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Abstract: Voltages of series-connected energy storage cells, such as electric double-layer capacitors
(EDLCs) and lithium-ion batteries, need to be equalized to ensure years of safe operation. However,
to this end, a voltage equalizer is necessary in addition to a charger, increasing the system complexity
and cost. This paper proposes a family of transformerless single-switch integrated chargers that
merge a charger and equalizer into a single unit, achieving a simplified system and circuit. Proposed
integrated chargers are derived by stacking multiple conventional pulse width modulation (PWM)
converters, such as a superbuck converter, that contain two inductors and one energy transfer
capacitor. Detailed operation analyses, including an investigation on the impact of component
tolerance on voltage equalization performance, are also performed. Experimental charging tests
using a 12-W prototype were performed for four EDLC cells. All cells were charged with eliminating
voltage imbalance and demonstrating the charging and equalization performance of the proposed

check for integrated charger.
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battery cells, are connected in series to form a string to meet the voltage requirements of
loads and systems. Individual cell characteristics are not uniform in practical use due to
manufacturing tolerance, uneven aging, and ambient temperature conditions. As all cells
in a string are charged in series, some cells with higher voltages might be over-charged
during a charging process, potentially triggering a hazardous consequence. Even a minor

characteristic mismatch eventually results in premature deterioration and reduced capacity,
as reported in [1,2]. Thus, cell voltage equalization is mandatory to ensure years of safe
operations and to maximize the chargeable/dischargeable energies of cells.

Extensive research and development efforts on cell equalizers have been underway
since the advent of EDLCs and lithium-ion batteries. Various types of equalizers, also
called balancers, have been proposed and developed. Conventional equalizers based on
bidirectional converters, such as pulse width modulation (PWM) converters [3-5] and
switched capacitor converters [6-9], transfer energies between neighboring cells or two
arbitrary cells to achieve equalization. However, these equalizers are prone to complexity
as the switch count necessary is proportional to the number of cells connected in series.
With single-input-multi-output converter-based equalizers [10-16], the switch count can
be drastically reduced, contributing to the simplified system. Cell equalizers using selec-
tion switches, which have been intensively developed for lithium-ion batteries in electric
Attribution (CC BY) license (https://  Vehicles, can dramatically reduce the passive component count [17-23]. However, these
creativecommons.org/licenses /by / equalizers require numerous bidirectional switches in proportion to the cell count, resulting
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The common drawback of these equalizers is that, in addition to the equalizer, an
external converter is necessary for battery regulation. Figure 1a, for example, illustrates an
energy storage system based on so-called unregulated bus architecture where the battery
is directly connected to a load. This system boasts its simplicity as the battery directly
discharges to the load, though the load voltage varies with the battery. Obviously, two
separate converters are necessary to perform the two functions of battery charging and cell
equalization, thus increasing the system complexity.
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Figure 1. Energy storage systems based on (a) charger with equalizer, (b) individual chargers, and
(c) integrated charger.

An alternative solution is the use of individual cell chargers, as shown in Figure 1b.
All cells can be individually charged to a uniform voltage level by individual chargers.
Although cell equalizers are no longer necessary, the charging system apparently tends to
be complex as n individual chargers are necessary for n cells connected in series. A multi-
output charger based on a multi-winding flyback converter has been proposed [24,25], but
the design difficulty of the multi-winding transformer is cited as a top concern—parameters
of multiple secondary windings, such as leakage inductance, resistance, and turns ratio,
must be strictly matched to achieve an adequate equalization performance.

In previous works [26-28], converters integrating voltage equalizers have been pro-
posed, as shown in Figure 1c. Since a converter (or a charger) and equalizer are integrated
through the sharing of some circuit elements, both the system and circuit can be simplified
to a greater extent than ordinary systems. Integrated converters would be an appealing
topology for low-cost, low-power energy storage systems. However, a transformer is
necessary to integrate a converter and equalizer regardless of isolation requirements, in-
creasing the circuit volume and cost. Furthermore, the conventional integrated converters
suffer from poor extendibility (or modularity) because redesigning transformers is manda-
tory in cases where the cell count changes—transformers’ turn ratios need to be properly
determined based on the number of series-connected cells.

This paper proposes a family of transformerless single-switch integrated chargers that
merge a charger and equalizer into a single unit. The proposed integrated chargers can be
derived by stacking multiple conventional PWM converters, each having two inductors
and one energy transfer capacitor. In addition to the integration, the switch count can be
reduced to one, achieving a simplified system, design, and circuit.

This paper is organized as follows. Section 2 presents the circuit derivation, features,
and comparison among four integrated charger topologies. Among these is the superbuck
converter that is considered best suited for energy storage applications. Detailed operation
analyses, including an investigation on the impact of component tolerance on voltage equal-
ization performance, are performed on a superbuck converter-based integrated charger
in Section 3. A circuit design for the 12-W prototype is exemplified in Section 4. A dc
equivalent circuit of the proposed integrated charger is derived and verified by simulation
analysis in Section 5. Finally, Section 6 presents experimental results of the designed 12-W
prototype and equalization charging of four EDLCs connected in series.
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2. Proposed Integrated Chargers
2.1. PWM Converters

The proposed integrated chargers are derived from PWM converters as a foundation.
PWM converters with two inductors and one energy transfer capacitor, as shown in Figure 2,
can be a foundation circuit. A superbuck converter is a step-down converter with low
current ripples at both its input and output ports. A single-ended primary inductor
converter (SEPIC) and Zeta converters are non-inverting buck-boost converters and are
often used as battery chargers for low-power applications. A Cuk converter is an inverting
buck-boost converter.
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Figure 2. PWM converter with two inductors and one energy transfer capacitor: (a) Superbuck
converter, (b) SEPIC, (c) Zeta converter, (d) Cuk converter.

All topologies in Figure 2 contain an energy transfer capacitor followed by an inductor
and a diode, as highlighted with dashed lines. Switching nodes (designated as A) produce
a square-wave voltage and therefore, the energy transfer capacitors in these topologies
behave as an ac-coupling capacitor.

2.2. Single-Switch Integrated Chargers

By stacking capacitor —inductor—diode (CLD) circuits on the switching node in respec-
tive PWM converters, single-switch integrated chargers can be derived. Derived chargers
for four cells connected in series are shown in Figure 3. Smoothing capacitors Cy1;—Co4 are
connected in parallel with energy storage cells Bj—By. The string voltage, Vi, is regulated
by a constant-voltage (CV) charging scheme, whereas voltages of Cy1—Co4, V1-Vy4, are
automatically equalized even without feedback control, which is detailed in Section 3.
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Figure 3. Proposed integrated chargers based on (a) superbuck converter, (b) SEPIC, (c) Zeta converter,
(d) Cuk converter.

2.3. Benefits and Drawbacks

As mentioned in Section 1, the charger and voltage equalizer are integrated into a
single unit with a reduction in circuit components, hence realizing a simplified system
and circuit. In general, a switch count is a metric of circuit complexity, as each switch
requires not only a gate driver circuit but also an auxiliary power supply. Regardless of
the cell count, all of the derived integrated chargers contain only one switch, achieving the
simplified circuit.

From the viewpoint of power conversion efficiency, the proposed integrated chargers
are not a good solution. The integrated chargers contain n diodes (where 7 is the cell count)
and their output voltages are as low as cell voltages. Diode forward voltage drops take
significant portions of output voltages, unavoidably lowering power conversion efficiencies.
Hence, the proposed integrated chargers would be suitable for low-power applications
where circuit simplification and cost reduction are prioritized over efficiency maximization.

The number of cells can be arbitrarily extended by stacking CLD circuits, offering good
extendibility. However, voltage conversion ratios depend on topologies and the number of
cells (see Section 2.4 for details) and hence, a proper topology needs to be selected when
considering applications and requirements.

A charging current for series-connected cells must be properly limited to avoid dam-
age. A constant-current (CC) charging scheme is a straightforward approach to limit a
charging current, but obtaining current measurement using a current sensor is necessary.
By operating the proposed integrated charger in discontinuous conduction mode (DCM), a
charging current can be limited within the desired value even without feedback control,
allowing a simplified circuit and reduced cost.

The integrated chargers inherit the advantages and drawbacks of respective founda-
tion circuits listed in Figure 2. In the following subsection, four topologies are compared
from various viewpoints.

2.4. Comparison

Four integrated chargers are compared from the viewpoint of the DCM boundary
condition, current ripple, voltage stress of switches and diodes, and capacitor voltage
stress, as shown in Table 1. V;, is the input voltage, d is the duty cycle, V, is the equalized
cell voltage (V1 =V, =... =V,), and n is the number of cells in series; equations for the
superbuck-based topology will be mathematically derived in Section 3.



Energies 2022, 15, 3619

50f18

Table 1. Component values used for prototype.

Topology DCM Boundary Inpi:lrrent Ripglztput Voltage Stress of Q and D Capai;:(;rlv.o.l.ttg)e Vek
Superbuck % Low Low Vip = (n—=1)Ve Vip — nil Vi
SEPIC 4 Low High Vin + Ve Vin — kg Vi
Zeta ﬁ High Low Vin + Ve f k‘:/kl
Cuk i Low Low Vin + Ve mG-:F1 f‘, Vi
k=1

DCM boundaries are shown and compared in Figure 4. Boundary conditions of
the buck-boost converter topologies (i.e., SEPIC, Zeta, and Cuk converters) are identical,
whereas characteristics of the superbuck topology are dependent on n. This figure suggests
that integrated chargers are prone to operate in continuous conduction mode (CCM) as
Ve/ Vi, decreases. The DCM region of the superbuck topology is larger than that of the
buck-boost topologies, though its operational region is nV,/V;, < 1.0. Since the proposed
integrated chargers are supposed to operate in DCM, the superbuck topology would be
advantageous as long as nV,./V;,, < 1.0 is satisfied.
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f 06t DCM / ]
i Region ,,’ n=3
~T0.4f :
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Duty Cycle d
Figure 4. DCM boundaries of integrated chargers.

The superbuck-based topology is also superior to other buck-boost topologies in
terms of current ripple and voltage stresses. Thus, the following sections focus on the
superbuck-based integrated charger.

3. Operation Analysis
3.1. Voltage Equalization Mechanism

All the energy transfer capacitors, C;—Cy, are connected to the switching node gener-
ating an ac voltage and hence, the stacked CLD circuits are ac-coupled. Thus, respective
CLD circuits, as well as smoothing capacitors and energy storage cells, can be equivalently
separated and grounded, as shown in Figure 5. All the CLD circuits and energy storage
cells are connected in parallel and are driven by the square-wave voltage generator. This
equivalent circuit suggests that a current from the square-wave voltage generator preferen-
tially flows toward the least charged cell(s) with the lowest voltage in the string, and all the
cell voltages eventually become uniform as the charging progresses.
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Figure 5. Equivalent circuit of stacked CLD circuit.

3.2. Operation under Voltage-Imbalanced Condition

This subsection deals with the voltage-imbalanced condition where the voltage of By,
V1, is the lowest in the string. All circuit elements are assumed ideal. Theoretical operation
waveforms and current flow directions in DCM are shown in Figures 6 and 7.
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Figure 6. Theoretical key operation waveforms under voltage-imbalanced condition.
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Figure 7. Operation modes under voltage-imbalanced condition in (a) Mode 1, (b) Mode 2, and
(c) Mode 3.
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Mode 1 (0 <t < Ty) (Figure 7a): The switch Q is turned on. All inductors are charged,
and their currents increase linearly. The voltage applied to L;; and L; (i=1... 4), v;;;, and

v, in Mode 1 are given by
ULin = Vin — Vst (1)

4
v = Vei— ) Vk ()
k=i

where V is the voltage of By and V; is the voltage of C; that is expressed as
i—1
Vei=Vin— Y Vi 3)
k=1

This equation can be obtained by assuming average inductor voltages are zero under
steady-state conditions. The substitution of (3) into (2) produced

vLi = Vip — Vit 4)

Thus, from (1) and (4), v;;, and v;; are identical.
Currents of L;, and L;, i;, and if;, are

. Vin — V&
iLin = lL%Stf + ILin.Dcm @)
m

. Vip — Vit
i = MT,Sf + ILipcm (6)
1
where I}, pcp and Ip; peps are the initial values of ip;, and i;; in Mode 3, as designated in
Figure 6. i;, and if; peak at the end of this mode as

Vi, — Vs
Itin.peak = ML%Sths + ILin.Dcm @)
m

Vin — Vs
ILi peak = mLi,Sths + ILipcm 8)
1

The current of Q, ipg, is the sum of all the inductor currents of i;;, and 7;;, and it can
be yielded from (5) and (6). The sum of I1;, pcpr and Ir; pea is zero [see (19)] and therefore,

1 &1
ips = (Vin — V. — — |t 9
IDs ( in st) (Lin +k:21 Lk) )
The peak value of ips, Ips peat, 1S
4 4

1 1
IDS.peak = ILin.peak + Z ILk.peak = (VIn - Vst) (L + Z L)dTS (10)

k=1 mn k=1 “k

Mode 2 (T7 <t < T») (Figure 7b): Q is turned off and D starts to conduct. All inductors
start discharging. v, in Mode 2 is

OLin = Vin = Ver = Vi = Vs = = (Vi + Vy) (11)
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where Vyis the diode forward voltage drop. Meanwhile, vy; in this mode is expressed as

011 = — (V1 + Vf)
vi2 = —Ver + Ve — Vs (12)
vz = Vo — Vo1 + Vs — Vy
vpa =Vo+V3—Ver +Vea — V5

Substituting (3) into (12) yields

oL = — (V1 + vf) (13)

Similar to Mode 1, vy, and v;; are identical in this mode.
iy and ir; in Mode 2 are expressed as

. n+Vv
ILin = — L. ! (t - Tl) + ILin.Peak (14)
mn
. n+Vv
fj=——7—" Lt —Ty) + ILi peak (15)
1

The current of D1, ipj, is the sum of all the inductor currents, as can be seen from
Figure 7b. From (10), (14) and (15),

4 4
. . ) 1 1
ipn = itin + Y itk = Ip pea = (Vi + V) (L +Y L) (t=Th) (16)
k=1 in k=1 “k
where Ip g is the peak of the diode current and
4
ID.peak = ILin.peak + Z ILk.peak = IDS.peuk (17)
k=1

This operation mode ends as ip; declines to zero. Hence, from (10) and (17), the mode
length can be yielded as

= Jin = sy, (18)

where d,; is the duty cycle of Mode 2.
Mode 3 (T < t < Ts) (Figure 7c): Both vy;, and vy; are zero and therefore, i ;,, and iy;
are constant. Kirchhoff’s current law at node A yields

4

0= Irinpcm + Y Ikpem (19)
k=1

The voltage conversion ratio under the voltage-imbalanced condition can be yielded

from the volt-sec balance of L;,, from (1) and (11) or L; of (4) and (13), as
d(vin - Vst)
Vi=——F—"2-V, 20

1 h fi (20)

In summary, the diode D1, which is connected to the least charged cell B, conducts,

whereas the others are off for the entire period. An average current of D1, Ip1 45, flows

toward Bj as an equalization current is equal to an average current of i1, I; 1, because an
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average current of C; must be zero under steady-state conditions. Ip1 4 and I 1 are yielded
from (10), (17) and (20), as

1 A2 Ty (Vi — Vir)?
IDtave = I11 = EdaID.peak = M (21)
2Lx (Vl + Vf)
where Ly is the combined inductance given by
1 1 41
= — 22
Lx Ly k:Zl Ly @)

Meanwhile, an average current of ir;,,, I1;;, must be equal to an average switch current,
1g.ave, because average currents of C1—Cy4 connected to the switching node A are zero under
steady-state conditions. Iy ;, or I 4. flowing toward the string is expressed as

1 A>Ty (Vi — Vi
Itin = IQ.ave = EdIDS.peak = S(ZILHXSt) (23)

Thus, cells are charged with I 40 and Ip1 40 under the voltage-imbalanced condition
where Bj is the least charged cell. Both I}, and I} ; are dependent on d,Ts and Ly. Hence,
a string charging current (I1;,,) and equalization current (I;1) can be limited within the
desired level by properly determining these parameters.

3.3. Operation under Voltage-Balanced Condition

Theoretical waveforms and operation modes under the voltage-balanced condition are
shown in Figures 8 and 9, respectively. All the inductor currents i; and the diode current
ip; are assumed to be uniform.

Vps ips

Liin

0o T, T, T, Time

Figure 8. Theoretical key operation waveforms under voltage-imbalanced condition.
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Figure 9. Operation modes under voltage-imbalanced condition in (a) Mode 1, (b) Mode 2, and
(c) Mode 3.

Mode 1 (0 <t < Tq) (Figure 9a): Current flow directions under the voltage-balanced
condition are identical to those in the voltage-imbalanced condition (see Figure 7a), and
therefore, voltages and currents of L;,;, L;, and D; are expressed identically to those shown
in Section 3.2.

Mode 2 (T < t < Ty) (Figure 9b): i1, is equally distributed to C1-C4 and flows through
D1-Dy. vr;, and vy; are

ULin = ULi = — (Vi + Vf) (24)
iriy and ip; are
. Vi+ Vs
ILin = — L. (t - Tl) + ILin.peuk (25)
m
. V +V
i = ==L (t = T1) + L eak 26)
i
A current of D; is the sum of i;; and iy;,/4 and therefore,
iy — LLin Iipeat — (Vit Ve) (- + L) -1 27
Ipi = T + lLk Di.peak i f 4L;, fl ( l) ( )
where Ip; yeqr is the peak of the diode current, calculated as
ILin.peak Ips peak
IDi.peuk = % ILi.peak = 4pea (28)

This equation reveals that ip; in the voltage-balanced condition is one-fourth of (17).
As ip, reaches zero, the operation shifts to the next mode.

Mode 3 (T, <t < T;) (Figure 9c¢): Similar to the voltage-imbalanced condition, inductor
voltages are zero and inductor currents are constant.

The volt-sec balance of inductors based on (1) or (4) and (24) produces the voltage
conversion ratio under the voltage-balanced condition as

Y= Tadvd, )

Substituting Vs = 4V; into (20) leads to (29), indicating that the voltage conversion
ratios under the voltage-imbalanced and -balanced conditions are seamless and consistent.
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In summary, all diodes conduct in Mode 2 under the voltage-balanced condition. An
average current of D;, Ip; ,e, that is equal to an average of if;, I1;, is expressed as

d2T(Viy, — Vig)*

8Ly (Vi + Vf) 0

1
Ipigve = ILi = EdaIDi.peak =

Thus, Ip; e or Ir; under the voltage-balanced condition is a quarter of (21). The
comparison between (21) and (30) suggests that the sum of Ip1—Ip4 or I} 1—I1 4 is independent
of whether the cell voltages are balanced. Ij;, or Ig 4. are also independent of voltage
imbalance as (23) does not contain individual cell voltages, V;.

3.4. DCM Boundary

In order for the proposed integrated charger to operate in DCM, Mode 3 must exist.
In other words, the sum of the lengths of Modes 1 and 2 must be shorter than a switching
period, vielding d + d, < 1. The DCM boundary can be obtained from (18) with the
relationship of d + d,; <1, expressed as

Vi+Vy

d<
Vin_Vst‘i‘Vi‘FVf

(31)

3.5. Impact of Component Tolerance on Voltage Equalization Performance

The proposed integrated charger is a single-switch topology and its equalization
performance relies on passive components, including capacitors, inductors, and diodes.
Hence, component tolerance might impair the voltage equalization performance and its
impact should be investigated.

A detailed circuit modeling based on a state—space equation was obtained for the
circuit using two cells connected in series (see Figure 10):

d—x =
{ X = Ax + Bu (32)
y=Cx
where x is the state variable vector, u is the input vector, and y is the output vector;
. . . T
x= i i 2 vel vea v1 U2 ) (33)
T
u=[Viy Vom Vpp L L | (34)
T
y=[v v | (35)

S
il
1

Figure 10. Integrated charger for state—space modeling.
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Coefficient matrices A and B are expressed as
r (RpintdRon)(Rc1+Rea)+(1-d)RciRep dRon dRon Rea(1-4d) Req(1-4d) 1 Rei+dRcy 7
in in Ly Lin(Rc1+Rc2)  Liw(Rci+Rea)  Lin Lin(Rer1+Rc2)
dRon dRon+dRc1+Rpq dRon. _d 0 1 d
I - L L L Ly Ly
dRon dRon dRon+dRey+Rpp 0 _d 0 1
L L, L I, L
A= 7*Rcz%1*d> d 0 1-d —(1-d) 0 —(1-d) (36)
C1(Rc1+Rcp) G C1(Re1+Rc2) C1(Re1+Rc2) C1(Re1+Rc2)
SRG (1-4) 0 4 —{-a) i 0 i
C2(Re1+Rc2) G C2(Re1+Rc2) C2(Re1+Rc2) C2(Re1+Rc2)
— -+ 0 0 0 0 0
Col Col
_ _Rei+dRey _d _ 1 —(1-d) 1-d 0 1-d
L Co2(Rc1+Rc2) Co2 Co2 Co2(Rc1+Rc2)  Coa(Re1+Rea) Co2(Rc1+Rca) A
r-1 Rep(1-d) Rci(1-4d) 0 0
Lm Lin (RCl}'RCZ) Lin (RC1+RC2)
0 = 0 0 0
0 0 1 0 0
_ —(124)
B Ci(Rc1+Rc2)  Ci(Re1+Re2) (37)
0 _(1_d) 1-d 0 0
C2(Rc1+Rc2)  Ca(Rer+Rea) X
0 0 0 o 0
ol
) 14 o
L Co2(Rc1+Rc2)  Coa(Re1+Re2) Cop

Based on the derived state—space equation, the sensitivity analysis for the voltage
error of (v; — vp)/v1 was performed. The percentage impacts of £10% component tolerance
were investigated based on both the state—space equation and the simulation analysis.
Results are shown in the form of a tornado diagram in Figure 11 and typical values and
analysis conditions are listed in the inset. The theoretical and simulation results were in
good agreement, verifying the derived state—space equation. The results indicated the
diode forward voltage drops of Vy and Vp, were the largest source of the voltage error. If
Vi increased by 10%, for example, the voltage error would be —1.8%. The impact of the
component tolerance of inductances and capacitances was minor because cell voltages are
theoretically independent of these parameters, as indicated by (20) and (29). In summary,
component tolerances showed a minor impact on the voltage error, suggesting that cell
voltages can be equalized well by the proposed integrated charger even without carefully
screening circuit components.

v |
.
Vb,
L, |
Typical Values
L, V;=0.65V
= L=47uH
2 Ry R, =01Q
84 C=47pF
g R, R-=0.01Q
O p Conditions
1 V,=12V
d=0.5
C, - / v, =25V
I} -10% +1 ! C,;, C,,=500 uF
R, || Theoretical [ L, =68 uH
"""" L;.L,=100mQ
R, ‘ v Loy I, =2.0A
2 -1 0 1 2

Voltage Error, (V,,—V,,)/V,; [%]
Figure 11. Percentage impact of +10% change in component values on voltage error.

4. Design Example

The proposed integrated charger for four EDLCs and low-power ac adaptors with
Vin =19.5 V is exemplified in this section. The design target is P;, = 12 W (i.e., I1;;, < 0.62 A),
Ve >6V,V;=12-25V, and f; = 50 kHz (Ts = 20 ps).
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To ensure DCM operations, (31) must be satisfied, yielding
1.2V 4+ 0.3V
95V _6v+iavroav 7= 01 (38)
The combined inductance L, can be determined from (23), as
0.1% x 20us x (19.5V — 6V)
I, = ~ 2.2uH
Lx 2 % 0.62A H (39)
Given L;, = L; for the sake of design simplicity, (22) yields
Ly, =L =5x22uH =11puH — 10uH (40)

C; needs to be sufficiently large to ensure that the resonance between L; and C; does
not occur. To this end, C; is determined such that the resonant frequency is lower than
one-fifth of f;.

fs 1
2= — C; = 36uF 41
5 271\/LiCi ! H ( )

5. DC Equivalent Circuit and Its Simulation Results
5.1. Derivation of DC Equivalent Circuit

The operation analysis in Sections 3.2 and 3.3 derived the average inductor currents
and revealed that the sum of I 1-I1 4 is independent of whether the cell voltages are balanced
or imbalanced. A dc equivalent circuit of the superbuck-based integrated charger can be
derived by expressing inductors as a constant current source, as shown in Figure 12. Current
sources of I ;;, and I.1-Ir 4 obey (23) and (30), respectively. To generate a seamless transition
between (21) and (30), I; 114 are connected in parallel through an ideal multi-winding
transformer. Under voltage-balanced conditions, I} 1—I1 4 flow toward B;-By through their
respective diodes. On the other hand, under voltage-imbalanced conditions, all of I} 1—I14
go to the least charged cell via the multi-winding transformer.

o
—
Ipin Up.ave)

AN Y
111 KP4 41__

g_(‘)TIL , B4
4

A D3 131

Vo C:.— g ohs]

/

)
Ao2 b 'j

&

"

g—é)T]” B2| V-

AD1 lzl

Figure 12. DC equivalent circuit of integrated charger for four cells in series.

5.2. Simulation-Based Equalization

A simulation-based equalization test using the derived dc equivalent circuit was
performed for four cells connected in series. 400-F capacitors were used as cells. I ;;, and
I11-I1 4 were programmed to obey (23) and (30), respectively, and component values for
an experimental prototype (see Table 2) at a switching frequency of 50 kHz with d = 0.1
were used for the simulation. The series-connected cells were charged to be a CV of 10.0 V
(2.5 V/cell).
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Table 2. Component values used for prototype.

Component Value, Part Number
Q N-Ch MOSFET, ZXMN4A06GTA, Ron = 75 mQ)
Liy, L1-Ly4 10 uH, 33 mQ)
Cin Aluminum Electrolytic Capacitor, 330 uF
C1-Cy Ceramic Capacitor, 36 uF
D1-Dy Schottky Barrier Diode, SL44, Vy=0.35V
Co1—Cos Ceramic Capacitor, 300 puF
Gate Driver L6741

ViV, IVl 7V, [V] SD[V]

SOOI —
OOUIOLIIOUI (=]

I 1, [A]

The charging profiles are shown in Figure 13. The input current [;;, steadily decreased
as Vi increased [see (23)]. Equalization currents, or I; 1114, flowed toward cells, but their
magnitudes were dependent on cell voltages. At the beginning of the charging, B4 received
the largest equalization current in the form of I} 4, and V4 increased faster than others. The
voltage imbalance was gradually eliminated as the charging progressed, and all the cells
were uniformly charged to 2.5 V after V; reached the CV charging level of 10.0 V.

1, [A]

Time [min]

Figure 13. Charging profiles of dc equivalent circuit.

6. Experimental Results
6.1. Prototype and Its Characteristics

A 12-W prototype for four cells connected in series was built, as shown in Figure 14.
Circuit elements used for the prototype are listed in Table 2. The prototype was driven at
fs =50 kHz with V;;, =19.5 V and fixed at d = 0.2 to ensure the DCM operations.

: = ' Pk
) || &= 'l @ 0 y W |
Gate Driver £

80 mm

Figure 14. Photograph of 12-W prototype.

6.2. Characteristics of Integrated Charger Alone

Output characteristics of the prototype were measured using the experimental setup
shown in Figure 15. Instead of using actual EDLC cells, two voltage loads were used to
emulate voltage-imbalanced conditions. The upper load was a CV load, while the lower
one was a variable voltage (VV) load to emulate low-voltage cells. For example, Tap 1
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vps (VI vgs[V]

i [Al iy, [A]

emulates the imbalanced case where V' is the lowest—Tap 1 emulates the operation modes
in Figure 7. The CV load is set at 7.5 V (2.5 V/cell), and the VV load is swept in the range
of 1.2-2.5 V. Tap 2, on the other hand, emulates the case in which both V; and V), are the
lowest. The CV load voltage is fixed at 5.0 V (2.5 V/cell) while sweeping the VV load in
the range of 2.4-5.0 V (1.2-2.5 V/cell). The operation modes under the voltage-balanced
condition (see Figure 9) can be emulated by selecting Tap 4, through which the CV load is
short-circuited, and the entire string is connected to the VV load.

ILYI;‘\ Tap 4
i Constant
Lin Voltage Load
= |V (2.5V/cell)
I Tap 3 1
I ———o e
in
),
1 _Cin Tap 2
Vol T T
. Variable
- " Voltage Load
)
_141‘//
Tap 1 7]
Vi

Figure 15. Experimental setup for characteristic measurement.

The measured key operation waveforms when V; = 1.2 V are shown in Figure 16,
where vgs is the gate-source voltage. Oscillations in vpg were due to the parasitic ca-
pacitance of the MOSFET. When Tap 1 was selected (Figure 16a), the average of ij; was
substantial, whereas those of i; ,—i; 4 were uniform and zero. These measured waveforms
agreed well with the theoretical ones shown in Figure 6. In the cases where Taps 2 and 3
were selected (see Figure 16b,c), ir1 and i, were uniform and their averages were greater
than zero, whereas the averages of the other inductor currents were zero. When Tap 4 was
selected to emulate the voltage-balanced condition, i; 1—i;.4 were uniform.

1 N SE =
10 = 1 = 10 = 10
3 £ s S s 8 s
0 0l 0 o
30 . 30 30 30
20 2, 20p | L 2. 20F | L 2, 200 L
10 2 10u W“u 2 10 2 wu
0 £ ) S 20
3 _ 3 3 -
2 < 2 < 2 < 2
e e B A B e e e
0 S0 S0 S0
it 9 K 9
4 i — 4 i iy - 4 ) i - 4 i
W e/ Tl E A~ e~ 2 T R —
(I]W 3 [I)M 3 (17/\"“-—“/\\% = (ll
B B B 1

Time [2.5 ps/div] Time [2.5 ps/div] Time [2.5 ps/div] Time [2.5 ps/div]

(a) (b) (o) (d)

Figure 16. Measured waveforms with (a) tap 1, (b) tap 2, (c) tap 3, and (d) tap 4.

Measured power conversion efficiencies as a function of V7 are shown in Figure 17—V
corresponds to the least charged voltage in practical use. Measured efficiencies monotoni-
cally increased with V; as the portion of the output voltage taken by the diode voltage drops
decreased. Since the output voltage was low (<2.6 V), diode forward voltage drops took a
significant portion of the output voltage V1, resulting in poor power conversion efficiencies
of <90%. The efficiencies varied depending on the selected tap, probably because the num-
ber of conducting diodes differed depending on whether cell voltages were balanced—only
one diode conducts in the case of tap 1 (see Figure 7b), whereas all diodes conduct in the
case of tap 4 (Figure 9b). These results suggest that the proposed integrated charger is not
suited for high-power applications where efficiency maximization is prioritized over the
circuit simplification, as mentioned in Section 2.3.
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Power [W]
/

S
2 85 —— Tap 1] ]
S 80 —— Tap 2|
'S —0— Tap 3
£ 7 O Tap 4|
70 * * *
1.0 1.5 2.0 2.5 3.0

Output Voltage, V, [V]
Figure 17. Experimental setup for fundamental characteristic measurement.

6.3. Charging Test for EDLCs

Four EDLCs, each with a capacitance of 400 F at a rated charging voltage of 2.5 V, were
charged using the prototype with d = 0.1. Initial cell voltages were imbalanced between 1.2
and 1.8 V. The CV charging voltage level was set to be 10.0 V (2.5 V/cell).

The resultant charging profiles are shown in Figure 18a. The voltage imbalance was
gradually eliminated as the charging progressed, and all the cell voltages were satisfactorily
equalized in the CV charging period. The standard deviation (SD) of cell voltages decreased
to values as low as 11 mV at the end of the charging test, demonstrating the equalization
performance of the proposed integrated charger.

10° : : : 10°
2 2
a ol 3
wn wn )

1012 0.8
< = g s e
N = N8 DN PR ES
6 st v
¢ 0.0
— s 20 1V, 7
Z, Z g0f )
L TS,
= 10 - ~ ol
—  2.5F - 25
< 20k s Il < 20N s o1, 1
< Taf s s 15 oM,
T T
< 0.0k ~ ~ as <00 — -
0 2 4 6 8 0 2 4 6 8
Time [min] Time [min]
(a) (b)

Figure 18. Resultant charging profiles of EDLCs with (a) uniform circuit elements and (b) mismatched
circuit elements.

Only the diode D; was replaced with the one with V¢=0.4 V in order to investigate
the impact of component tolerance on the voltage equalization performance—The V of
other diodes was 0.35 V, as shown in Table 2. The results of the charging test are shown
in Figure 18b. Even with the mismatched V; of D;, the voltage imbalance adequately
disappeared, and all the cells were uniformly charged to 2.5 V in the CV charging period.
The SD at the end of the CV charging was 25 mV, which was slightly larger than the case
shown in Figure 18a. Although slightly increased, the results demonstrated the minor
impact of the component tolerance on the equalization performance.

The experimental results agreed very well with the simulation results shown in
Figure 13, verifying the derived dc equivalent circuit (see Figure 12).
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7. Conclusions

A family of single-switch transformerless integrated chargers have been proposed in
this paper. The proposed chargers can be derived from stacking multiple PWM converters
that contain two inductors and one energy transfer capacitor. The superbuck converter-
based topology, which is considered best suited for energy storage applications, was
analyzed under voltage-balanced and -imbalanced conditions.

The impact of component tolerance on voltage equalization performance of the in-
tegrated charger for two cells was analyzed based on the state—space modeling. The
analytical results revealed that the mismatch in diode forward voltage drop was the most
influential factor, but +10% tolerance results in merely 1.8% voltage error, suggesting no
significant impact due to component tolerance on the voltage equalization performance.

The 12-W prototype for four cells connected in series was designed and built for
the experimental verification tests. Series-connected EDLCs were charged in voltage-
imbalanced conditions. All the cells were charged to uniform voltage levels while eliminat-
ing voltage imbalance, demonstrating the voltage equalization performance of the proposed
integrated charger.
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