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Abstract—In data centers, the trans-inductor voltage regulator
(TLVR) is emerging as a promising topology for point-of-load
converters, designed to deliver high-current, fast-transient power
to the XPU. Since XPUs typically operate under light load
conditions, enhancing TLVR light load efficiency is essential. This
paper proposes a novel reconfigurable TLVR design that incorpo-
rates a 4-quadrant switch within the secondary side coupling loop
of the trans-inductor. At heavy load, the configuration retains
the characteristics of a conventional TLVR. While at light load,
the TLVR is reconfigured to decouple the interleaved phases,
thus improving light load efficiency. A 12V/1.8V, 500kHz, 80A 4-
phase TLVR with this secondary switch was designed and tested,
with experimental results demonstrating an average light load
efficiency improvement of 2.9%.

Index Terms—data center, light load efficiency, TLVR, voltage
regulator modules.

I. INTRODUCTION

With the rapid development of cloud computing, big data,
and artificial intelligence, the energy consumption of data
centers is booming. It uses about 2% of the global electricity
supply and will grow to 4% ~ 8% by 2030 [1]. However,
the load point XPUs operate in idle mode for over 89% of
the time, with power consumption at less than 10% of full
load capacity [2]. Therefore, enhancing light load efficiency
is crucial for energy saving in data centers.

In point-of-load applications, there is a high demand for
the ability to handle large currents and fast current slew
rates. The trans-inductor regulator (TLVR) topology is a
ideal candidate, offering reduced conduction losses, output
current ripple cancellation, and improved dynamic response
[3] [4]. However, as a coupled inductor buck-derived converter,
TLVR suffers from low light-load efficiency due to the inter-
phase coupling and the high step-down conversion ratio. This
coupling introduces additional driving and conduction losses
[5]. Moreover, high step-down buck converters face challenges
such as low duty cycle and hard switching, which further
degrade the efficiency [6]. Narrow duty cycles increase output
voltage sensitivity, complicate control and gate drive design,
and lead to higher RMS current, exacerbating conduction
losses [7]. Switching losses are increased, and the benefits
of interleaving are diminished [8].

Several techniques have been proposed to enhance effi-
ciency, particularly to extend their duty cycles. Cascading
converters offer a straightforward method to achieve a higher
duty cycle but increase the component count and control
complexity, which ultimately reduces efficiency [9]. In [10],
quadratic topologies combining series converters are proposed
to reduce switch count. However, they still suffer from high
voltage and current stress on the switches, which impacts
overall performance. In [11] [12], another series capacitor-
based technique is proposed to extend the duty cycle, reduce
voltage stress on MOSFETS, and ensure current balance across
phases. However, this approach faces challenges such as hard
switching of MOSFETs and increased circuit complexity due
to a larger number of components. To mitigate switching
losses, series-resonant structures are investigated in series
capacitor converters [13]. However, hard switching in high-
side MOSFETs and zero current switching (ZCS) in low-
side MOSFETS remain challenges, with zero voltage switching
(ZVS) required to eliminate the switching losses.

Other methods address issues associated with coupled in-
ductors. In [5], synchronized control of two coupled inductor
phases is proposed. It eliminates power loss from dual zero
current touching, but the current ripple increases. In [14], a
tapped-inductor-based converter is studied to extend the duty
cycle and reduce switching stress. However, leakage induc-
tance in the tapped inductor often resonates with switches’
parasitic capacitance which limits the overall performance.
In [15], lossless snubber and active clamp circuit are used
to reduce ringing and achieve soft switching, but this adds
complexity. Another drawback of coupled inductor converters
is the pulsating output current in [14] [15], which leads to
excessive equivalent series resistance (ESR) losses in the
output capacitance and reduces its lifespan [16]. In [17], a
new coupled inductor structure with shorter winding paths is
proposed to suppress the magnetic loss. Still, the asymmetry
in the multi-phase structure results in unequal phase-coupling
coefficients, leading to unbalanced phase ripple current can-
cellation and larger output capacitors. Additionally, nonlinear
inductors have been suggested to enhance light load efficiency
n [18] [19]. By increasing inductance, current ripple-related
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Fig. 1. Schematic of the proposed reconfigurable TLVR.

losses at light load can be minimized, although the magnetic
design becomes more complex.

In this paper, we propose a novel reconfigurable TLVR
designed to enhance light load efficiency. By incorporating a
four-quadrant switch into the coupling loop on the secondary
side of the trans-inductor, our design facilitates dynamic phase
coupling control. During heavy loads, the switch is turned
on to support conventional TLVR operation, ensuring a rapid
transient response. Under light load conditions, the switch de-
activates, decoupling the TLVR phases. This strategy not only
optimizes phase shedding, but also increases the equivalent
steady-state inductance, thereby reducing current ripple and
associated losses, leading to improved light load efficiency.
Compared to existing approaches, our solution boasts a simpli-
fied structure, ease of implementation, straightforward control,
and excellent scalability, making it suitable for high-power
applications.

The remainder of this paper is structured as follows. Section
II outlines the reconfigurable TLVR and explains its operation
principles. Section III delves into the methodology for improv-
ing light load efficiency. Section IV presents a loss analysis
model to demonstrate the effects of our proposed solution on
overall system losses. Experimental results are provided in
Section V. Lastly, Section VI concludes the paper.

II. PROPOSED RECONFIGURABLE TLVR

The schematic of the proposed reconfigurable TLVR is
shown in Fig. 1. The primary side consists of an interleaved
multi-phase buck converter, where each phase includes a

half-bridge and a transformer. The primary winding is con-
nected between the half-bridge switching point and the output,
while all secondary windings are connected in series with
a compensating inductor L., and an additional switch Q.
This design builds on the conventional TLVR framework by
adding a reconfigurable component: a four-quadrant switch
Qs, positioned in the coupling loop on the secondary side
of the trans-inductor. In practice, (s is implemented using
two back-to-back MOSFETs to control phase coupling. The
operational principle of the reconfigurable TLVR is illustrated
in Fig. 2. Depending on the load condition, the converter offers
two operation modes as follows.

A. Heavy-load Mode

At heavy loads, the circuit operates in continuous con-
duction mode (CCM). The secondary switch is turned on
to maintain phase coupling, preserving the characteristics of
a conventional TLVR. For a 4-phase example, when any
phase on the primary side is activated, the voltage across the
secondary inductor L. is V;, — 4V,,;; when all phases are
deactivated, it becomes —4V,,;. This voltage determines the
secondary current iz.. The TLVR inductor current 7, can be
viewed as the superposition of iz and the inductor current of
uncoupled buck, as illustrated in Fig. 3.

B. Light-load Mode

At light load, the secondary switch is turned off, discon-
necting the secondary coupling circuit. Without the influence
of secondary current, the converter is reconfigured to function
as a multi-phase buck converter, inheriting its characteristics.
This mode effectively reduces power loss. A detailed analysis
is provided in Section III.

C. Effect of Switch

The equivalent circuit in the secondary loop is shown in
Fig. 4, assuming that the leakage inductance of the coupled
inductor is negligible.

In heavy-load mode, ), is turned on and can be treated
as a resistor R.,, representing the on-resistance of the two
MOSFETs. This additional resistance contributes to conduc-
tion losses. To evaluate its effect on overall efficiency, we
first calculate the secondary current. Using the previously
mentioned voltage, the effective value of the secondary current
is derived as follows:

(1 —4D)Vyus
2\/§chs

As shown in (1), I5_peqvy is independent of the load. When
the output current increases, the additional losses introduced
by the secondary switch remain constant, represented by
1327 heauyReq~ However, since the calculated value of Is_jcq0y
is much smaller than the heavy-load current, this extra con-
duction loss accounts for less than 1% of the primary-side
MOSFET losses, making it negligible in terms of overall
performance.

In light-load mode, we aim to reduce the secondary current

to zero to fully decouple the phases. However, when Qs is

ey

Isfheavy =
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Fig. 3. Main converter waveforms for the proposed reconfigurable TLVR in
heavy-load mode.

turned off, the output capacitors of the MOSFETs (represented
as C¢q in Fig. 4) remain in the secondary loop, potentially
causing a resonant current. The impedance in circuit can be
represented as jwL. + 1/jwCe, . The effective value of the
resonant current can be calculated as

Fig. 4. Equivalent circuit in the secondary loop.

To ensure this resonant current does not affect the primary
current, we can select MOSFETs such that the output capac-
itance satisfies Is_j;gnt < 0.01A, which is much smaller than
the primary current. In this case, we can treat the resonant
current as negligible, considering the secondary loop as an
open circuit.

III. L1GHT LOAD EFFICIENCY IMPROVEMENT METHOD
A. Enhanced Phase Shedding

In multi-phase Buck converters, phase shedding is com-
monly used to improve light load efficiency by reducing
switching loss, core loss, and driving loss through a reduction
in the number of active phases [20] [21]. However, in con-
ventional TLVR, the efficiency gains from phase shedding are
limited due to phase coupling. When one phase is ON (with
its upper MOSFET turned on) and the redundant phases are
OFF (with their upper MOSFETs turned off), a coupled current
still flows in the OFF phases by the conduction of secondary

Vie loop, as shown in Fig. 5. This current introduces additional
Is—tight = 1 @) losses. If the synchronous rectifier (SR) channel is off, the
wLe ngq' coupled current flows through the SR body diode, causing
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Fig. 5. Inductor current waveforms of TLVR with phase shedding.

extra conduction losses. If the SR channel is on, driving losses
increase. The proposed reconfigurable TLVR addresses this
issue by turning off the secondary switch, which decouples
the phases and eliminates the coupling current in the OFF
phases, thereby improving light load efficiency.

B. Increased Equivalent Steady-state Inductance

Decoupling the phases increases the equivalent steady-state
inductance of the circuit, which helps reduce ripple-related
losses and improve efficiency. The steady-state equivalent
inductance of an n-phase coupled inductor is introduced in
[22] and shown in (3).

Lot — M)(Laois )M
(Lsets )( lf1+(n )M) 3)

pr—
Lsery + (ﬁ -1)M

where Loy is the self-inductance, and M is the mutual
inductance coefficient, which can be calculated as:

k’2
Lgers = (1— m)an ()]
k2
M - *n+5an (5)

Here L, represents the inductance of each phase when the
coupled winding loop is open, L,. = L,, + L, with L,,
is the magnetic inductance,L;, is the leakage inductance. k
is the coupling coefficient, k = L,,/Lne, and 8 = L./Lpe.
According to (3)—(5), it is evident that the mutual inductance
coefficient M directly influences the steady-state inductance
Lss. When phases are coupled, (M # 0), Ly can be
calculated using (4). When phases are decoupled (M = 0),
Lgeiy equals Ly, which is larger than the L.y calculated
from (4). This results in an increased L4, and a larger L,
leads to reduced current ripple, thereby lowering conduction
losses.

IV. POWER L0OSS ANALYSIS AT LIGHT LOAD
A. Core Loss

In this paper, we decouple the secondary loop and simulta-
neously enable phase shedding at light load. As a result, the
secondary-side current approaches zero, and only the magnetic
loss of the ON phase and the primary copper loss need to be
considered. The magnetic flux variation can be derived as

LA
2nA,
where n is the winding turns and A. is the effective cross-

sectional area of the magnetic core. The transformer core loss
can be expressed as

AB =

(6)

Pcore = ‘/YckfsmABy (7)

where V. is the core volume, k, z, y are coefficients determined
by the core material, which can be derived in dataset. The total
inductor loss can is the sum of core loss and winding loss,
expressed as

2
Pinductor = Feore T+ [rmstinding (8)

where I,.,,,; is the effective value of load current, and Ryinding
is resistance of the primary winding.

B. ON-phase MOSFET Losses

The ON-phase MOSFET losses constitute the primary por-
tion of light load losses. These include switching losses (Ps,,),
driving losses (Pg;;), and the conduction losses (Peonq) in the
upper and lower MOSFETs. The switching losses are given
by:

1
Psw = ivdsjds(ton + tOff)fS (9)
where t,, and t,;y are the turn-on and turn-off times of

the MOSFETSs, which can be approximated by the following
equations [2]:

Vgs - V;Sh Vds

ton = RgCissIn ——— + RgCyg—-—  (10)
Vgs - Vgp ! Vgs - Vgp
V. AQgs Vg
torr = RgCissIn 22 + R C, = = 11
Iy e ”thh+ ngAVdqup (11)
The driving losses are expressed as:
Pdm' = Qg‘/gsfs (12)
Finally, the conduction losses can be calculated as:
Ts
Pcond = / Iss_ondt X Rdsfonfs (]3)
0

where R¢ is the gate resistance, C';5 is the input capacitance,
Vys 18 the gate-source voltage, V;, is the gate plateau voltage,
Vi is the gate threshold voltage, Cyq is the gate-drain capaci-
tance, and (), is the gate charge. AQ) 45 and AV, represent the
changes in the drain-source charge and voltage, respectively.
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Fig. 7. Prototype of the reconfigurable TLVR.

C. OFF-phase MOSFET Losses

For the OFF phases, losses occur when no driving signal is
provided, allowing the MOSFET’s body diode to conduct the
coupled current. The losses in this case include the conduction
loss P.onq—pp and the recovery loss Py, of the body diode.
The conduction loss in the body diode is given by:

Peona—pp =Vr - Ip + 1} - Rp (14)

where V- is the forward voltage drop of the body diode, Ip is
the current through the body diode, and R is the resistance to
the body diode. The recovery loss, due to the reverse recovery
charge of the body diode, is:

Prr = Q'r'rvds.fs

where @, is the reverse recovery charge of the body diode,
and Vs is the drain-source voltage.

In summary, the total losses as a function of load current for
both the reconfigurable TLVR and the conventional TLVR are
compared in Fig. 6. The reconfigurable TLVR reduces losses
and improves light load efficiency when the secondary switch
is turned off.

5)

TABLE I
COMPONENTS AND CIRCUIT PARAMETERS

Parameter Value
Input Voltage 12V
Output Voltage 1.8V
Load Current(full load) 80A
Phase Number 4
Switching Frequency 500kHz
Controller TMS320F28335
Coupled Inductor PGL6215.201HLT
Primary-side MOSFET BSCO0802LS
Primary-side Driver 2EDL8024G
Secondary-side MOSFET DMN2053
Secondary-side Driver 1EDN7512B
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Fig. 8. Efficiency curves for reconfigurable TLVR and conventional TLVR.

V. EXPERIMENTAL RESULTS

To validate the efficiency improvement of the proposed
scheme compared to the conventional TLVR, a 12V/1.8V,
500kHz, 80A 4-phase reconfigurable TLVR is designed and
tested, as shown in Fig. 7. The critical parameters are listed
in Table I. Both the magnetizing inductance L,, and the
compensation inductance L. are 200nH. From (3) - (5), L, is
calculated as 205nH and L, is 180.7nH. Conventional TLVR
operation is simulated by keeping the secondary switch turned
on. The light load is defined as less than 10% of the full load,
corresponding to output currents below 8A. To better observe
the efficiency comparison at light load, additional test points
are taken when the load current is below 20A. The efficiency
curves for both configurations are plotted in Fig. 8.

As shown in Fig. 8, the reconfigurable TLVR exhibits higher
efficiency than the conventional TLVR. As the load current
decreases to below 8A, the efficiency of the conventional
TLVR behaves as shown by the blue curve, due to phase
shedding. In contrast, the reconfigurable TLVR achieves a
higher efficiency, as represented by the red curve. This agrees
well with the theoretical analysis. The full load efficiency is
approximately 80%. The peak efficiency occurs at an output
current of 4A, reaching 89.6%. The experimental waveforms
for this condition are shown in Fig. 9.

Fig. 9 shows a comparison of the inductor currents for the
reconfigurable TLVR and the conventional TLVR. As seen
in the figure, when the converter operates at light load and
phase shedding is employed, induced current flows in the OFF
phases of the conventional TLVR. With the proposed method,
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Fig. 9. Experiment waveforms at 4A output current (phase shedding):(a)
Conventional TLVR. (b) Reconfigurable TLVR with secondary switch turned
off.

this induced current is almost eliminated, resulting in reduced
current ripple. Consequently, the light load efficiency improves
from 86.4% to 89.6%. For each point between 1A and 8A of
output current, the average efficiency improvement is 2.9%.

VI. CONCLUSION

This paper proposes a reconfigurable method to enhance the
light load efficiency of TLVRs. By incorporating an additional
secondary switch to control the coupling between phases,
the proposed scheme maintains the high transient response
of conventional TLVRs under heavy loads while significantly
improving efficiency at light loads. Experimental results con-
firm that phase decoupling enhances the effectiveness of phase
shedding, reduces current ripple, and achieves an average light
load efficiency improvement of 2.9%. This method offers a
promising approach for improving the overall performance of
TLVRs in light load conditions.
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