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Abstract—Trans-inductor voltage regulator (TLVR) exhibits
good scalability and easy multiphase magnetic coupling, making
it an optimal choice for high-current point-of-load (PoL) solutions
in modern data centers. Meanwhile, data center servers work at
light load for the majority of their operating time, so it is imper-
ative to improve the light-load efficiency of PoL converters. The
phase-shedding (PS) technique is a simple and effective method
for improving light-load efficiency in multiphase PoL converters.
However, heavy coupling between phases in TLVR degrades its
effectiveness. To address this issue, we propose a novel nonlinear
coupled inductor (CL) for TLVR to enhance its compatibility with
PS technique, improving light-load efficiency. At light load, the
nonlinear CL exhibits light coupling and increased inductance,
effectively decoupling the phases and minimizing ripple current.
A detailed analysis of the light-load efficiency and magnetic design
considerations is provided. A four-phase 12 V-to-1.8 V, 80 A TLVR
incorporating the proposed nonlinear CL is designed and tested.
Experimental results demonstrate an improvement in light-load
efficiency compared with systems utilizing linear CLs, with a max-
imum efficiency improvement of 2.5%.

Index Terms—Light-load efficiency, magnetic design, nonlinear
inductor, trans-inductance, voltage regulator.

I. INTRODUCTION

W ITH the rapid evolution of modern information tech-
nologies, data center power consumption is booming

and is expected to reach 8% of global electric power consump-
tion by 2030 [1]. Typically, data centers in enterprises only
consume 5%–15% of rated power on average [2]. Furthermore,
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over 89% of the server operation experiences power consump-
tion below 10% of the rated capacity. That is, the power supply
operates mainly under standby and light-load conditions [2].
Therefore, improving the light-load efficiency is crucial for
energy saving in data centers.

The load point voltage in data centers is trending downward,
reaching sub 1V [3]. As microprocessors integrate an increasing
number of transistors, this surge in density increases the demand
for the output current, which now exceeds 220 A, as detailed
in [4] and [5]. Such a “low voltage, high current” scenario
imposes significant challenges to the optimal design of the
point-of-load (PoL) converters [4], [5], [6], [7]. To achieve a
large output current, multiphase structure is often adopted in PoL
applications [5]. In recent years, due to the scalability and ease
of magnetic components production, multiphase Trans-inductor
voltage regulator (TLVR) has garnered increasing interest within
the industry [7], [8].

For multiphase PoL converters, phase-shedding (PS) technol-
ogy [9], [10] is a common and effective method for improving
light-load efficiency. The core idea is to reduce the number of
active phases during light-load operation. To achieve a fast tran-
sient response at full load, the coupling coefficient of multiphase
TLVR is high. When PS is carried out in TLVR, due to the strong
coupling between phases, coupled currents still flow through
the inactive phases, diminishing the efficiency boost from PS
technology. Therefore, a nonlinear coupled inductor (CL) with
weak coupling at light load and strong coupling at heavy load
can solve the dilemma.

Several nonlinear CLs with adaptive coupling coefficient are
investigated [11], [12], [13], [14]. In [11], extrinsic material is
inserted into the gap of the central leg of “EI” core to form
the nonlinear CL. The added part saturates at heavy load. This
facilitates an adaptive inductance and coupling coefficient. A
planar nonlinear CL is introduced in [12] and [13], consisting of
two planar windings and three-layer magnetic cores made of two
different materials. The coupling coefficient remains low at light
load. With the load current rises, the middle layer composed of
high permeability material, gradually saturates, and the coupling
becomes heavier. In [14], three distinct magnetic materials con-
struct the nonlinear CL. The coupling coefficient dynamically
adjusts with the load power. Nevertheless, the differences in
magnetic permeability of the various materials applied limit the
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Fig. 1. Schematic of a four-phase interleaved TLVR based on proposed
nonlinear CLs.

range of parameter variation. The range of coupling coefficient
of the nonlinear CL proposed in [12] is just from -0.205 to -0.421.
This limitation prevents full decoupling at light loads. Thus,
they cannot adequately demonstrate the efficiency improvement
of PS technology. Few studies focus on the combination of the
nonlinear properties and the PS technology, which can enhance
the boost of light-load efficiency for TLVR.

In this letter, we propose a novel nonlinear CL featuring a
broad spectrum of coupling coefficients for multiphase TLVR.
The proposed nonlinear CL is not constrained by material limi-
tations. It provides separate paths for the primary and secondary
fluxes, enabling nearly complete decoupling under light-load
conditions. This design enhances light-load efficiency while
preserving low transient inductance during heavy loads. A
schematic illustration of a four-phase application is presented
in Fig. 1. The advanced inductor design permits the coupling
coefficient to attain near-zero values, effectively minimizing
power losses from interphase coupling at light loads. Notably,
this capability for complete decoupling markedly simplifies
the implementation of PS, thereby further improving light-load
efficiency.

This refinement not only optimizes performance across differ-
ent load scenarios but also contributes to a more straightforward
converter design and operation.

II. LIGHT-LOAD ANALYSIS

At light load, where the load current is lower than 20% of
the full load, TLVR enters into discontinuous conduction mode
(DCM), its critical waveforms are shown in Fig. 2(a). In DCM,
when the current in one phase (e.g., phase 1) drops to zero, a
coupling current from an active phase (e.g., phase 4) flows into
this inactive phase. This coupling current freewheels through
the body diode of the inactive phase synchronous rectifier (SR),
causing a significant conduction loss and reduced efficiency.

Fig. 2. Inductor current waveforms in DCM. (a) four-phase interleaving.
(b) With PS.

Fig. 3. Exploded view of the nonlinear CL.

This phenomenon also exists when PS [9], [10] is used to further
improve the light-load efficiency, as demonstrated in Fig. 2(b).
To maintain high light-load efficiency, it is crucial to avoid body
diode conduction.

One way is to turn ON the SRs actively to reduce the con-
duction loss. However, this introduces additional driving loss
and increases the complexity of the control. Another way is to
decouple the phases to eliminate the coupling current at light
loads. However, strong coupling of the TLVR is required to
achieve a fast transient response during sudden load changes.
Therefore, a nonlinear CL with variable coupling is preferable.
At light load, the coupling is mitigated to improve the light-load
efficiency. As the load increases, the coupling is enhanced to
maintain the transient performance.

III. DESIGN OF NONLINEAR CL

The nonlinear CL exhibits a low coupling coefficient at light
load. As the load increases, the coupling coefficient of the
nonlinear CL gradually increases. This nonlinear characteristic
can be realized through the partial saturation of the magnetic
core. In CLs, the coupling coefficient is influenced by the path
of the magnetic flux. Magnetic core saturation alters this flux
path, thereby modifying the coupling coefficient. Therefore, the
key to realizing the nonlinear feature is a magnetic core with
a controllable saturation degree. The proposed nonlinear CL
integrates two L-shape cores and one T-shape core, as shown
in Fig. 3. The primary winding and the secondary winding are
separately wound on two L-shaped cores. Finite element analysis
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Fig. 4. Finite element simulation of DC flux density for the nonlinear CL.
(a) Light load. (b) Full load.

(FEA) simulation results of dc flux density at both light and
heavy loads are shown in Fig. 4, illustrating how saturation of
the central leg alters the magnetic flux path. The middle of the
T-shape core tends to saturate as the load increases.

The design methodology for the proposed nonlinear CL is
depicted in Fig. 5, illustrating the step-by-step process to achieve
the desired magnetic properties. Lss_heavy, Lss_light, kheavy, and
klight are the equivalent steady-state inductance and coupling
coefficient at heavy and light loads, respectively. Through reluc-
tance modeling, the mathematical relationship between core size
and design objectives can be obtained. Based on the magnetic
model, the appropriate dimensions can be selected to meet the
design requirements. Especially, the magnetic reluctance of the
middle of the T-shape core is different at light load and heavy
load, since this part will saturate at heavy load, as shown in the
following:

Rlight =
h

μA
(1)

Rheavy =
a

μA
+

b

μsatA
(2)

where a is the length of core that does not saturate, b is the
length of the saturated part, and h is the length of the middle of
T-shape core, as shown in Fig. 4(b). Obviously, a+ b = h. μsat

is the permeability of the saturated part. A is the cross-sectional
area of T-shape core. The actual a and b can be obtained from
the FEA simulation.

The picture of the nonlinear CL is shown in Fig. 6. The
material is DMR95, and the nonlinear feature during steady state
is shown in Fig. 7. The inductance of each CL when the coupled
winding loop is open, Lnc gradually decreases from 1.03 μH
to about 580 nH. Larger inductance at light load can reduce the

Fig. 5. Flowchart of magnetic design.

Fig. 6. Picture of nonlinear CL.

Fig. 7. Inductances and coupling coefficients at steady state.
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Fig. 8. Inductances and coupling coefficients at transient conditions. (a) Self-
inductance Lnc. (b) Coupling coefficient k.

current ripple-induced loss, such as the conduction loss and ac
winding loss. Coupling coefficient |k| increases from 0.08 to
0.77 as phase current increases from 2 to 20A. The threshold of
the nonlinear CL is defined by the load range. When the output
current is 16 A (light-load condition), the four-phase TLVR
distributes 4 A per phase. To enhance light-load efficiency, the
nonlinear CL must reduce the coupling coefficient at 4 A.

Fig. 8(a) illustrates the simulation results of inductance vari-
ation during transient conditions, and Fig. 8(b) shows the vari-
ation of the coupling coefficient k. During transient conditions,
a bias is generated in ic [7]. When ic = 0, it corresponds to
the steady-state results. When the load steps up, ic intensifies
the saturation of the central leg, resulting in reduced inductance.
The greater the load increase, the smaller the inductance. Simul-
taneously, k increases. Conversely, when the load steps down,
ic weakens the saturation of the central leg, causing an increase
in inductance. The larger the load steps down, the greater the
inductance, while k decreases. Eventually, when ic becomes
large enough to saturate the central leg, the inductance decreases
again, and k increases.

IV. DISCUSSION ON THE INFLUENCE OF NONLINEAR CLS

A. System Stability Analysis

To analyze the impact of nonlinear CLs on system stability, a
SIMPLIS-based simulation platform is developed. A constant-
on-time control loop with a type 2 error compensator is designed
for the four-phase TLVR with nonlinear CLs to enhance transient
response [15]. The closed-loop control structure, as shown in
Fig. 9(a), comprises a current loop and a voltage loop. The
current loop senses the overall inductor current via resistor Ri,
while the voltage loop employs a type 2 compensator to ensure
stability under high-bandwidth operation.

The closed-loop control-to-output transfer function, Gvc, is
illustrated in Fig. 10(a). Fig. 10 illustrates the Bode plots within
the load range of 12 A (light load) to 80 A (full load). The
measured conditions fully cover the variation range of nonlinear
CLs. As shown in Fig. 10(a), the phase margin ofGvc is between
94.78◦ and 96.37◦.

However, the influence of nonlinear CLs on system behavior
cannot be directly assessed via Bode plots. In contrast, time-
domain simulations provide clearer insights into stability during
load transients. As shown in Fig. 11, when the output current
abruptly steps from 10 to 80 A, the output voltage exhibits

Fig. 9. Closed-loop control. (a) Control diagram. (b) Design of the type 2
compensator.

Fig. 10. Closed-loop transfer function. (a) Control-to-output (Gvc).
(b) Voltage-loop gain (Tv).

Fig. 11. Simulation results during transient process.
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TABLE I
SPECIFICATION OF THE CLS

a transient fluctuation of approximately 47.22 mV but rapidly
recovers to its rated value. Notably, the nonlinear CL undergoes
full parameter variation across the 10–80 A load transient range.
This result confirms system stability, with no output voltage
oscillation during load variations.

B. Transient Response

The parameter design of the control loop significantly influ-
ences the transient response. The transfer function of the type 2
compensator is in the following:

Hv = Av
(1 + s/ωz)

s(1 + s/ωp)
. (3)

The parameters of Hv are set as: Av = 90.457 dB, fz = ωz /2π
= 530.516 Hz, and fp = ωp /2π = 15.915 MHz. The design of
type 2 compensator is shown in Fig. 9(b).

The voltage-loop gain, Tv, is shown in Fig. 10(b). The de-
signed closed-loop control achieves a cutoff frequency range of
235–422 kHz. Meanwhile, the phase margin of the system is
between 108◦ and 128.58◦, indicating that the system is stable.

The simulated transient waveforms are captured in Fig. 11.
When the load changes from 10 to 80 A, the response time is
1.99 μs. The reduced inductance of the nonlinear CL increases
current ripple during the load step-up transient. Under equivalent
full-load inductance conditions, the four-phase conventional
TLVR achieves a marginally faster transient response (1.46 μs)
compared to the nonlinear CL-based TLVR. However, the pro-
posed design enables decoupling at light loads, reducing current
ripple and dramatically improving light-load efficiency. This
marginal tradeoff in transient performance is deemed acceptable.

In addition, load transient simulations were performed in
SIMPLIS across frequencies ranging from 1 to 500 kHz and
duty cycles from 10% to 90%. Results indicate that during
load step-down transients, the maximum output voltage remains
below 1.85 V, while during load step-up transients, the minimum
output voltage is higher than 1.75 V.

V. EXPERIMENTAL VALIDATION

To compare the effect of the proposed nonlinear CL, a con-
stant CLs with identical material is designed. The parameter
comparison between the two CLs is given in Table I.

A four-phase 12 V/1.8 V/80 A 500 kHz TLVR with nonlinear
CLs is designed for experimental validation. The photograph
of the test setup and the prototype is shown in Fig. 12. Two
efficiency curves are captured in Fig. 13, with the load current
changing from 80 to 4 A. At heavy loads, the efficiency of the

Fig. 12. Picture of the prototype and the experiment setup.

Fig. 13. Efficiency curves with constant CL and nonlinear CL.

Fig. 14. Experiments waveforms at 6 A output current (PS). (a) TLVR with
constant CLs. (b) TLVR with nonlinear CLs.

TLVR with constant CLs and the proposed nonlinear CLs is
almost the same. As the load decreases, efficiency with constant
CLs improves, due to the reduced current ripple. When it is
less than 16 A, PS is carried out to further improve light-load
efficiency. For TLVR using nonlinear CLs, the efficiency at
full load is 87.06%, and the peak efficiency appears around
6 A, which is 91.84%. Compared to traditional solutions, the
operating efficiency at light loads has increased by up to 2.5%.

Fig. 14(a) shows the PS currents of TLVR with constant CL,
where only Phase 1 is active. The current ripple of Phase 1 is
about 6 A. The inactive phases carry a part of the output current,
revealing that TLVR with constant CL cannot achieve perfect
PS. As shown in Fig. 14(b), TLVR with the proposed nonlinear
CL can almost completely decouple the four phases, with almost
no coupling current in the inactive phases. The current ripples
are smaller, which are 4.6 A.

Fig. 15(a) captures the open-loop transient waveforms for a
30–60 A load step. During this transient, the current ripple (Δi)
increases due to a positive current bias in ic, which strengthens
interphase coupling. Conversely, Fig. 15(b) depicts the 60–30 A
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Fig. 15. Open-loop transient waveforms during (a) step-up transient from 30 to
60 A and (b) step-down transient from 60 to 30 A.

transient, where Δi decreases as a negative current bias in ic
and reduces central leg saturation, nearly decoupling the phases.
These open-loop transients corroborate the nonlinear behavior,
as illustrated in Fig. 8.

VI. CONCLUSION

To boost the light-load efficiency of CL-based multiphase
converters in data center applications, this letter proposes a
novel nonlinear CL that has a smaller coupling coefficient and
larger inductance at light load, while maintaining a smaller
inductance and larger coupling coefficient at heavy load. A
12/1.8 V, 80 A, 500 kHz, four-phase TLVR is designed and
tested. A constant CL with parameters similar to those of the
nonlinear one at heavy load is designed for comparison. The
experimental results show that the proposed nonlinear CL can
effectively improve the light load efficiency of TLVR without
significantly sacrificing the heavy load efficiency, achieving a
maximum efficiency improvement of approximately 2.5%.
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