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Fig. 4. General illustration of light-load efficiency improvements obtained by
the proposed efficiency optimization method.

From (4), to improve the light-load efficiency of a power
converter with the efficiency dependence on delivered power as
in Fig. 1, optimal duty cycle DOPT should be selected from
(4) as

DOPT =
PLOAD

POPT
(5)

i.e., the power converter during TON should deliver power POPT
that corresponds to the maximum efficiency.

Theoretically, the power level that this method of efficiency
optimization can be applied is limited to the power level below
POPT . Typically, the boundary load power between continuous
and pulse modes of operation of the power converter PBOUND
(<P OPT) is set at light-load levels where efficiency falloff be-
comes pronounced, as illustrated in Fig. 4.

In the derivation of DOPT in (5), it was assumed that no loss
is incurred during the charging and discharging of the energy-
storage device. If charging and discharging losses are included
by assuming that the energy-storage device charging and dis-
charging efficiencies are � CHR and � DIS , respectively, then the
optimal duty cycle D �

OPT is

D �
OPT =

1
(POPT /P LOAD)� ES + (1 Š � ES)

(6)

where � ES = � CHR � DIS is the efficiency of the energy storage
and power conditioning block.

With charging and discharging losses included, the conver-
sion efficiency at power levels below PBOUND is given by

� = � MAX
� ES

1 Š D �
OPT(1 Š � ES)

. (7)

In the ideal case, when no energy is lost during the charging
and discharging of the energy-storage device, i.e., when it is
assumed that � ES = 1, light-load efficiency is equal to � MAX all
the way to a minimum load, as illustrated in Fig. 4. However, in
practice, because � ES < 1, the light-load efficiency is less than
� MAX , and exhibits a falloff as power is reduced, as shown in
Fig. 4. Generally, to achieve light-load efficiency improvement,

it is necessary to make a favorable tradeoff between the power
saved by periodically turning off the power converter and the
power lost in the charging and discharging process of the energy-
storage device.

It should be noted that while optimal duty cycle D �
OPT is

precisely defined by (6), once power level POPT and load
power PLOAD < P BOUND are known, the frequency at which
the power converter is turned on and off can be set anywhere in a
relatively wide frequency range. Generally, the upper frequency
limit is related to the large signal dynamic response time of
the converter, whereas the lower frequency limit is determined
by the size and required energy-storage capacity of the energy-
storage device because, at lower frequencies, more stored en-
ergy is required to support the load power during prolonged OFF

times. For power levels of several hundred watts, typical min-
imum frequency for electrolytic-capacitor-type energy storage
is in the several hertz to several hundred hertz range, whereas
subhertz frequencies can be achieved by employing batteries,
supercapacitors, flywheels, and similar storage devices. In the
case where the energy-storage device is an electrolytic capacitor,
charging current i ST flowing into the energy-storage capacitor
when PLOAD is less than POPT is described as

i ST =
POPT Š PLOAD

VST
(8)

where VST is the voltage across energy-storage capacitor CST .
Time period TON when the power converter is ON depends on the
size of storage capacitor CST and charging current i ST , which
is given by

TON =
CST ∆VST

i ST
(9)

where ∆VST is the peak-to-peak ripple of storage capacitor
voltage VST . As shown in (8), the size of storage capacitor CST
and ripple voltage ∆VST are the major design factors to achieve
a proper duration of TON since charging current i ST is given by
the converter performance. From (2), (5), and (9), time period
TOFF when the power converter is OFF is obtained as

TOFF = TON

POPT Š PLOAD

PLOAD
. (10)

Finally, it should be noted that it is desirable to keep the
switching frequency outside the audio range to avoid acoustic
noise associated with the switching of a relatively large power.

Many variations of the proposed efficiency optimization
method are possible. Generally, these variations are related to
realization of the charging and discharging paths of the energy-
storage device. For example, the charging energy can be supplied
from the input of the power converter instead of from the output.
Also, the proposed method can be implemented with a common
charging and discharging path. Furthermore, the charging and
discharging paths do not need to be coupled directly to input
and/or output, but these can be coupled to any suitable point
in the power-conversion path. As an example, Fig. 5 shows the
conceptual implementation of this method where the charging
and discharging paths are coupled before the output filter of the
power converter. If designed properly, these implementations
can reduce, or even completely eliminate, transients caused by
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JANG AND JOVANOVIĆ: LIGHT-LOAD EFFICIENCY OPTIMIZATION METHOD 71

Fig. 7. Control implementation of the proposed method in PFC applications.

capacitor needs to store significant energy, for example, in PFC
applications, additional energy-storage capacitor CST may not
be needed.

When the proposed efficiency optimization method is applied
to the ac–dc PFC front-end, it is necessary to recognize that the
line current harmonic limit specifications need to be met down to
75 W of input power [12]. As a result, a straightforward imple-
mentation of this method, where the front-end power converter
is periodically turned on and off with an arbitrary frequency, is
possible only below the input power of 75 W.

Because of the required compliance with the line current
harmonic limit specifications at input power levels above 75 W,
the turning off and on of the converter can only be done within
half-line cycles, as illustrated in Fig. 7. In the control approach
shown in Fig. 7, the PFC converter is kept OFF near the zero
crossings of the line current, and is enabled for power processing
around the peaks of the line current. Since this conduction-angle
control generates line current distortions that increase as turn-
OFF time TOFF increases, the maximum duration of OFF-time TOFF

is limited by the required harmonic-limit compliance of the line
current. This maximum OFF-time can be easily figured out for
a given power level either by using simulation or calculation
software.

IV. EXPERIMENTAL RESULTS

The performance of the proposed technique was separately
evaluated on a 500-W dc–dc converter and a 1-kW ac–dc PFC
boost frontend rectifier. The circuit diagram of the 500-W
dc–dc converter prototype is shown in Fig. 8. The circuit in
Fig. 8 implements the proposed method of light-load efficiency
optimization according to Fig. 6(a), where V1 = V2 and L 1 is the
leakage inductance of transformer TR, i.e., it combines a zero-
voltage-switching (ZVS) full-bridge converter with phase-shift
control with a synchronous buck converter discharging circuit.

The 500-W dc–dc prototype was designed to operate from
a 400-V dc input and deliver up to 42 A at a 12-V output.

Fig. 8. Circuit diagram of 500-W, ZVS full-bridge dc–dc converter laboratory
prototype. Added temporary energy storage and power conditioning circuit are
shown inside the dashed-line rectangle.

The full-bridge converter operating at 110-kHz switching fre-
quency was implemented with an IRFP23N50L MOSFET from
IR for each bridge switch Q1–Q4 , whereas a FDB045AN08
MOSFET from Fairchild was employed for each synchronous
rectifier SR1 and SR2 . Transformer TR was built using a pair
of ferrite E-cores (E34/26/9-H7C4) with 44 turns of magnet
wire (AWG #18) for the primary winding and 2 turns of copper
foil (10 mil, 20 mm) for each of the secondary windings. Out-
put filter inductor L F was built using a toroidal high-flux core
(58894A2, u = 60) from Magnetics with eight turns of mag-
net wire (six strands, AWG #18). Four low-voltage aluminum
capacitors (1000 µF, 16 Vdc) were used for output capacitor
CF .

The buck converter that is periodically turned on at light
loads to deliver power from energy-storage capacitor CST was
implemented with an FDP047AN08 MOSFET from Fairchild
for both the buck switch S1 and synchronous rectifier switch
S2 . Schottky diodes MBR1080G from On Semi were used for
charging diodes D 1 and D 2 . Finally, six low-voltage aluminum
capacitors (1000 µF, 50 Vdc) were used as storage capacitor
CST . It should be noted that the buck converter shares the out-
put filter, i.e., output inductor L F and output capacitor CF , with
the full-bridge converter. The switching frequency of the buck
converter was set to approximately 100 kHz, i.e., close enough
to the 110-kHz frequency of the full-bridge converter to keep the
output filter inductor current virtually unchanged during transi-
tions between the full-bridge and buck operation, thus ensuring
smooth transitions between these two modes of operation. In
fact, no significant variations of the output voltage during the
mode transitions were observed in the experimental prototype
converter. Since the full-bridge converter and the buck converter
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Fig. 9. Measured primary current I PR I and switch Q2 drain-to-source voltage
VQ 2 waveforms of ZVS full-bridge converter prototype. Time scale for upper
two traces is 10 ms/div. Time scale for bottom two traces is 5 µs/div.

Fig. 10. Measured efficiencies of the original full-bridge converter, the stan-
dalone buck converter, and the proposed converter as functions of output power.

do not operate at the same time, a frequency synchronization of
two converters was not necessary. The maximum output power
of the buck converter was designed to be approximately 140 W,
which is enough to deliver up to 25% of the total output power.

Fig. 9 shows the measured waveforms of the prototype cir-
cuit at approximately 120 W. Time periods TON and TOFF are
approximately 27 and 26 ms, respectively. In order to reduce
the voltage ripple of storage capacitor CST and operate below
audible frequency, the frequency at which the power converter is
turned on and off is set to be approximately 19 Hz. As observed
from Fig. 9, duty cycle D of the prototype circuit at 120 W is
approximately 50%, which is slightly higher than the optimum
duty cycle at this output power.

Fig. 10 shows measured efficiency of the proposed converter
along with the measured efficiencies of the full-bridge converter
and the buck converter. As can be seen from Fig. 10, the proposed

Fig. 11. Circuit diagram of the experimental 1-kW PFC boost rectifier.

converter exhibits higher efficiencies below approximately
100 W. The improvement of the efficiency is more pronounced as
the load becomes lighter. For example, at 50 W, which is 10% of
the full load, the efficiency improvement is around 8%, whereas
at 25 W, i.e., at 5% of the full load, the improvement is approx-
imately 24%. It should be noted that the power consumption
of the controller and gate drive circuit, which is approximately
1 W, is not included in the measured results shown in Fig. 10.
This power loss is excluded since no effort was made to
optimize the controller and gate drive circuit used in the
prototype.

As shown in Fig. 10, the original full-bridge converter ex-
hibits a low efficiency at light loads because soft switching is
lost at light loads. Generally, the light-load efficiency could be
improved by employing switching devices that have lower out-
put capacitances. However, since these devices typically have
higher turn-ON resistances, the full-load efficiency is signifi-
cantly degraded by this design choice. The proposed approach
offers improvements of light-load efficiency without adversely
affecting the full-load efficiency since it allows the use of opti-
mal switching devices.

Fig. 11 shows the circuit diagram of the PFC boost recti-
fier prototype, which is built to evaluate the performance of the
proposed method in ac–dc applications. The 1-kW, 110-kHz
PFC boost rectifier prototype was designed to operate from a
universal ac-line input (90–264 Vrms) and deliver up to 2.5 A
from a 400-V output. The prototype employs two IPP60R099CS
MOSFETs (VDSS = 600 V, RDS = 0.099 Ω) in parallel for
boost switch S and a CSD10060 SiC diode (VRRM = 600 V,
I FAVM = 10 A) for boost diode D. In this implementation,
560-µF bulk capacitor CB that is sized based on the hold-up-
time requirement also serves as energy-storage capacitor CST .

Fig. 12 shows the oscillograms of the input current, input volt-
age, and output voltage waveforms of the PFC rectifier prototype
with the conduction-angle control. To simplify the experiment,
i.e., to avoid implementing a conduction-angle control itself, the
conduction angle of the input voltage waveform was actually
controlled by a programmable ac source (6000LX, California
Instrument). Because in the PFC boost rectifier, the input cur-
rent waveform follows the input voltage waveform, the desired
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