L2n.3 L2n,2n UV (2n)
Z‘wl
iw? B
— g R R [Lpgl ™ X [vwp] = [apg] X [Vw p] )
dt | - [apg] X [Vw p] = %[iw,p] 1 <pg<2n
iw(?n)

L;;—self-inductance; L;;—mutual inductance between
winding ¢ and j; V,,, 4,,; voltage and current of the sth winding.
The “a” matrix is the inverse of “L” matrix. All the coupled
inductors are assumed to be the same and the circuit is assumed
symmetrical, therefore, self-inductances are the same: L;; =
L;jand L;; = Lj;, and defined

I L+ Ly _ (Lz-l—Lf)Q
YL o YY1, 1)+ L + Ly
(Li + Ly)
Yﬁl(.ja 1) (Ll +Lf) X Yﬁl(jvl)

Li; = Lyi = Ly = . @3
(TR R (YT ) E Ty



9726

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

The Y matrix can be found by applying KCL on Fig. 7, see State 1 Statc 2 State 3 (
(4) shown at the bottom of this page. : Statea || i
With the components of matrix L determined, (2), an expres- ' - ;wj fo
sion for all the system currents for every switching condition b \ 1-: ; 1'Z6
can be obtained. For example, in state 1, Fig. 4(a), the ramping ‘\\ — Iwp Ius
rate of 7,,; can be calculated as follows: \ _ I”f’] 1;,” fz
I - Wiz “ Wi
d . )P T3, Iyi4
%Zm(t) = Vg1 X a11 + Ve X a12 + Viyz X a1z + Viya X ang 0 \
5 0 X1 X1 Xz x3 T
( ) Time

where a;; is the element of ith row and jth column of matrix
“a”. In (2), V,,; is the voltage of the ith winding and can be
calculated as follows:

Vg1 + Vi
Ly + Ly
More generally, for n BCs and 2n battery cells, consider when
1) the switches in bridges 1 to “k” are ON;

2) the diodes of bridges “k + 1” to “m” are ON;

3) the switches and diodes of bridges “m + 17 to “n” are

Vi = x Ly;. (6)

Fig. 8.

Current waveforms of a seven-bridges system under casel.

1) The system maximum peak current defined (1, ,x)-

2) A fixed switching frequency (f;) is assumed where all
system currents reach zero at the end of the cycle.

3) The controller is designed to maximize charge transfer

rate.

To make sure these constraints and requirements are met in
all the conditions, two extreme-case scenarios are considered:

OFF. Case Scenario 1: Battery cell 1 has the highest possible volt-
Accordingly, the system equation can be written age and the others have the lowest possible voltage.
T Vi 7 R Case Scenario 2: Battery cell 1 has the lowest possible voltage
and the others have the highest possible voltage.
Vi (2k) b (2k) I ) Case Scenario 1: This case results in bridg? 1 choosing
~VB(2k+2) p b (2k4+1) sw1t.ch1ng pattern f’l .and rest choose. P2, see Figs. 5 and 8.
[apq] x — 7 During the first sztchlng sta.te, the switches BC; are turn.ed ON
—Vp (2m—1) dt b (2m) and 7,,1 and 7,9 increase. Since battery cell 1 has the highest
Vw(2m+1) 0 voltage, 7,,1 reaches a higher value, 1, compare to 4,2, I>. I
can be calculated as follows:
Uw(Zn) ] L 0 i 2n
The 2n unknown variables in (7) are currents 11 = |TVmax@i+ Viin@i2 + Vinin Dy | Xty =

(w1, - -
are ON, and the inductors voltage (Vi (2m+1),- - -
bridges whose switches and diodes are OFF. As there are 2n
equations, a unique solution can always be found.

-y tw(2m)) Of the bridges whose switches or diodes

B. Design

Assuming a maximum and minimum allowable battery cell

voltage, the design constraints are as follows:

) Uw(2n)) of

Jj=3
(3)

Vinin and Vi, . are the minimum and maximum voltage of
battery cells, respectively, ¢ is the duration of the first state, and
a=L"

The voltage variation considered around the nominal is
£0.5 V for a 4-V battery cell. Therefore, it is not possible that
the diodes Doy and Dsj, conduct since the voltage drop of
diodes and the drop on the series added inductance would be

|
—
I

r 1 1 1 —1
T2 TR FES AT 7 0 0 L
—1 1 1 —1
o ot om0 0
0 3Ir I TLT i 0
0 0 I, I, T 0
—1 —1 1 1
I L 0 0 0 5 I, T
_
L1+Lf
v 32
Vs LirL;
_ L,+L _ 4 S
1y | = k= Y] x Vil = | ——— 1<i,j<n 4)
4 B4 Ll + Lj
L1+L/
V., E,
L L1+L.f h
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more than 1 V. Therefore, the allowable battery voltage swing of
4 4+ 0.5 V means that the MOSFET body diodes never get forward
biased so as to conduct. The system inductance also contributes
to prevent the diodes from conduction significant current.

The next state should be long enough to make the currents
of the inductors in the first bridge reach zero. Therefore, the
duration of the second state, t9, can be calculated as follows:

fjl
2n
- ‘/maxa12 + ‘/min Z]':;g a2

tgi ,I2:t1+t2.

€))

During the second state, the currents in bridges 2—7 ramp

positively with the currents in bridges 2 and 7 reaching a higher

value as they are situation closer to the bridge 1 in the circuit.
Therefore, the maximum current in this state in winding 3 is

_‘/min aii

2n

I3 = | —Vainasz — V;naxa32 + Vauin Zaiij X tg. (10)
=3

The third state should be long enough to make sure all currents
reach zero. Therefore, duration of this state can be calculated
based on the time that takes for 7,,3 to reach zero

I
t3 = o P
=31 Vinin — @3,2Vinin — Vinin D253 35
I3:t1+t2 +t3. (11)
To satisfy the design constraints that are f, and I,
Ts - Tsﬁdesired - t +to +t3 = Te,desired . (12)
Imax = Imax,desired Il = Imax,desired

After some equation simplifications, the system design con-
straints can be defined as

2n
A= E a1 —
j=1

b+ —(8Vimin +Vmax)ais X[AV a1 +Vimin A] Xt _
1 —Viin A ><[_zvmiuall _(Vxxlin"!‘vxllax)al? +VminA]

Avall + VminA Xt = Imax,desired

s, desired

(13)

The unknown variables in (13) are ¢; and matrix “a” elements,
these can be calculated using the magnetizing inductance of the
coupled inductor and the added series inductance. It is assumed
that the leakage inductance is = 1% of magnetizing inductance
since the coupled inductors used normally have very low leakage
inductance. As there are two equations and three unknown vari-
ables, t1, L,,, and Ly, the series added inductance is assumed
to be sized relative to the magnetizing inductance.

The design constraints for I, and f are discussed in (12)
and (13). The third constraint, maximizing the charge transfer,
is satisfied by setting the duration of switching state 2 so that the
first bridge currents reach zero at the end of the state. As aresult,
the transferred charge by other bridges and the absorbed charge
by the first bridge are minimized. Since the first bridge has the
highest voltage and it should be transferring charge as much
as possible, the duration of state 1 is long enough so that the
currents of first bridge reaches the maximum allowable current.
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Fig. 9. Current waveforms of a seven-bridges system under case2.

This means that for state 1, the charge transfers of bridge 1 is
maximized. During state 2, the other bridges are transferring
charge while bridge 1 absorbs charge. The duration of state 2 is
therefore minimized to limit the absorbed charge by bridge 1.
2) Extreme Case Scenario 2: Battery cell 1 has the lowest
voltage, while the other battery cells have the highest voltage.
Consequently, BC; chose the P, switching pattern while the rest

choose P;, see Fig. 9. The maximum bridge current in switching
state 1 is

2n
I3 = a31Vmin + ai&QVmax + Vinax Z ag; | X t1, 1 =1;.
Jj=3
(14)
Similar to the previous case, switching state 2 should be long
enough to make sure all the currents in bridges 2—7 reach zero.
Therefore, the lowest ramping rate of the currents should be
considered, associated with the middle bridges as they tare least
affected by bridge 1. If there are odd number of bridges, the
middle bridge would be the (n — 1)/2 + 1thand (n — 1)/2 +
2th bridges and if the number is even, the middle bridge is the
(n —1)/2 + 1th bridge: bridge 4 in a seven-bridge system. The
duration of the second state is

—I

Qm 1 ‘/min + Qm 2 ‘/m ax

to= To=t +1
’ - V;nax Zjig Q5 e L

15)
where the “m” subscript refers to the middle bridge. The max-
imum current occurs in the second inductor of the first bridge

since Vg1 < Vpa

2n

I = |+ Vaina21 + Vinax@22 — Vinax E apj| X to
i=3

(16)

To calculate the duration of state 3, the ramping rate of 7,1
should be considered as it has the highest current at the end of
switching state 2. The third state duration should be long enough
to make sure that 7,1 returns to zero at the end of this state

-1

t3 = 2 ;
_‘/1111110}21 - ‘/maxa22 - V;nin Zjlg a2;
I3 =11 + 1o +t3. (17)
Similar to the previous case, to get the optimum design
Ts = Ty, desired N t1 +to +t3 = T desired (18)
Imax = Imax,desired Il - Imax,desired
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After simplification, see (19) shown at the bottom of this
page.

Similar to case 1, the unknown variables in (19) are ¢; and
matrix “a” elements. With the same assumption, L; = 0.01 x
L,, and L as the same portion of L,,, ¢, and L,, for the second
case can be found. After calculating all the unknown variables
for the both cases, the smallest ¢;, smallest ¢5, and the biggest
magnetizing inductance are the best design. For example, if ¢;
in case 2 is bigger than ¢; in case 1, the smaller ¢; should be
chosen to make sure the current does not exceed the maximum
allowable value. Similarly, the magnetizing inductance is set
so that current does not exceed the maximum allowable value,
therefore, the bigger magnetizing inductance should be chosen.

The charge transfer occurs among all the bridges not only
between adjacent bridges, this caused by the inductors being
coupled. For example, in state 2, the effect of the first bridge
on the other bridges is that the currents ramping rate of other
bridges become higher as a negative voltage is applied to the first
bridge inductors, see Fig. 4(b). The effect of other bridges on the
first bridge is that the currents of first bridge return to zero faster
since the other bridges have a positive voltage applied to their
inductor while the first bridge has a negative voltage applied to
its inductor.

C. Effect of Leakage Inductance

The effects of the leakage inductance variation on the trans-
ferred charge and charge back flow phenomenon are described.

1) Charge Transfer: Using the best design, the transferred
charge in each cycle can be calculated based on the per-unit
values as below

I T igy(t)
=— ip;(t)dt = — L at
Qbase /0 ZBJ( ) \/0 Ibase X Tbases

Ts - !
e dt
:/ ZB]( ) % :/ Z'Bj,pu(tpu) X dtp“
0

Ibase Tioases 0
(20)
where V} ase, Ihase, and T},ase are the main base values, Qpase =
Ibase X 71‘ba‘se and Lbase = Vbase X jjba‘se/Ibase' For example,
transferred charge by battery cell 1 in a cycle in Fig. 9 is

QBj,pu

1 T
QBipu = QT/O ip;(t)dt

_ leasc ( / 1 ot (£)dt — [ 22 iwg(t)dt>

. 1 Il X(l‘g—aﬁl) IQ X(Q’J/Q—aig)
B Ibasc X Tioasc 2 2

_ Il,pu X (xZA,pu - xl,pu) - IQA,PU X (‘réﬁpu B xQ;PU)

2 2
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Fig. 10. Effect of series inductance on the transferred charge of a seven-
bridges system AV =5 %.

« Il,pu X (tQ,pu) _ IQJ’U X ( /2pu)
2 2

X Qtransferred = Ql + Q2~ (21)

The charge transferred by battery cell 1 as a function of added
inductance Ly in case 1 is illustrated in Fig. 10 when the leak-
age is 1% and 5% for a seven-bridge system with I;,,sc = 1.5 A,
Voase = 4.5V, fspase = 100 kHz, L,, = 10 pH. The graph is
normalized based on the transferred charge when there is no
added inductance and leakage is 1%. As it can be observed
from Fig. 10, when the value of L is low, the difference be-
tween transferred charge between using L; at 1% and 5%, be-
comes significant but as the value of L increases, A() is neg-
ligible, in other words, the effect of the leakage uncertainties
becomes negligible as L; dominates. The difference between
charge transfer is significant, which leads to longer equalization
time and more losses as the converter should operate for a longer
time. As it is shown, when the series added inductance is bigger
than 0.4 x L,,, AQ is negligible. Therefore, the effect of uncer-
tainty in the leakage inductance can be mitigated by choosing
the series added inductance larger than 0.4 x L,,. Moreover,
L should not be chosen too high since it will slow down the
transfer rate. Thus, a reasonable value is around 0.4 x L,, to
0.6 x L, that should be used in the design procedure. Also, as
it can be seen , when the added inductance increases from 0O to
0.5 x L, the transferred charge increases. The reason behind
this phenomenon is explained in the next section.

2) Charge Back Flow: Charge back flow is a phenomenon
in the third state that transfers charge from lower voltage bridges
to higher voltage bridges. Although the lower series inductance
is more preferable since the lower series inductance leads to
lower current transfer region, shorter state 2, consequently less
charge goes back to higher voltage bridges and more charge
goes to lower voltage bridges, it may cause charge back flow
[see Fig. 11]. The shaded area in Fig. 11 is the amount of charge
that transfers back to the higher voltage bridge.

The model of a two-bridge system in the third state is shown
in Fig. 12, where Vg, + Vs > Vi3 + Vpy. The voltage of

[all (*AV + Vmin + 3V;nax) - (Vmin + V;nax)A] X [*QQISAV + V;naxA} X tl

t1 +

[—AVCLH - VminA] X [al,'m (Vmin + 3Vmax) - V;naxA]

= T@
(19)

2n
+Vmina21 + ‘/max a2 — ‘/max ijg apj X ty = Imax,desired
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Fig. 11. Two-switch flyback for a two-bridge system: (a) low leakage and
(b) high leakage.
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Fig. 12.  Equivalent circuit of a two bridge systems when diodes of the lower
voltage bridge are ON.

inductor 1 and 2 in the first bridge are

Vw3 + Vw4
L33 + L3y

Vw3 = Vps + R? X 13 + VDon

Vil = Vir = x L3

‘/uwl = VBS + RG X iw4 + VD0n~ (22)

To check whether this phenomenon happens or not check the
below constraints

Vo2 > Vp1 + Vpui
if ¢ or
Vw1 > Vo + Vb

(23)

The diode in bridge 1 turns ON, consequently, the current flows
to charge the battery cells in bridge 1 and decrease the trans-
ferred charge to bridge 2. This problem can be prevented by
increasing the series inductance, leakage, or series added induc-
tance. It is better to increase the series added inductance since
increasing the leakage inductance decreases the coupling factor
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and I,,x = 1.5 A, the series inductance, which is enough to
prevent this phenomenon, can be calculated based on, see (24)
shown at the bottom of this page.

D. Design Example

The design procedure for a seven-bridge system assumes:
Vinax = 4.5V, AV = 15%, I,.x« = 1.5A, and f, = 100 kHz
is as follows.

1) Choosing Ly between 0.4 x L,, and 0.6 X L,,.

2) Solve (13) and (19) to obtain values for L,, and t;: all

variables can be calculated for both scenarios.

3) Choose the minimum ¢; and maximum L,,, from step 2.

4) Calculate t, based on t; and L,,: to can be calculated
based on the current constraint in case 2 (/2 = Imax desired)-

5) For the calculated values for ¢y, L,,, and t5, check whether
the desired switching frequency f; can be used in both
scenarios, if not decrease t; or increase L,, and go to
step 3.

6) Forthe chosen values forty, L,,, t2, and f,, check whether
the added inductance is great enough to prevent charge
flow back or not, see (24). If not change the value of
added inductance and go back to 2.

7) For the chosen parameters, check if the system is subject
to swing or not: if yes decrease ¢; and go back to step 3.

By going through these steps, t; = 38%, to = 15%, L,, =
10 uH, and Ly = 4.5 pH for this case study.

V. COMPARISON

The proposed control method is compared to a “conven-
tional” method presented in [20]. In the conventional method, all
switches are turned ON and OFF, at the same time. To understand
this method, the mathematical comparison between these two
methods with ideal components is done. For the conventional
method, assume battery cell 1 has the highest voltage and the
duration of the first state is ¢;. All switches in all bridges are
ON, in the first state, /; can be calculated as

n

Il = ‘/max X ajl + ‘/min E ayp| X ty.
k=2

(25)

To use the whole switching cycle to transfer charge, the cur-
rent should reach zero by the end of cycle. Therefore, the dura-
tion of the second state can be calculated as

_]1

between bridges. For example, in a system with V., =45V b= —Vinin X @11 — Vinax X @12 — Vinin D op—g Gjk (26)
min(Vi1, Vigs) + Voon > Vpa + Vps +2 X Vpon + (R7 X iy3) + (R X dy4) % Ly,
L33 + L3y

N min(Vz1, Ve2) + Vbon - L3

VB4 + VBS + 2 x VDon + (R7 X imax) + (RG X imax) L33 + L34

4.5+ 0.7 5.2 L.

= + = > 31 (24)

9+2x0.7+ (R7 X 15) + (R@ X 15) 10.4 + 15(R6 + R7) L33 + L34
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Fig. 13.  Analytical prediction of transferred charge versus series added in-
ductance under different voltage difference for both control method in ideal
condition.

By applying the constraints, it can be concluded that

[AV X a1 + VminA] X t1
+AV X a19 + Viin A
[AV X aj1 + ViminA] X t1 X
2
[AV X a12 + VminA] X 11 X to
2
[AV X a11 + Viain 4] X t1 X 1y
2
« (1 _ [AV X ayy + V;ninA])
AV x ajs + Viin 4

ty =

Qp1 =

27

The transferred charge of the conventional method can be
compared with the transferred charge of the proposed method
that is calculated before. While keeping the switching frequency
and the maximum current similar in both methods, transferred
charge by battery cell 1 in each cycle is compared for the con-
ventional method and the proposed method, in the case when
battery cell 1 has the highest voltage. To this aim, the transferred
charge versus the series added inductance for bridges are illus-
trated in Fig. 13 for different voltage deviations in both methods.
Here, Vhase = Vinax = 4.5V, Ihase = max,desired — 1.5 A and
foase = fs.desired = 100 kHz are assumed. Under these base val-
ues, Qbase = Ihase X Thase and Lipase = Vpase X Thase/Ihase-
From the graph and equations, it can be seen that AV and
the series added inductance does not affect transferred charge
in the conventional method while, as AV increases, the trans-
ferred charge would be higher in the proposed method. As a
result, in the proposed method, at first when the voltage differ-
ence between bridges is high, the charge transfer is faster, which
is advantageous.

Since equations are derived in the ideal conditions, the simu-
lations are done with ideal and nonideal components to compare
the transferred charge in the both condition. Assuming nonideal
components, the interbridge charge transfer occurs at a very low
rate as it is shown in Fig. 14(b) also, compare Fig. 15(a) and (b).
Charge transfer in [20] is closely linked device voltage drops
and the low battery cell voltage of 4 V whereas, the proposed
method drastically increase the charge transfer rate as it is illus-
trated in Figs. 14 and 16. The equalization time is much shorter
than the conventional method, with a higher power conversion
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Fig. 14.  Performance of a system with 14 battery cells under the method in

[20] (a) without parasitic components and (b) with parasitic components.
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Fig. 15.  Current wave form of the proposed control method (a) without para-

sitic components and (b) with parasitic components.
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Fig. 16.  Performance of a system with 14 battery cells under proposed control

method in [20] (1-mF capacitors replaced actual battery cells): (a) without
parasitic components and (b) with parasitic components.

efficiency. The dc voltage drop in all the BCs is high Fig. 14(b)
since a 1-mF capacitor was used in the simulations to replace
an actual battery cell. Simulations using larger capacitors or ac-
tual battery cell models would not produce such a large drop
in the dc voltages. Here, the simulations were done with small
capacitances to reach the equilibrium point faster.

VI. SIMULATION AND EXPERIMENTAL RESULTS

An experimental prototype was designed to verify the per-
formance of the proposed controller. The system components
were selected as per the design section procedure. The switch-
ing patterns for four MOSFET (20 V, 5 A) modules were obtained
using a TI F28335 DSP at a switching frequency of 100 kHz,
see Fig. 17. As the effect of different battery cell voltage un-
balances is the main subject of investigations, four battery cells
were implemented in the experimental system using three low
ESR 5F super capacitors in parallel from SCM Series Super-
capacitor. This allowed specific dc voltage unbalances to be
obtained much faster than priming several battery cells at spe-
cific voltages. The four-winding transformer in each bridge was
implemented using an HP2- 02161 manufactured by Coil Craft
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Fig. 17.  Prototype of the circuit.
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Fig. 18.  Experimental results—(a) Ly added and (b) Ly removed; simulated

results—(c) Ly added and (d) Ly removed.

company (L = 10.6 pH). These transformers have six windings
with windings 1 and 2 in BC as shown in Fig. 1. The coupled
inductors that are used in this paper are from Coilcraft company
and they are very compact, 12.9 x 16.3 mm. As a result, the
prototype experimental circuit is also compact [see Fig. 17].
The circuit size, 60 x 118 mm, can comfortably fit on four bat-
tery cells. Also, it is possible for this circuit design to handle
higher power and current. The main design changes would be
the size of the coupled inductors, while the other components,
such as switches and diodes would not be subject to significant
changes in size.

A. Experimental With Designed Parameters

To verify the design procedure and parameters, which are
calculated in the design section, the prototype is built with the
calculated parameters. The toroidal transformers have a low
leakage inductance and a series added inductance was imple-
mented by inserting two 4.5 pH inductors into the centre-tap of
the dc supply in each BC, see Figs. 1 and 17.

The experimental results of BC windings currents in Fig. 18
are close to simulations results and they match the design re-
quirements. As it is shown in Fig. 18(a), the maximum current
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Fig. 19. Performance of the system with four 15-F capacitors under the (a)
presented method in [20] and (b) proposed method.

is less than 1.5 A; switching state 2 is long enough to make sure
the current of the bridge returns to zero; currents flow during
the entire switching cycle.

B. Leakage Inductance Effect

The effect of adding or having no added series added induc-
tance, Ly can be observed in Fig. 18. As the toroidal transformer
has a low leakage inductance (about 1%), the low leakage sit-
uation can be tested. The duration of the state 1 period is un-
changed, on-time of the BC; switches, but the duration of state
2 period, the on time of switches in the second bridge, is much
smaller when L is removed. The shorter the period for state 2,
the less charge is returned to the dc supply of BC; during this
state: less charge is also removed from the dc supply of BCy
and more charge is transferred to BC, from BC; . Therefore, the
average current transferring charge from BC; to BCs is better
than the case of a large effective series inductance as seen in
Fig. 18.

C. Performance Comparison Using Different Controllers

To study the speed of voltage equalization, two BCs were
used where a battery cell was approximated using four 15-F ca-
pacitors (three 5-F capacitors connected in parallel) to replace
four battery cells in a 2 BC system. The voltage of the first
bridge was set to 5 V and the voltage second bridge was set to
2.5 V. For both control methods, the performance of the system
is shown in Fig. 19. As it can be seen, the equalization time in the
proposed method is faster than the previous method in [20]. The
equalization time in the proposed method is about 100 s while
in the conventional method significant voltage differences re-
mained at 100 s. Note that for the previous method, the voltages



9732

TekPreVu

loom Factor: 2.5 X Zoom Position: 21.8's.

e
@ 500mV @ 74.00s 1.00kS/s ® / 250ct 2017
@ 500mv @ 500mV 100k points 170mV 05: 13: 55
Fig. 20.  Performance of the system with four 15-F capacitors under the pro-

posed method when the voltage of batteries in a bridge are different.

of both bridges are discharging over the period shown. For the
proposed method, the lower bridge voltage is maintaining its
voltage, and rising slightly, while the higher voltage bridge is
discharging rapidly. This means that the higher voltage bridge
is transferring charge to the lower voltage bridge. This means
that the rate of charge transfer is much higher than the previous
method. Another experimental result is presented in Fig. 20 for
the condition where the voltages of battery cells are different.
In this case, the main focus is on the intrabridge charge trans-
fer and the voltages of each battery cells are presented while
the previous experimental results are focused on the interbridge
charge transfer since the voltages are bridges are presented.

Also, another case where the voltage of batteries in a bridge
are different is tested under the proposed control method. The
results shown in Fig. 20.

VII. DISCUSSION

There are several items that are required to be discussed more.

1) Current Limit: The current limit is one of the constraints
in the design procedure. It can be inferred that, as the
number of battery cells and bridges increase, more mag-
netizing inductances are added to the circuit that reduces
the equivalent inductance. This may lead to higher current
in the circuit. This problem can be alleviated by adding an
inductance that increases the equivalent series inductance.
Therefore, controlling the current, eliminating the effect
of leakage inductance uncertainties and preventing charge
back flow are three reasons for the added inductance
existence.

2) SOC Balancing: The proposed controller balances the
voltage of battery cells not the SOC of the battery cells.
When the voltages of battery cells are the same, it does
not mean their SOCs are necessarily balanced. However,
one of the advantages of the proposed method is that one
bridge monitors its own voltage and that of two adjacent
bridges: note that each each bridge contains two battery
cells. Therefore, the number of voltage sensors are halved
compared with the methods that need a voltage sensor
per battery cell. Although the SOC estimation is more
accurate, it makes the controller more complicated and
it needs a higher number of feedback signals. The SOC
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balancing can improve the life-time of battery cells but the
procedure of the SOC estimation is pretty complex and
there may be some state estimation errors. Moreover, the
SOC estimation method should be completely modified
when the battery cell types are changed while this is not
necessary in the voltage balancing methods.

3) Charge Transfer: The charge transfer rate decreases as the
voltages of battery cells converge. Thus, at first, when the
voltage difference is high, the charge transfer rate is high
and it decreases as the voltages are closer. This can be
solved by adding a current sensor and modify the pulse
width of the controller. This solution increases the cost and
complexity of the system, but it could increase the speed
of equalization. Therefore, based on the compromising
among the cost, complexity, and speed of equalization,
this solution can be used. This solution is not discussed in
this paper since it was out of scope of this paper and it is
left for the future work.

4) Parameters Change Sensitivity: The parameters that are
subject to change in this circuit are effective leakage in-
ductance and battery cell capacitance. The battery cell
capacitance does not have any effect on the balancing
procedure since the control system balances the voltage
of the battery cells and does not need to estimate the SOC
of the battery cell. Therefore, this system is not sensitive
to battery cell capacitance change. The effect of leakage
inductance change is studied in the paper and it is shown
that by adding enough series inductance the effect of leak-
age inductance uncertainties can be eliminated. These are
also added to this section.

VIII. CONCLUSION

Analysis, design of a new control strategy for a battery cell
voltage balancing circuit are presented. The modular circuit and
its control strategy is relatively easy to implement and is much
faster than the conventional control methods. The proposed dis-
tributed controller is also cost effective since it just uses the lo-
cal data, voltage of the bridge, and its upper and lower bridges.
Moreover, the number of voltage sensor is one for each pair of
battery cells, which is half when compare to the other similar
methods. An equivalent circuit is introduced to simplify the cal-
culations and make the system easier to analyze. The principle
of operation of the circuit topology and controller are explained
based on the main circuit and also the equivalent circuit. A de-
sign procedure is presented that provides the flexibility for using
the system at different voltage and current requirements and fi-
nally, the design is optimized to get the best performance out of
the system. The effect of the leakage inductance on the charge
transfer rate and charge flow back are described and solution
are provided to avoid them. A design example is provided and
simulations and experimental results are provided to validate the
design procedure. Also, a prototype, which uses the best design
parameters that are calculated before, is made to get the exper-
imental validation. It is shown that the new approach provides
a much faster charge transfer in each cycle and more efficient
power conversion when compared with a previous method.
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