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Introduction

Power-supply units (PSUs) in data centers must have
high efficiency and high power density. The 80 Plus
Ruby certification, announced last year, sets the highest
efficiency standards for data center PSUs yet. As you
can see in Table 1, 80 Plus Ruby efficiency is not only
higher than 80 Plus Titanium at each load condition, but
also requires 90% efficiency at a 5% load, which has
never been specified before.

SO.F.’LU.S 230V Internal Redundant
Certification
Percentage ofrated | go5 | 10% | 20% | 50% | 100%
80 Plus Titanium 90% 94% 96% 91%
80 Plus Ruby 90% 91% 95% 96.5% 92%

Table 1. 80 Plus certification levels

In the meantime, limited server rack space and
increasing power demands have led to high power
density. The most recent Modular Hardware System —
Common Redundant Power Supply targets 3.6kW power
in a 185mm-by-39mm-by-73.5mm form factor which
translates to 111W/in3 power density while other PSU
products are still at the 80W/in3 to 90W/in3 level.

Server PSU consists of a totem-pole bridgeless

power factor correction (PFC) and a DC/DC converter.
Traditional control methods used in totem-pole
bridgeless PFC are either continuous conduction mode
(CCM) or triangular conduction mode (TCM); each
method has limitations, however. CCM totem-pole
bridgeless PFC can achieve high power density, while its
efficiency is limited because of hard switching, especially
at light loads where switching losses become dominant.
TCM totem-pole bridgeless PFC can achieve excellent
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efficiency across the entire load range because of zero
voltage switching (ZVS), but requires two or more phases
interleaved together to reduce the high inductor current
ripple, resulting in low power density and high costs.
Table 2 compares the two methods.

]

Pros | o

CCM operation TCM operation

Low peak-to-peak [e ZVS
inductor current
ripple

e Simple control

Cons |4

Hard switching, high High peak-to-peak inductor

switching losses current ripple

* Requires multiphase interleaving
to reduce current ripple for high
power applications, resulting in

low power density and high cost

e Complex control

Table 2. Comparing CCM and TCM for totem-pole PFC

To achieve both high efficiency and high power density,
totem-pole bridgeless PFC could operate in multimode,
as shown in Figure 1. At heavy loads or at the peak of
an AC half cycle, the desired PFC input current is high
and PFC operates in CCM. When the load reduces or at
around the AC zero-crossing area where the desired PFC
input current is low, PFC switches to TCM and operates
with ZVS.

M ——

TCM with ZVS cem AN RN

Load ™ Rl
TCM with VS

0 100%
Multi-mode at different load Multi-mode in AC half cycle

Figure 1. CCM_TCM multimode operation
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Compared to pure CCM, multimode control has better
efficiency at light loads, attributable to ZVS; compared to
pure TCM, there is no need to use multiphase interleaved
operation because the inductor current ripple is much
lower, significantly reducing both size and system costs.
Combining the advantages of both CCM and TCM
makes it possible to meet both high-efficiency and high-
power-density requirements.

How to let PFC enter TCM at light loads

TCM operation requires that the inductor current drop
to zero at the end of the switching cycle. In CCM PFC,
however, the inductor current is almost always greater
than zero in the entire AC half cycle because of the
high boost inductance. To let the inductor current drop
to zero, one way is to choose a boost inductance lower
than what CCM PFC uses, but higher than what TCM
PFC uses.

Because lower inductance results in higher current ripple,
it is important to design the inductor such that the
efficiency gained from multimode operation is more than
the extra inductor core loss caused by the higher current
ripple. The electromagnetic interference filter also needs
redesigning, since the inductor current ripple is higher
than in CCM.

Another option is to keep the same CCM inductor but
use a switching frequency fold-back profile, as shown in
Figure 2. The switching frequency is the highest (equal
to the nominal switching frequency in CCM operation)
at the AC peak, and gradually reduces toward AC zero
crossing.
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Figure 2. Switching frequency profile in an AC half cycle

Equation 1 calculates the switching frequency across the
AC half cycle:

f= L _ (Li 1 )sin(u)t) R

fmin ~ fmax

where fax is the switching frequency as used in
traditional CCM operation, fyin is the minimum switching
frequency, and ot is the angular frequency of the AC
input voltage.

With the reduced switching frequency, the inductor
current will drop to zero at the end of the switching
cycle, making TCM control possible. Then the PFC can
be controlled to operate in CCM at the AC peak, and
switch to TCM with ZVS around the AC zero-crossing
area. Further reducing the minimum switching frequency
can expand the TCM region but at the cost of reduced
loop bandwidth, possibly resulting in poor total harmonic
distortion (THD) or even loop instability.

How to detect zero current

For TCM control, adding a zero current detection (ZCD)
circuit by placing a resistor on the PFC ground return
path or adding a second winding on the boost inductor
will detect the instant that the inductor current drops

to zero. Some devices, such as Tl's LMG3427R030
gallium nitride (GaN) field-effect transistor (FET), have
a built-in ZCD circuit, generating a ZCD signal when
the current goes to zero, as shown in Figure 3. Using
this device as a high-frequency switch can significantly
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simplify the design process. The ZCD signal is sent to a
microcontroller (MCU) for further processing.

I

0A

ZCD

Figure 3. ZCD signal generation

How to achieve ZVS at TCM

To achieve ZVS operation at TCM, the inductor current
needs to go to negative to discharge the switch-node
voltage. Upon receiving the ZCD signal, the MCU adds
a time delay to this ZCD signal and then uses that
delayed ZCD signal to turn off pulse-width modulation
(PWM) and reset the PWM counter, as shown in Figure
4. After reset, the next switching period starts and

the boost switch turns on. The time delay makes the
inductor current go negative because the synchronous
switch is still on after the inductor current drops to zero.
Appropriately adjusting the delay time will adjust the
amount of negative current such that the switch-node
voltage will discharge to zero, turning on the boost
switch at that moment and achieving ZVS.

|L PWM Reset
- l/
INEGATIVE /
ZCD
ZCD_delay H
— —
t_zcd_delay

Figure 4. Adding a ZCD delay to reset PWM

For a given dead-time At from when the synchronous
switch turns off to when the boost switch turns on,
Equation 2 calculates the required minimum negative
current necessary to fully discharge the switch-node
voltage:

2 X Coss X Vout
INEGATIVE = — ——3r— @
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where Cpgg is the output capacitance of the switch and
Vout is the PFC output voltage.

Equation 3 then calculates the required minimum ZCD
delay time:

L X |INEGATIVEI 3)

t_zcd_delay = — Vi
ou m

where L is the boost inductance and V,, is the PFC input
voltage.

In Equation 3, when V,, is close to V4, the calculated
delay time may be too long such that the delayed ZCD
signal falls into the next switching period, as shown in
Figure 5. Resetting PWM here is wrong. To prevent this,
generate an ENABLE window that starts at the beginning
of the ZCD signal and ends at the end of the current
switching period, as shown in Figure 5. The MCU uses
this ENABLE window to AND with the delayed ZCD
signal to generate a RESET signal, and then uses that
RESET signal to reset PWM. This ensures that the PWM
reset can only occur within the same switching cycle.

End of period
I

0A *
INEGATIVE
ZCD
ZCD_delay —  t_zcd_delay
T
ENABLE
RESET

Figure 5. ENABLE window and RESET signal

Transitioning between CCM and TCM

The transition between CCM and TCM is automatic. At
the AC peak or heavy loads, the inductor current is high.
It does not drop to zero, and because no ZCD signal is
generated, there is no RESET signal. The PWM counter
naturally resets at the end of its nominal switching
period. And since the switching frequency equals the
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nominal switching frequency, PFC operates the same as
a traditional CCM PFC, as shown in Figure 6.
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Figure 6. CCM operation at the AC peak

When the AC toward zero crossing, both the inductor
current and switching frequency drop, while the inductor
current drops to zero before the end of the switching
period. The GaN device generates a ZCD signal. Using
the time delay calculated by Equation 3 and ANDing
with the ENABLE window — generates a RESET signal.
The RESET signal resets the PWM. The synchronous
switch turns off before the end of the nominal switching
period and the next switching period begins. The actual
switching frequency is less than the nominal switching
frequency. PFC operates as TCM PFC, as shown in
Figure 7.
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Figure 7. TCM operation around AC zero crossing
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Dynamic dead time

In CCM, keeping the dead time to a minimum - the

time between when the synchronous switch turns off and
the boost switch turns on — will reduce the body-diode
conduction time of the boost switch. In TCM, when the
synchronous switch turns off, it takes time to discharge
or charge the switch-node voltage. Therefore, the dead
time needs to be longer. Using a dynamic dead time
between CCM and TCM optimizes efficiency.

Control law and PWM generation

In traditional TCM operation, there is only a voltage

loop — no current loop. The boost switch turns on time

is determined by a constant Ton control manner. In

the multimode control method, the traditional average
current-mode controller, as shown in Figure 8, generates
the PWM duty cycle for both TCM and CCM operations.
The controller contains an outer voltage loop (Gy) and an
inner current loop (G)). The output of Gy is modulated by
the sensed input voltage to be the current command for
the current loop. Since the same compensator generates
the PWM duty cycle for both CCM and TCM, the mode
transition is smooth, with no current distortion during the
mode transition.

Figure 8. Block diagram for proposed CCM_TCM contro/

In the MCU, comparing a COMP value to a RAMP signal
generates the PWM signal, where COMP is calculated
in Equation 4 by multiplying current loop G; output with
switching period T:

COMP = G; X T @)

In traditional CCM operation, the switching period T is

constant. However, in TCM operation, the RESET signal
determines the actual switching period; it is shorter than
T. Using Equation 4 results in a PWM pulse width longer

ADJ 2Q 2026


https://www.ti.com/adj

Analog Design Journal

than needed, causing G, to work harder to compensate.
Pushing G, to a higher bandwidth can help, but may
cause loop instability.

To resolve this issue, let the controller keep measuring
the actual switching period. Calculate the COMP value
by multiplying the G, output with the measured switching
period from the previous switching cycle, as shown in
Equation 5 and Figure 9. Equation 5 is valid because
the PWM period is almost the same in two consecutive
cycles.

COMPN = Gi X TN -1 (5)
RAMP

COMPy = G X Tt COMPw+1=Gx Ty

COMP

DN DN+1

TN > ¢ TNﬂ

Figure 9. PWM generation

Test results

This control method was implemented in a 3.6KW

totem pole bridgeless PFC [1]. Its maximum switching
frequency is 65KHz, the minimum switching frequency is
set at 45KHz. The controller uses Tl's TMS320F280039C
real-time MCU. High-frequency switches use the
LMG3427R030 GaN FET, which has a built-in ZCD
circuit. A 65KHz interrupt service routine 1 (ISR1)
implements the current loop and ZCD delay-time
calculation, while a 10KHz interrupt service routine 2
(ISR2) implements the voltage loop. The ZCD delay,
ENABLE window, AND logic, and actual switching
period measurement are implemented through the
TMS320F280039C's configurable logic block (CLB).
After configuration, the CLB runs independently without
involving the CPU.

The design achieved >180W/in® power density and has
excellent light-load efficiency. Figure 10 and Figure
11 show the efficiency comparison (tested on the
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same board) between this proposed control method
and traditional CCM control, with light-load efficiency
improving by as much as 2%.

Figure 10. Efficiency comparison at low line

Figure 11. Efficiency comparison at high line

Figure 12 shows the input current waveform at a 50%
load, with no current distortion observed during the
mode transition.

VAV ARV

5 B4y
100KS  2uSis Edge  Negaive

Figure 12. Input current waveform at a 50% load

Conclusion

Totem-pole bridgeless PFC can achieve both high
efficiency and high power density through CCM-TCM
multimode operation by letting PFC operate at CCM at
heavy loads or at the AC peak, and switching to TCM
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with ZVS at light loads or around the AC zero-crossing
area. CCM-TCM multimode greatly improves light-load
efficiency, with no input current distortion during mode
transition. This is very helpful for applications requiring
80 Plus Ruby efficiency.
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