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A Constant-Power Battery Charger With Inherent
Soft Switching and Power Factor Correction

N. K. Poon Member, IEEEBryan M. H. PongSenior Member, IEEEand Chi K. TseSenior Member, IEEE

Abstract—A battery charging circuit, which operates as a con- is near completion. Again the high-power charging period only
stant power source, is proposed in this paper. By maintaining a |asts for a short duration of time, the thermal design has a low
constant output power throughout the charging process, the Cir- ijization. In other words, the thermal management for the

cuit reduces the size of thermal installation which would normally f tant-volt d tant t charai t
be required in the cases of constant-voltage or constant-current ¢@S€S O constant-voltage and constant-currént charging mus

charging. The proposed circuit takes the form of a half-bridge con-  inevitably be over-designed for much of the charging time.

verter with an additional small inductor and two extra diodes con- In this paper a circuit topology, which is based on a half-
nected in parallel to two dividing capacitors. Constant power de- pridge converter topology with an additional small inductor and
livery is achieved by the discontinuous-voltage-mode operation of two diodes connected in parallel with two dividing capacitors, is

the two dividing capacitors, each of which is connected in parallel . S L
with a diode. The circuit enjoys low voltage and current stresses, proposed for battery charging applications. The basic circuit, as

and achieves soft switching with no extra components. When used Studied previously in Ponet al.[6] and Pooret al.[7], [8], has
off-line, the converter maintains a high input power factor and a an inherent power limiting characteristic. Moreover, inherent

low level of input current harmonic distortion that meets inter- power factor correction (PFC) or harmonic current reduction
national regulations. All the above characteristics are determined can be achieved by operation in discontinuous-voltage mode,

only by the values of the circuit parameters, the control mechanism d trated in T 9. In th d circuit
being noncritical. A 12 V 65 W prototype was built to demonstrate as demonstrated in Tse [9]. In the proposed circuit, we com-

the merits of this circuit. bine the merits of the above-mentioned topology and the dis-
Index Terms—Battery charger, power factor correction, con.tlnuous-\{oltage-mode.opergtlc_)n, to achlevg a very simple
switching converters, zero-voltage-switching. design solution that requires minimal thermal installation for

battery charging applications. In addition to PFC, soft switching
and low voltage stress can be easily achieved with this circuit

|. INTRODUCTION topology.
ATTERY chargers are designed typically around two
modes of operation, namelgonstant-voltage charging ||, OverviEW OF POWER LIMITING AND RESISTIVE INPUT
and constant-current charginglrhe former utilizes a constant CHARACTERISTICS

voltage source and an equivalent series resistance to control the )

amount of current that flows into the battery. As soon as the Fig- 1 shows the schematic of the constant power converter
battery voltage is raised to the voltage sources, the conve@ddd some waveforms illustrating the circuit operation. The basic
must limit its current to prevent excessive dissipation. TrRoNfiguration is a half-bridge converter with an additional small
latter, moreover, keeps the charging current constant urifiluctor L, and two additional diodes connected in parallel to
the battery voltage reaches a designated value [1]-[5]. BB dividing capacitore/; andCs. The duty cycle is fixed and
both modes of charging, mandatory thermal design for tkept at slightly less than 50% to avoid simultaneous conduction
power converter is required. Specifically, in constant-voltag¥ the two switches. A battery with voltagé, and equivalent
charging, the converter dissipates a large amount of thernigfi€s resistanck,, is connected at the output terminals.

power in the equivalent series resistance, mainly during theT e basic operational requirements of the proposed constant
initial charging phase. Since this highly dissipative chargirgPWer converter are that capacit@g andC; work in the dis-
phase lasts only for a short duration of the entire chargif@ntinuous-voltage mode for a given load current, and that the
process, the heavy thermal design, though mandatory, is vBRRK voltage across the secondary winding'ofs higher than
sparingly utilized. Moreover, in constant-current charging, tH@€ battery voltag&7. to allow power flow to the battery. Diodes

converter delivers very high power when the charging proce8s and Ds limit the voltages of capacitorS; andC; to 0V
(actually—0.7 V), ensuring that the voltage swing of each ca-

. . _ acitor is clamped between the positive supply voltégand
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Fig. 1. Constant power converter for battery charging: (a) schematic and (b) waveforms showing basic operation.

the discharging of”s and charging ofC; begin whenlM, is to the primary side of the transformer, denotedtyy, is given
turned on. In this case, the voltage at node B will fall to 0 by
and be clamped at this level. Likewise, current is delivered to
the output load during the discharging 6§ and charging of Pry = (Cy+ Co)Vifo = Ly IR fs 1)
C1. While the detailed operation is left to Section IV, we can

immediately appreciate that the output power is limited by tho ﬁf;ﬁé?;fé:%ougﬂzt Cg{ﬁgts:f,ﬂgﬁif df?;tfsjees(r:lmsg \Ilélgt?r:ng
size of capacitor§’; andC,. Provided that the on-period 6f L fs gireq Y- Neg 9

or M, is sufficiently long, capacitor§; andCs can be charged the voltage drop across the equivalent series resistance of the

and discharged fully within a cycle. Thus, the capacitors Wilﬂattery, the maximum output POWEY, . can be written as
transfer their energy entirely to the output side, achieving P — Vol N,
constant power delivery. Furthermore, the loss associated with ommax = Ty
discharging and charging the dividing capacitors is partialb_{unatingPo max ANd Pry gives
recovered and delivered to the load due to the presence o ’

an reactive element&, which is placed in series with the Pomax = C12V; fs

equivalent loading at the primary side of transforrifier ) 3
For a preliminary analysis of the circuit operation, we may % <\/V1? +4L,C1o (fsVi Q—p) — VT>
assume that 3)
a) the primary magnetizing inductance of transforfiigiis ALy fs
large enough to make the magnetizing current negligiblehereCi, = C; + Cs. If L, < (1/4C12)(Vr N,/ Vi fsNs)?,
b) the output inductancé, is large enough to maintain athe maximum output power can be approximated as
continuous-mode operation of its current.
Suppose thatin each switching cycle, the dividing capacitors are
completely discharged of the energy stored during the chargifibe validity of the above approximate formula is well justified

interval. Since the stored energyin is not delivered directly becausd.,. is usually small. This is because the purposg,ois
to the load (rather recovered to the input), the power delivereaassist soft switching of the MOSFET switches, and its value

)

2

Po,max ~ 012‘/;'2.}“5' (4)
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needs only be large enough to buffer the energy from the equiv- «
alent drain-source stray capacitors.

To see the inherent power-factor-correction characteristic, we
simply note from (4) that the input impedance of the converter
is resistive and is given bR; = 1/C1»fs. Hence, when used
with an AC mains input, the circuit naturally attains high input
power factor.

It should be noted that in order to ensure constant power op- ¢
eration, the output current should be maintained at a level such
that the output power falls within the power limit. This puts a
limit on the ohmic drop across the connecting wire and the bat-
tery internal resistance, i.e.,

ViNs _
2N, Vr
os S %~
2012 fsVig

where R,s is the equivalent resistance consisting of the
battery internal resistance and the connecting wire, and
Vi > 2Vp(N,/Ns). In practice, sinceR, is very small, the

®)
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Stage 4:7» < t < m3—This stage accounts for the
largest part of the mains half-cycle. The equivalent circuit
is shown in Fig. 2(e). In this stage, the converter runs into
constant power mode, and the input AC impedance be-
comes virtually resistive. The transformer primary voltage
swings between 0 V and (¢), and capacitor€’; andCy
operate in discontinuous-voltage mode.

Stage 5:73 < t < 14—1In this brief transition stage, as
illustrated in Fig. 2(f), the input voltage falls too low to
maintain the constant power mode, and the input current
drops to zero at,. The voltage across; will stay atV,.

Having gone through the various stages in a mains half-cycle,
we now derive the formulas fory, 71, 7o, 73, 74, and relevant
input and output currents. First of ally can be found by
equatingy;(t) andV,, i.e.,

sin~Y(V,./V;)

Wm

(6)

T0 —

criterion stated in (5) should be easily satisfied. Thus, thighereV; is the peak input voltagey,, = 27 f,., andf,, is
topology is very suitable for the implementation of a constagtie mains frequency. Next, we can findby noting that during
power charger. stage 2, the voltage at the transformer secondary is equal to the

battery voltagd/’r, i.e.,

I1l. A VERAGED CIRCUIT OPERATION IN A MAINS CYCLE

In the foregoing section, we have demonstrated the inherent
resistive input characteristic that can be exploited for power

sin~1(2Vp N, /ViN,)
T = .
Wm

()

factor correction. Here, we will consider the operation whehhe input current during stage 2, denotedpy._, ;(t), is given

the input is connected to an AC mains. Referring to Fig. By
the operation can be described in terms of five stages, corre-
sponding to five sub-intervals of time during a mains half-cycle.
For brevity, we letv;(¢) be the input voltage, and’; be the
equivalent input capacitor which holds a minimum voltage
during a finite interval of time near the mains zero cross-ove
Note thatC; = C42/4 if no extra input filter or bulk capacitor
is added.

» Stage 1:0 < t < 1p—The input voltagey;(¢) is lower
thanV,., resulting in zero input current. Fig. 2(b) shows
the equivalent circuit during this stage.

Stage 2.9 < t < m;—The input voltage is higher than
V.., but the voltage reflected at the transformer secondary .
is belowVr. Fig. 2(c) shows the equivalent circuit. In this
stage, the input current starts to energize the series
viding capacitors.

Stage 3.7 < t < To—This stage occurs for a short tran
sient duration. Fig. 2(d) shows the corresponding equ
alent circuit. The input voltage produces a peak tran
former secondary voltage higher than the battery voltag
V. Power begins to flow to the output. However, the
output voltage is still too low to permit a discontinuous-
voltage-mode operation of the dividing capacitors.

V-
S_
e

[r1—
ince constant power operation starts to come to effect at the
end of stage 3, we can write

(8)

ifry—7](t) = Wy O Vi oS wpmt.

We now consider stage 3. The output current, denoted by

~](t), is given by (9) shown at the bottom of the page.

2Np012fs‘7i

Gofr —7,](T2) = N Sin Wy, To. (10)
Furthermore, for; < t < 72, we have
. N,
U[ry _.,.2](t) = wnC;V; coswmt + 7:(,[.,.1 —Tz](t) (11)

2N,

\%'e can therefore find, numerically by putting (9) in (10).

To find 73, we consider the value of the input voltage at the
.boundary of constant power mode as given in (5). Since the
voltage across the series capacitoisandC, follow the input
voltage, we have

2Vr

ViN. ) N
N ViRosCrafs 7

1

12)

T3 = —sin~
Wm,

. . ViN, [ Reossinwmt — wym Lo cOSwmt — (Ros sin wp, 71 — wi Ly cos mel)e_Ros(t_Tl)/Lo
fofry—r)(f) = 2N, WZL L2+ R2

LV

o (efRos(t*‘Fl)/Lo _ 1) . (9
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Fig. 2. (a) Waveforms showing different stages in a mains half-cycle, (b) equivalent averaged cirguit for< 7, (C) equivalent averaged circuit fap <
t < 71, (d) equivalent averaged circuit fof < ¢ < 72, (€) equivalent averaged circuit fop < t < 73, and (f) equivalent averaged circuit foy < ¢ < 74.

for (1/4fm) < t < (1/2f), and the corresponding input cur-We can thus assume thattat= 73 the input current takes a
rent waveform during stage 4 is nonzero value of,.. The input current waveform during stage

Z'[Tg—m](t) _ meiVi oS Wit — ClZfsVi sinwnt.  (13) 5 is then given by (16) shown at the bottom of the page,iand

can be simply written as
Also, capacitorC; will hold up the input voltage and prevent . N
the voltage across the capacitor from following the input voltage ir = Cr2fsVisinwns. a7
waveform. From (13), the input current can drop to zero befolthus,, can be numerically obtained from
T3 IS reached, provided that .
’ P iry—rj(2) = 0. (18)

Clgfs sin Wm T3
— |- (14)  Furthermore, the residue voltayyg can be approximated as

C; >

Wy COS Wy, T3

Suppose the input current falls to zerotats 74 < 3. Itis V, = Visinw,my. (19)
readily found that Finally, sinceR.s and L, are small, only stage 4 is significant.
;=1 tan—1 wm C; (15) The averaged (maximum) input power, denotedRymax, can
3= Wi a Ciafs )’ be approximated by averaging the input power over the period

However, in practicey,, < 27 f, and there is no large input ToM 72 0 73, giving

bulk capacitor, (15) therefore has no acceptable solution,

T3
) ~ (72 32
meaning that the input current cannot fall to zero befotrers. Pinmas % 2C12 fs fim /T2 Vi sin® wmt dt. (20)

. ) ‘A/ng (Ros SN Wit — Wi Lo COS Wit — (R SN Wiy T3 — Win Ly COS Wy, 73 )€~ Fos (t=73)/ Lo )
U3 —74] =
3—T4 4N1? UJ?WLE + Rgs
VTNS

QROSNP (e_Ros(t—T3)/Lo — 1) + ire_Ros(t—Tﬁi)/Lo + mei‘A/z’COSwmt (16)
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Fig. 3. Topological sequence in a switching half-cycle for constant power fde ¢ < 73): (a) M2 on and power being delivered to load, (b) current

circulating through parallel diode, (c) stray capacitancévbf being charged, (d) zero voltage state creatediM@r, and (€)M, turned on and power being
delivered to load.

Expanding gives andR,; is negligible, the effective duty cyclB.¢ can be written
. as
C12V32 £, .
P max = o (COS Wy T2 SIN Wy, To Det(t) = — 2VT.NP 22)
— COS Wy T3 SIN Wy, T3 + Wi T3 — W T2).  (21) Vi N, sin w,, t

. . N .. which is valid as long as the circuit operates in constant power
The foregoing describes the averaged circuit operation in var- ; . . X

: ) ) . . mode, i.e.;» < t < 73 in the mains half-cycle. As capacitor
ious stages during a mains half-cycle and provides appromm%e discharges, its voltage falls to 0 V. By action of the small
formulae for the time durations of these stages and the input ’ ) o .

. . inductor, current forces its way through diofg, as illustrated
current waveform which can be used to predict the harmor}H: Fig. 3(b). The next step is to tum offfy. This causes the
contents of the input current. Calculations based on the abéale 9. ' b 2

I

. : rain-source capacitance bf;, to be charged by the circulating
formulas and experimental measurements will be compared’in

a later section current, as shown in Fig. 3(c) (at the same time discharging that
) of M;), and soon the body diode af; conducts, as shown in
Fig. 3(d). This creates a zero-voltage condition &dy to turn

on softly [12], [13]. The second half-cycle repeats with the roles
In this section, we study the detailed circuit operation in @f M; and M; interchanged.

switching cycle, and attempt to highlight the salient charac- It is of interest to know the constraints, if any, on the choice
teristics of the proposed converter. Taking advantage of thecomponent values and parameters in order for the circuit
symmetry of the converter, we need only to consider the hadf operate as described. Firstly, assuming that the zero-voltage
switching cycle [10], [11], and in particular we focus on thdurn-on transient duration corresponding to the stages shown in
duration in which the circuit operates in constant power modeig. 3(c) and (d) is small, the averaged current flowing through

IV. CIRCUIT OPERATION IN A SWITCHING CYCLE

e, <t <73 diode D5, denoted byip, (t), is
Fig. 3 shows the topological sequence in a switching half- . )
cycle. We begin with\/, being turned on//; off), as illustrated i, (t) = [1 = Der(1))ip(t) (23)

in Fig. 3(a). During this stage, capacitok discharges itself |\ nare
and delivers current to the load. The voltage between the two .
dividing capacitors falls gradually. This stage is the only power P _ Crafs N,V sin? wpt

delivering stage in the switching half-cycle. SinEg is small ip(t) VrN,

(24)
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Fig. 4. (a) Photo of the charger showing minimal thermal requirement, (b) output power, (c) output voltage and current versus charging timdiceert{d) ef
versus charging time.

for o < t < 73 in the mains half-cycle. In faci,(¢) is the cur- TABLE |

rent value at the instant whe¥d, is turned off. Starting with this CALCULATED AND MEASURED PARAMETER VALUES
value, the diode current resonates until a zero-voltage condition
is created for\/; . Let the drain-source capacitance®g and

PARAMETER | CALCULATED MEASURED ERROR

Cs2, for My and M, respectively. Also, defin€’; by C12 13.58 nF 136nF  +0.1%
Pin,max 2 W 7SIW 451 %
Cs = Caat O (25) T 2.00 ms 165ms —17.5%
which is the equivalent stray capacitance seen at node A (see m 221 ms 1.83ms -172%
Fig. 1). Then, the duration of the resonating period, denoted by - 2.47 ms 200ms —19.0 %
Tres(t), CaN be written as s 275 ms 800ms 132 %
VrN C Ta 7.96 ms 820ms +3.0%

Tres(t) = \/ L, Cysin ™! P =1 (26)
( ) (CIQfS‘/iNS Slnwmt Lr,-) Lr 21 MH 20 IJH —4.8 %

which is valid form, < ¢ < 73 in the mains half-cycle. Further-
more, in order folC;, to be charged up te;(¢) (andCs; to be in order for (4), hence (21), to be valid. Thus, combining (27)

discharged to zero), the series inductor should satisfy and (28), we require that
2 C
L, > C, ( Ve Ny ) . 27) Cs < % (29)
ClZ.fs VviNs sin wmt
Moreover, we recall from Section Il thdt. should satisfy which is easily satisfied in most practical cases.

Finally we consider the zero-voltage turn-on condition for the
MOSFETSs. BasicallyM;, and M, should be programmed to
turn on during a short duration of time in which the drain-source

(Ve N,/ Vi fsN)?

L,
< 4C1

(28)
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Fig. 5. (&) Theoretical input current and voltage waveforms, (b) measured input current and voltage waveforms, and (c) calculated and mehsunsshiicput
current contents.

voltage is near zero. Denoted byys, the length of this brief through the pulse-width modulator once the output voltage has
duration can be found as reached the required level.
A Table | compares the calculated and measured values of some
rrvs = (012 fsViL, N, sin wmt> cos ( Tres(t) ) (30) critical parameters, and Fig. 4 shows a photo of the prototype

VrN, VL.Cy and some measured results. As shown in Fig. 4(b), the output
power remains almost constant for virtually the whole charging
which is valid as long as the constant power mode is maintaingeriod. The power starts to drop at the fifth hour when the
i.e., 79 <t < 73 in the mains half-cycle. battery is fully charged and has reached the clamped voltage of
the converter. The converter then further reduces the power by
a pulse-width-modulation mechanism. The measured battery
voltageVr is 12 V, and the series equivalent resistaftg is
A 65 W constant power charger for a 12 V 35 Ah lead-aci@l.03 2. The measured efficiency of the charger reaches 87%,
battery was built to verify the proposed design. Assumingtaking into account the loss of an input EMI filter which is
90% efficiency, the input power needed is 72 W. The basieeded to suppress the conductive noise to below the class B
circuit parameters are chosen as follows: = 120 kHz, level.
Ny/N, = 3/26, andC;, = 1 uF (extra input filtering capac-  As shown in Fig. 5(a) and (b), the theoretical and measured
itor). From (21),C4- is found as 13.58 nF, from which we havewvaveforms of input voltage and current match quite well. In fact,
C; = Cy = 6800 pF. The minimum series ZVS inductancewe have observed that the measured waveform of the input in
L,, is found from (27) as 2LH. In the experiment, a 20H  Fig. 5(b) is even more desirable compared to what has been pre-
is used. Other crucial components are chosen as follovdicted in Fig. 5(a). The difference is due to the deviationof
diodes D3 and D, are MBR20100, MOSFET4/,, and M, andrs, as a result of the presence of magnetizing inductance of
are STPS6NB50, and transformer cdre is EET30 NC2H. the transformer which causes voltage swing at the center point
Furthermore, since constant power charging is employetf,the dividing capacitors, giving a higher peak voltage at the
the charging control is as simple as lowering the power levetcondary of the transformer and an enlarged duration of power

V. EXPERIMENTAL VERIFICATION
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transfer to the battery. Finally, the input harmonic current co
tents have been found to meet regulatory requirements, as shi
in Fig. 5(c).

A constant power charger with inherent soft switching an
power factor correction has been presented. By virtue of t
constant charging power, there is no need to install substan|
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