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Abstract

In recent years, the rapid evolution of large artificial intelligence (Al) models has placed
unprecedented demands on the computing power of data center servers, driving an explosive
growth in data center computing requirements. The power consumption of core computing
components, represented by GPUs, has surged dramatically. When facing extremely high
power densities, the traditional 12 V single-voltage power delivery architecture exposes severe
limitations, including increased transmission link losses, thermal management difficulties,
and low system efficiency. To address these challenges, this paper proposes and designs
a hierarchical 54 V /12 V dual-plane multi-phase DC power delivery architecture for high-
computing-power Al servers. By conducting refined hierarchical identification of system
loads, this architecture introduces a 54 V high-voltage DC power plane for high-power loads
while retaining the 12 V power plane for conventional loads. Within each power plane,
multi-phase interleaved parallel Buck converters integrated with Turbo-COT control strategies
and high-density DrMOS are deployed. Experimental results demonstrate that this power
architecture exhibits excellent electrical characteristics: under steady-state conditions, the
peak-to-peak (PK-PK) ripple voltage fluctuation amplitude of the 54 V power plane under
different loads is compressed to between £0.22% and +0.26%, while the PK-PK ripple voltage
fluctuation amplitude of the 12V power plane under different loads reaches £-0.66% to £-0.68%;
in dynamic load step (0-50% and 50-100%) tests, the PK-PK voltage fluctuations of the 54 V
plane are £1.42% and +1.33%, whereas the PK-PK voltage fluctuations of the 12 V power
plane are +2.36% and £1.83%. Furthermore, the peak conversion efficiency of the 54 V power
plane approaches 97%, and the maximum efficiency of the 12 V power plane reaches 94%,
showing a measurable efficiency improvement under the tested conditions. The hierarchical
multi-phase power delivery technology comprehensively reduces power supply link losses
and enhances power stability, providing an important theoretical basis and engineering
reference for the design of next-generation high-density Al servers and the optimization of
green, energy-saving networks in data centers.

Keywords: server; artificial intelligence; dual-plane power supply; multi-phase buck

1. Introduction

In recent years, artificial intelligence technology has achieved rapid development and
has been widely applied across various fields including computer vision, natural language
processing, intelligent recommendation, and autonomous driving, driving an explosive
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growth in computing power demands for data centers [1-4]. The training and inference of
large-scale models rely on powerful computing support, and as the core infrastructure of
data centers, servers directly determine the operational efficiency and service quality of the
entire artificial intelligence system [5-7]. With the continuous deepening and expansion of
Al application scenarios, data centers have imposed increasingly stringent requirements
on the computing capability, storage capacity, and communication capability of servers,
causing server design to face unprecedented comprehensive performance challenges. The
power supply system serves as the “heart” of servers, providing stable and reliable electrical
energy to core components such as CPUs, GPUs, memory, and storage, and its design
quality directly constrains the overall energy efficiency and long-term operational stability
of servers [8-11]. Within the internal power delivery architecture of servers, the DC-
DC power conversion module undertakes the critical function of converting the external
input higher voltage (e.g., 12 V) into the lower voltages required by key components
such as CPUs and GPUs, while achieving high-precision voltage regulation and stable
current output, serving as the core hub for internal power conversion in servers [12—-15].
The conversion efficiency, dynamic response characteristics, and reliability of the DC-DC
conversion module directly impact the overall energy efficiency ratio and service life of the
server. Therefore, researching high-performance server power supply architectures holds
significant academic value and practical engineering importance.

However, with the rapid surge in power consumption of Al computing chips repre-
sented by GPUs, the traditional 12 V single-voltage power supply architecture relied upon
by the aforementioned DC-DC conversion modules is facing severe challenges [16,17]. In
current mainstream Al servers, the power consumption of a single high-performance GPU
has climbed to hundreds or even thousands of watts, and the total power consumption
when dozens of GPUs work in parallel can reach tens of kilowatts, placing tremendous
pressure on the traditional 12 V power supply architecture [18]. Specifically, this challenge
is mainly reflected in four aspects: first, transmission link losses increase—as high current
passes through the power supply link, the I°R losses caused by line resistance grow quadrat-
ically, leading to a decline in overall system efficiency [19]; second, thermal management
difficulties have become a key bottleneck constraining the stable operation of servers—
power losses along transmission links are ultimately converted into heat, exacerbating
the burden on the server’s cooling system [20]; third, low system efficiency affects data
center operating costs—large amounts of electrical energy are wasted as heat, which not
only causes energy waste but also drastically increases the energy consumption of cooling
systems [21]; fourth, limited by its current transmission capability, the power density of the
traditional 12V power supply architecture can no longer meet the stringent requirements of
high-power Al server scenarios. In summary, the current 12 V power supply architecture
for servers exhibits multiple issues, including transmission losses, cooling difficulties, low
system efficiency, and limited power density, which restrict the performance improvement
and large-scale deployment of Al servers, requiring systematic breakthroughs through
novel power architecture designs.

To address the above challenges, this paper proposes a hierarchical multi-phase par-
allel DC power delivery technology to achieve the core objectives of reducing losses,
improving efficiency, and enhancing power density. Unlike existing 48 V/54 V power
delivery schemes that mainly focus on increasing the bus voltage, this work proposes a
load-oriented hierarchical 54V /12V dual-plane architecture for Al servers. The 54 V plane is
used for high-power GPU-class loads to reduce transmission current and conductor-related
losses, while the 12 V plane is retained for conventional loads such as CPUs, memory,
storage, BMC, and PCle to maintain compatibility and reduce design complexity. This
dual-plane strategy is further combined with Turbo-COT-controlled multi-phase Buck
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converters and DrMOS power stages to improve ripple suppression, transient response,
and conversion efficiency [22]. The detailed design considerations of this technology are
primarily reflected in two aspects. First, this technology performs hierarchical identifica-
tion and refined management of loads with different power consumption levels within
the server. Traditional 12 V single-voltage power architectures struggle to adapt to the
differentiated power demands of various loads, leading to severe power efficiency degra-
dation during certain light-load periods [23,24]. By implementing a compatible design
for multiple power planes formed due to differentiated power consumption demands,
this paper provides a precise power supply for loads with distinct power requirements,
avoiding efficiency losses under light-load conditions and significantly improving overall
power utilization efficiency. Second, this paper adopts multi-phase parallel load-balancing
technology. In conventional single-phase power architectures, current stress is concentrated
in a single channel, resulting in high line losses and localized heating [25]. By evenly
distributing the load current across multiple parallel phases, the current stress on each
phase is effectively shared, and the single-phase current density is reduced, fundamentally
lowering transmission link losses, reducing ripple voltage, improving dynamic response,
and enhancing power conversion efficiency. In conclusion, the hierarchical multi-phase
parallel DC power delivery technology proposed in this paper can reduce power supply
link losses, enhance power supply stability and dynamic response capabilities, elevate
system efficiency and power density, and provide a complete high-performance power
supply solution for high-power Al servers.
The original contributions of this study are:

(1) A hierarchical 54 V/12 V dual-plane DC power delivery architecture is proposed
for high-computing-power Al servers, balancing high-power delivery efficiency and
conventional-load compatibility.

(2) Aload-oriented power plane design is developed, in which the 54 V plane supplies
high-power GPU-class loads, while the 12 V plane supports conventional server loads.

(3) Multi-phase interleaved Buck conversion, Turbo-COT control, and DrMOS power
stages are integrated to reduce current stress, suppress ripple, and improve tran-
sient response.

(4) A prototype-based experimental evaluation is conducted to verify PWM phase opera-
tion, steady-state ripple, dynamic load-step response, and conversion efficiency.

The remainder of this paper is organized as follows. Section 2 describes the pro-
posed hierarchical 54 V/12 V dual-plane power delivery architecture, the multi-phase
Buck converter design, and the experimental setup. Section 3 presents and discusses the
experimental results, including PWM phase operation, steady-state ripple performance,
dynamic load-step response, and conversion efficiency. Section 4 summarizes the main
conclusions of this work and discusses the limitations and future research directions.

2. Methods and Experimental

For general-purpose servers, the power supply for critical components such as CPUs
originates from the 12 V DC voltage output by the PSU, which passes through electronic
fuses and a Buck circuit to be converted into the low voltage required by the CPU, typically
less than 1 V. Accompanied by this voltage transformation is a dramatic surge in current;
according to the principle of power conservation, when the output voltage significantly
decreases, the output current increases sharply. If a single-phase Buck power supply
is utilized, the enormous current will introduce exponentially increasing thermal losses,
which not only restricts power efficiency but also places a tremendous burden on the cooling
system. More importantly, the power density of a single-phase Buck circuit is limited by
the current-carrying capacity and heat dissipation capabilities of the switching devices,
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rendering it inadequate when facing high-power loads. Meanwhile, the impedance of the
power supply link weakens the dynamic response performance of the system, exacerbating
voltage fluctuations during load transients and affecting overall system stability.

To resolve the issues of limited power and heat dissipation performance inherent
in single-phase Buck power supplies, multi-phase Buck circuit parallel technology is
adopted. Its core concept is to connect multiple single-phase Buck circuits in parallel,
with all phases operating simultaneously to jointly bear the load current. Through precise
phase-interleaving control, the multi-phase parallel system can reduce output current
ripple, decrease filter design difficulty, and uniformly distribute the total load current
to each phase module, lowering the current stress on each phase circuit. From the per-
spective of power devices, each phase of the multi-phase Buck parallel circuit is jointly
composed of a multi-phase DC-DC voltage controller and a DC-DC power MOS chip (also
known as DrMOS). The controller is responsible for implementing PWM control strate-
gies, current balancing algorithms, and protection functions; whereas DrMOS integrates
high-performance MOSFET and drive circuits, featuring low on-resistance, fast switching
characteristics, and stable thermal performance. Their synergistic operation makes the
multi-phase Buck parallel circuit the critical backbone of server CPU power management,
directly determining the stability, efficiency, and product power density of the system’s
power supply.

The fundamental characteristic distinguishing Al servers from traditional general-
purpose servers lies in the integration of high-power GPU modules. When powered by
12V, the power supply current of GPUs far exceeds that of CPUs, posing a challenge to
thermal losses and transmission efficiency. According to the power formula P = VI, under
the same power conditions, a lower supply voltage results in a larger operating current,
and the IR losses along the transmission path sharply increase accordingly. Furthermore,
high-current operating conditions place higher demands on the current-carrying capacity
of PCB routing, connectors, and power modules, which not only increases the complexity
of system design but also weakens the dynamic response performance of the power supply
system, ultimately affecting the stable operation of the entire server under Al workloads.
Therefore, elevating the supply voltage for high-power loads like GPUs from 12 V to 54 V
has become a technological evolution trend. A 54 V high-voltage DC power supply can
reduce the power supply current while ensuring the same transmission power, effectively
decreasing I’R losses and improving energy utilization efficiency. Concurrently, the high-
voltage, low-current power supply mode imposes more lenient requirements on the current-
carrying capacity of transmission links, which facilitates the optimization of the overall
power system design. Combined with multi-phase Buck circuit parallel current-sharing
technology, the current stress on each phase circuit can be further reduced, achieving a dual
enhancement of efficiency and stability.

The fundamental characteristic distinguishing Al servers from traditional general-
purpose servers lies in the integration of high-power GPU modules. When powered by
12V, the power supply current of GPUs far exceeds that of CPUs, posing a challenge to
thermal losses and transmission efficiency. According to the power formula P = VI, under
the same power conditions, a lower supply voltage results in a larger operating current,
and the I°R losses along the transmission path sharply increase accordingly. For example,
when transmitting 600 W of power, the current required by 12 V is 50 A, whereas the
current required by 54 V sustem is only 11.11 A. Under the same equivalent resistance of
the transmission path, the corresponding I?R loss of the 54 V system is reduced to (54/12)?,
approximately 95.06% compared to 12 V. This indicates that increasing the supply voltage
can significantly reduce the conductor-related distribution loss under the same transmitted
power and conductor resistance. Furthermore, high-current operating conditions place
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higher demands on the current-carrying capacity of PCB routing, connectors, and power
modules, which not only increases the complexity of system design but also weakens
the dynamic response performance of the power supply system, ultimately affecting the
stable operation of the entire server under Al workloads. Therefore, elevating the supply
voltage for high-power loads like GPUs from 12 V to 54 V has become a technological
evolution trend. In this architecture, the 12 V plane is retained for low- and medium-
power conventional loads whose current levels remain within the acceptable current-
carrying capability of PCB routing, connectors, and power modules, while the 54 V plane
is mainly introduced for high-power GPU-class loads where 12 V distribution would
lead to excessive current, voltage drop, and thermal loss. A 54 V high-voltage DC power
supply can reduce the power supply current while ensuring the same transmission power,
effectively decreasing I°R losses and improving energy utilization efficiency. Concurrently,
the high-voltage, low-current power supply mode imposes more lenient requirements
on the current-carrying capacity of transmission links, which facilitates the optimization
of the overall power system design. Combined with multi-phase Buck circuit parallel
current-sharing technology, the current stress on each phase circuit can be further reduced,
achieving a dual enhancement of efficiency and stability.

Based on the above analysis, this paper designs a hierarchical multi-phase parallel
DC power supply system, as illustrated in Figure 1. Its core design philosophy is to divide
different power planes within the entire Al server according to the power consumption
levels and electrical characteristics of varying loads, implementing differentiated power
supply strategies. Specifically, for traditional low-power loads such as CPUs, memory,
hard drives, BMC, and PCle, the standard 12 V supply voltage is maintained. This is
primarily because the power consumption of conventional loads is relatively low, and
current levels under 12 V power supply remain within acceptable limits without needing
to introduce the additional design complexity associated with high-voltage power supply;
simultaneously, the 12 V power architecture is highly mature in the general-purpose
server sector, and adopting multi-phase power parallel supply schemes can achieve low-
cost, high-reliability design goals. For high-power loads such as GPUs and cooling fans,
a 54 V high-voltage DC power supply is utilized. High-voltage DC power effectively
reduces transmission current, substantially lowering energy losses along the power delivery
path, thereby improving energy utilization efficiency. Under the 54 V power architecture,
the current density of the transmission path drops, leading to correspondingly reduced
current-carrying requirements for connectors and PCB routing, which helps enhance the
overall reliability and power density of the power supply system. Within each voltage
plane, multi-phase parallel load-balancing technology is applied; all phase circuits operate
simultaneously, and accurate equalization of the load current for each phase is achieved
through current balancing algorithms built into the controller. This technical strategy not
only further mitigates thermal losses but also suppresses current ripple and enhances
dynamic response capability, providing a stable DC voltage for the loads. The hierarchical
multi-phase parallel DC power delivery technology breaks through the current-carrying
limits of traditional motherboard-level systems, demonstrating advantages in reducing
transmission losses, improving power supply density, and enhancing power efficiency,
thereby providing key technical support for the performance enhancement of Al servers.
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Figure 1. Schematic diagram of the power supply architecture.

To comprehensively evaluate the actual performance of the hierarchical multi-phase
parallel DC power supply system, a complete test system was constructed in this paper.
The server converts AC power into DC power via the PSU, which serves as the initial
energy source for the entire machine’s power supply. It should be noted that three-phase
AC power distribution is an important approach for facility-level and rack-level power
delivery. Under balanced three-phase voltage and current conditions, three-phase power
transmission can reduce line current and improve power transmission efficiency compared
with single-phase power supply. However, the focus of this work is the downstream
DC power delivery architecture inside the Al server after AC-DC conversion by the PSU.
Therefore, the proposed 54 V/12 V dual-plane DC architecture is located at the server-
side DC distribution stage and can be used with PSUs supplied by either single-phase or
three-phase AC sources. Multi-phase Buck power modules across different voltage planes
further convert the high-voltage DC power into the working voltages required by loads,
driving computing components like CPUs and GPUs to begin operations. Oscilloscopes
are used to capture real-time power signal waveforms at key nodes, including output
voltage ripple, jitter waveforms, and load transient response characteristics; multimeters
are employed to precisely measure the DC voltage and operating current of the power
supply system. By combining the measurement data from these two types of instruments,
a systematic and comprehensive evaluation of the power architecture’s efficiency, dynamic
response performance, and stability can be conducted. Test results indicate that this power
architecture exhibits good efficiency levels and stable output characteristics under full-load
operating conditions, meeting the engineering application requirements for Al servers.

The experimental system is shown in Figure 2. The PSU provides either 54 V or 12
V power input for different power planes. The oscilloscope is used to capture ripple and
dynamic response waveforms, while the multimeter is used to record voltage and current
data. The DC electronic load is used to emulate load variations. The power controller IC
and DrMOS devices are both self-developed models. An 8-phase configuration is adopted,
and the switching frequency is 600 kHz.
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Figure 2. Schematic diagram of the test system.

In the Buck converter circuit, a 0.1 ptH TLVR inductor is selected at the output stage of
each phase. The low inductance value helps improve the current slew-rate capability of the
power stage, enabling faster current response during rapid load transients. Meanwhile, the
TLVR structure enhances the coordination among multiple phases and accelerates transient
current compensation, thereby reducing voltage undershoot and overshoot under dynamic
load-step conditions. For the output capacitor network, multiple capacitors with different
capacitance values, including 0.1 pF, 47 uF, 270 pF, and 470 pF, are connected in parallel.
This hybrid capacitor configuration provides broadband decoupling capability: the 0.1 uF
capacitors are mainly used to suppress high-frequency switching noise, the 47 pF capacitors
provide medium- and high-frequency transient support, while the 270 uF and 470 pF bulk
capacitors provide low-frequency energy buffering during large load variations. Therefore,
the combined output capacitor network can reduce the equivalent output impedance over
a wide frequency range, suppress output ripple, and improve the dynamic stability of the
Buck converter.

The PCB is a self-developed board, and all experiments are conducted at an am-
bient temperature of 25 °C. The specific models of the instruments and equipment are
summarized in Table 1.

Table 1. Instrument List.

Instrument Name Reference Model
Multimeter DMM6500

DC Electronic Load Chroma 63600-5

Oscilloscope Tektronix MSO54
Differential Probe Tektronix 6247, TDP1500

High-Voltage Differential Probe Tektronix TDP100
Current Probe Tektronix TCP015

Passive Single-Ended Probe Tektronix P6139B
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3. Results and Discussion

As the core component for achieving high-efficiency power supply in the hierarchical
multi-phase parallel DC power system, the performance of the multi-phase Buck circuit
directly influences the reliability and efficiency of the entire power delivery system. The
controller is used to manage the switching actions of each phase’s power chips, regulating
the output voltage magnitude by adjusting the duty cycle of the PWM signals, and is
responsible for coordinating the phase relationships among all phases.

The DC-DC multi-phase step-down controller designed in this paper is responsible for
uniformly regulating the switching sequence of each phase’s power chips, with its core reg-
ulation mechanism established on Pulse Width Modulation (PWM) technology. As shown
in Figure 3a, the controller achieves closed-loop control of the output voltage amplitude by
adjusting the duty cycle of each phase’s PWM signals; simultaneously, it manages the phase
distribution relationships among all phases in real-time, ensuring a uniform distribution
of the total load current across the parallel phases. This approach mitigates single-phase
conduction losses and the risk of localized thermal stress concentration, enhancing the
operational lifespan and system reliability of the entire power distribution network.

a PWM waveform diagram
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Figure 3. Schematic diagram of the multi-phase Buck circuit. (a) PWM square wave signal diagram.
(b) multi-phase power controller Turbo-COT schematic diagram. (¢) DrMOS schematic diagram.

This controller incorporates Turbo-COT (Constant On-Time) control technology to
overcome the inherent bottleneck in loop response speed found in traditional voltage-mode
or current-mode PWM control, as illustrated in Figure 3b. The core of the Turbo-COT
control strategy lies in fixing the conduction time of the power switches to a constant
value, realizing continuous regulation of the duty cycle solely by adjusting the off-time.
Firstly, the constant on-time architecture omits the oscillator charging and discharging
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processes typical of traditional PWM controllers, accelerating loop response speed and
suppressing the jitter amplitude of the system output voltage during load transients.
Secondly, the rapid loop response endows the controller with enhanced common-mode
noise attenuation capabilities, improving the system’s stable operational ability in complex
electromagnetic environments. Finally, this control technology facilitates balanced current
sharing among phases, further strengthening the thermal equilibrium characteristics and
long-term operational reliability of multi-phase systems.

At the power device level, the DC-DC power MOS chip utilized in this design inter-
nally integrates both High-side and Low-side MOSFETs. As shown in Figure 3c, compared
to discrete MOSFET devices, this integrated MOSFET device not only saves layout area but
also optimizes parasitic parameters in the power loop. It boasts numerous advantages, in-
cluding low conduction internal resistance, fast switching speed, simplified driving circuits,
and high conversion efficiency. The reduction in conduction internal resistance directly
diminishes conduction losses from a physical mechanism standpoint; the short switching
time controls switching losses and dynamic power consumption caused by the Miller effect;
and the low parasitic inductance and capacitance decrease voltage and current overshoots
during switching transients. Consequently, it elevates the system’s power conversion
efficiency, reduces ripple, and enhances dynamic response.

To verify the normal operational capability of the designed 8-phase parallel Buck
circuit, a systematic test was conducted on the generation and output of the 8-phase PWM
driving signals. As shown in Figure 4, the oscilloscope measurements clearly present 8
channels of PWM waveforms, with each channel sequentially phase-shifted by approxi-
mately 7t/4 (45°), yielding a total switching frequency of 600 kHz. Experimental results
demonstrate that under the unified dispatch of the multi-phase DC-DC controller designed
in this paper, all 8 power stages operate simultaneously and stably. The phase relationships
of the PWM signals for each phase are precisely controllable, and no phase collision or
timing disorder phenomena are observed, confirming the feasibility of the designed 8-phase
Buck circuit and its engineering practical value in high-frequency, high-efficiency power
conversion applications.

Figure 4. Schematic diagram of 8-phase simultaneous operation.
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In high-performance Al server systems, the power delivery networks of core proces-
sors (such as GPUs and CPUs) impose stringent physical requirements on the purity of
the output steady-state voltage. If the amplitude of minute voltage ripples under steady-
state conditions goes out of control, it will directly consume the logic gate noise margins
within the chips, triggering unpredictable timing errors and computational faults, and
the accompanying high-frequency alternating currents will accelerate the electromigration
effects of micro-interconnects inside the semiconductor, shortening the physical lifespan of
expensive computing chips. Therefore, the system-level capability to suppress steady-state
ripple represents a core dimension for evaluating advanced DC-DC power architectures.

The steady-state ripple test results, as shown in Figure 5, reveal the capabilities of
the two power planes in suppressing power supply noise. For the 12 V power plane,
under steady-state conditions of 0 load, 50% load, and 100% load, its output ripple voltage
fluctuation amplitudes (PK-PK) reached £0.67%, £0.68%, and +0.66%, respectively. This
fluctuation range has been restricted within the industry’s commonly required 1% baseline;
however, in power supply scenarios for advanced process chips featuring low voltages
and high currents, this absolute fluctuation of nearly +0.7% represents non-negligible
electromagnetic energy oscillation. The physical root of this fluctuation is that when the 12
V bus outputs hundreds of kilowatts of power, it must carry massive transmission currents
on the motherboard PCB’s power delivery network (PDN). High-intensity alternating
currents couple high-frequency voltage drops on the equivalent series inductance (ESL)
and equivalent series resistance (ESR) of the filter capacitors, forming distinct switching
noise envelopes.
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Figure 5. Ripple voltage performance of 12 V and 54 V power planes. Ripple voltage performance
of the 12V power plane under (a) No-load. (b) 50% load. (c) 100% load conditions. Ripple voltage
performance of the 54 V power plane under (d) No-load. (e) 50% load. (f) 100% load conditions.

The 54 V power plane exhibits steady-state ripple performance under the same load
steps (0, 50%, 100%). Its measured ripple voltage fluctuation amplitudes (PK-PK) are
compressed to +0.26%, £0.23%, and £+0.22%, respectively. This minute fluctuation level
indicates that the 54 V hierarchical architecture enhances the purity of core power delivery.

This ripple suppression capability deeply relies on the precise execution of multi-
phase Interleaving technology. Under the unified dispatch of the controller, the 8-phase
Buck power stages operate stably and simultaneously, and the PWM waveforms of each
phase channel are subjected to precise 71/4 phase-shift regulation. When the AC ripple
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components of the inductor currents of each phase converge at the final output node,
destructive interference occurs. This physical waveform superposition interference effect
leaps the equivalent frequency of the synthesized total current ripple to eight times the
single-phase switching frequency and cancels out the geometric amplitude of the ripple.
Notably, transitioning from 0 light load to 100% full load, the ripple amplitude of the 54
V plane does not diverge with the increasing current; instead, it steadily converges at
around +0.22%. This confirms that the designed closed-loop system and current balancing
algorithm can maintain electrical symmetry under all operating conditions, providing
reliable power quality for high-density computing clusters.

To make the steady-state ripple results in Figure 5 easier to interpret, the detailed
measurement conditions and quantitative ripple values are summarized in Table 2.

Table 2. Summary of test conditions and measured performance of the 12 V and 54 V power planes.

Input Average Output  Output  Output  Ripple Ripple Transient . . .

Plane  Load Voltage Voltage Current  Power PK-PK Percentage Deviation Efficiency Bandwidth
0% 12V 807 mV 0 —  107mV £0.67% — — 20 MHz
2V 5% 12v 807 mV 165A  133W  109mV  +068% TG 9359%  20MHz
100% 12V 808 mV 30A  267W  106mV  +0.66% BT gazen 20MHy
0% 54V 12222V 0 —  6l2amV  £026% — — 20 MHz
MV 509  sav 12220V B5A 306W  558mV  £023% FLaRIr g7 20MHz
100% 54V 12215V 50A  611W  525mV  £0.22% LI 9651%  20MHz

When large Al models execute core algorithms of the Transformer architecture (such
as large-scale general matrix multiplication, GEMM), the power consumption of computing
chips exhibits extreme burstiness, high concurrency, and discontinuity. Server GPUs often
complete an instantaneous transition from a low-frequency idle state to a full-speed full-
load state within an extremely short period of a few microseconds. This load current
impact with an extremely high slew rate (di/dt) serves as a dynamic test for the transient
response capability of the power delivery network. If the energy replenishment of the
power converter is delayed, the massive current deficit will cause a deep undershoot in
the output voltage; conversely, when the computing task is instantaneously unloaded, the
energy in the inductor that cannot be released in time will trigger a voltage overshoot.

Furthermore, the current-sharing performance of the 8-phase parallel system can be an-
alytically validated through the synchronized behavior of the phase timing and the output
ripple envelope. Mechanistically, a balanced current distribution among parallel channels
is a direct functional product of precise phase interleaving and stable loop regulation. As
demonstrated in the 71/4 (45°) sequentially phase-shifted driving waveforms in Figure 4,
the structural symmetry of the control loops guarantees temporal equilibrium among the
active channels. This temporal symmetry is further corroborated by the steady convergence
of the 54 V plane’s steady-state ripple down to £0.22% at full load. Because complete
destructive cancellation of current ripples requires absolute mathematical alignment of
both phase angles and current amplitudes at the converging output node, the absence of
ripple divergence under peak workloads implicitly confirms that the multi-phase current
balancing algorithm maintains stringent electrical symmetry under all operating conditions.

For the 12 V power plane, experiments separately recorded the voltage responses
under 0-50% load steps and 50-100% load steps, as shown in Figure 6a,b. Test data
reveal that under the 0-50% dynamic load variation, the peak-to-peak (PK-PK) fluctuation
amplitude of the output voltage is +2.36%, whereas under the 50-100% load variation, the
fluctuation amplitude is +1.83%. The relatively larger fluctuation amplitude generated by
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the 0-50% step is attributed to the system’s starting point at zero or light-load conditions.
Under light-load conditions, the multi-phase Buck circuit may operate in discontinuous
conduction mode (DCM) or maintain operation with only a small number of phases through
phase-shedding control to reduce switching losses. When the load instantaneously surges
to 50%, the control loop needs to rapidly increase the duty cycle and undergo a transition
from discontinuous mode to continuous conduction mode (CCM) or wake up dormant
phases. During this settling time, the output capacitor must independently bear the entire
load current, resulting in a more pronounced voltage drop. In contrast, the 50-100% step is
conducted when the system is already under steady-state high-current conditions, where
the base inductor current is higher and all phases are active, rendering the physical delay

of loop adjustments minor.

- Peak to Peak 28.28 mV b Peak to Peak 31.24 mV
:ﬂax 820.8 ;V Max 829.1 mV
Min 792.5 mV T
Load Current SQ% ‘ | l Lead Qurren-t- IOM b= e
5] aNeRIRERE RN RN
- -—J Lgad CurrentO —|[ ~ " Load Current 50%
3 -2 -1 0 1 2 3 2 -1 0 1 2 3
Time (ms) Time (ms)
C peak to Peak 333.9 mV d Peak to Peak 314.7 mV
Ma 12. AHV P \- \_ N- Maxw Su
‘H V‘h/‘ V‘J e V‘J - V"' f"
Min 12.13 V Min 12.04 V
Load Current50% | |Load Current 100%
. _loadCurrentO_ || __ Load Current50% |
3 -2 -1 0 1 2 3 2 -1 0 1 2 3
Time (ms) Time (ms)

Figure 6. Dynamic load-step response of the 12V and 54 V power planes. (a) 12 V plane under 0-50%
load step. (b) 12 V plane under 50-100% load step. (c) 54 V plane under 0-50% load step. (d) 54 V
plane under 50-100% load step.

For the 54 V power plane, load step test results under the same conditions are shown
in Figure 6¢,d. During a 0-50% load variation, the voltage fluctuation amplitude PK-
PK is +1.42%; during a 50-100% load variation, the fluctuation amplitude is £1.33%.
Compared to the 12 V plane data, the 54 V plane demonstrates a narrower voltage deviation
range. The engineering rationale behind this phenomenon mainly involves the impedance
characteristics and transformation ratio effects of the power delivery network (PDN).
According to Faraday’s law of electromagnetic induction, because the voltage of the 54 V
supply bus is higher than 12 V, when providing the same output power step, the absolute
current variation on the bus side (primary side) is compressed to approximately one-fourth.
This implies that along the same parasitic inductance path, the induced voltage drop
generated by the 54 V system is proportionally reduced, thereby alleviating the transient
voltage drop at the physical level.
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Furthermore, the Turbo-COT control technology employed in this study plays a critical
regulatory role in both voltage planes. This control strategy bypasses the complex compen-
sation network calculations found in traditional PWM control by fixing the conduction time
and adjusting the off-time in real-time. When output voltage drops due to load transients
are detected, the nonlinear ramp generation circuit can immediately trigger the conduction
of the next cycle, pumping charge to the output terminal at an extremely high sampling
frequency. Equipped with a higher primary-side voltage reserve, the 54 V plane, combined
with the response of Turbo-COT, can more rapidly compensate for the current deficit on the
output side. Synthesizing the experimental phenomena, dynamic response performance
is influenced by control algorithms and is dependent on the physical voltage level of the
supply bus and its dampening effect on the current slew rate of transmission links.

When evaluating the comprehensive performance of server power delivery architec-
tures, conversion efficiency is a core metric for measuring power conversion losses and
directly determines the thermal management difficulty and reliability of the entire system.

Efficiency () can be expressed as Equation (1):

_ Pout _ Lout X Vout
Pi Iin X Vin

1

In Equation (1), Poyt is the output power, which is calculated based on the output
current Iyt and output voltage Vout. Pin is the input power, which is calculated based on
the input current I;, and input voltage Viy.

For high-power Al servers, since the power consumption of a single machine has
reached the scale of several kilowatts, every percentage point of efficiency improvement in
the power supply link can significantly reduce waste heat emission. Efficiency comparison
test results are shown in Figure 7, illustrating the energy efficiency differences between the
54 V power plane and the 12 V power plane across the entire load range. The efficiency
curves depicted in Figure 7 represent the measured averages derived from 5 independent
sequential test runs, where the standard deviation at each loading point remains below
0.05% due to the high test repeatability and instrument precision. From the measured
curves, it can be seen that within the 10% to 100% load range, the conversion efficiency
of the 54 V power plane is consistently higher than that of the 12 V plane. Specifically,
the peak efficiency of the 54 V power plane reaches approximately 97%, and it exhibits
highly flat energy efficiency characteristics within the medium-to-high load range of 40%
to 90%. In comparison, the maximum efficiency of the 12 V power plane is approximately
94%, and upon entering the high-load region, its efficiency curve exhibits a decline due
to exacerbated conduction losses caused by high currents. The core scientific basis for
this generational leap in energy efficiency lies in the physical compression of transmission
currents by the hierarchical architecture. According to Joule’s law, P = IR, conduction
losses in the power delivery network (PDN) are proportional to the square of the current.
This “high-voltage, low-current” transmission mode can substantially reduce the ideal bus-
distribution I’R loss component. By resolving the loss challenges brought about by high
currents from the underlying architecture, the system eliminates the thermal accumulation
phenomena present in traditional architectures, clearing physical obstacles for improving
power density.

To evaluate the impact of the switching devices” non-zero on-resistance (Rpgon))
on efficiency, the total conduction loss (P.ynq) within the 8-phase DrMOS stage can be
expressed as Equation (2):

Peond = N- [IIZ-IS,rms'RDS(on),HS + I%S,rms'RDS(on),LS 2)
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where N = 8 is the phase count, Rpg(,n) represents the non-zero internal resistance of High-
side/Low-side MOSFETSs, and I is the root-mean-square current per phase. Because of
the non-zero Rpg(on), conduction losses scale quadratically with the operating current. In
the traditional 12 V plane, heavy current levels cause high I? X Rps(on) thermal dissipation,
degrading high-load efficiency. Conversely, the 54 V architecture reduces the line current
by approximately 4.5 times for equivalent power delivery, exponentially suppressing the
loss penalty induced by this non-zero resistance. Additionally, the multi-phase parallel
configuration evenly fractions the total current, keeping each DrMOS chip within its
optimal, lowest-resistance thermal zone.

100%

— o

95%

90%
54V power supply plane

12V power supply plane
85%

Efficiency

80%

75%

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Load Current

Figure 7. Schematic diagram of efficiency for 54 V and 12 V power planes.

Moreover, the efficiency improvement benefits from the deep synergy between multi-
phase parallel technology and DrMOS chips. multi-phase parallel load-balancing tech-
nology accurately distributes the total current to each phase through the current-sharing
algorithm built into the controller. This avoids the risk of the conduction internal resistance
RDS (on) of single-phase power devices deteriorating sharply with rising temperatures
due to current overshoots under heavy loads, ensuring the system operates within the
thermal safe zone and optimal efficiency point of the devices. Meanwhile, because the
utilized DrMOS integrates optimized power transistors and drive circuits, its remarkably
low parasitic inductance significantly reduces switching losses during high-frequency
switching processes. Comprehensive experimental results prove that the 54 V hierarchical
power delivery architecture provides a potential power-delivery approach for improving
server-level energy efficiency; however, complete server-level and data-center-level PUE
evaluation requires further system-level validation.

To provide a consolidated summary of the experimental results, the key test conditions
and measured performance of the 12 V and 54 V power planes are summarized in Table 2.
The table includes the input voltage, output voltage, output current, output power, ripple
voltage, transient deviation, and conversion efficiency under the tested load conditions.
This summary allows a more direct comparison between the two power planes and provides
a quantitative basis for evaluating the effectiveness of the proposed hierarchical 54 V/12 V
dual-plane power delivery architecture.

4. Conclusions

To overcome the physical limitations in efficiency and heat dissipation of traditional
power architectures in high-density Al servers, this paper proposes and evaluates a hierar-
chical 54 V/12 V dual-plane multi-phase DC power delivery architecture. By implementing
a high-voltage power distribution strategy, the system successfully resolves critical chal-
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lenges faced by traditional 12 V networks, such as high conduction losses and transient
instability. Experimental evaluations confirm that the proposed architecture achieves per-
formance improvements. The 54 V power plane demonstrates excellent steady-state and
dynamic characteristics, not only controlling the steady-state ripple fluctuation of the
output voltage to within £0.26%, but also restricting transient voltage fluctuations to a
range of +£1.42% under severe load step impacts. From a scientific standpoint, the 54 V
power distribution network substantially reduces conduction losses in transmission links
compared to the 12 V system, enabling the system’s peak conversion efficiency to reach
approximately 97%. This improvement is important for mitigating localized hotspot effects
on high-power server motherboards. In summary, the integration of hierarchical power
planes, multi-phase interleaving technology, and Turbo-COT control strategies provides a
highly scalable and robust solution for meeting modern high-computing-power demands.
This research enhances the operational stability and comprehensive energy efficiency of
individual Al servers, and aligns with the development trends of green, sustainable comput-
ing infrastructure, opening up a practical evolutionary path for optimizing overall energy
consumption metrics in data centers. Nevertheless, certain limitations of the current study
should be acknowledged. The empirical evaluation is primarily conducted on a laboratory
experimental prototype under synthetic load-step conditions. Future work will focus on
expanding this validation framework to encompass full-scale server operations, long-term
component reliability testing, and profiling under real-world dynamic Al workloads such
as large language model training and inference tasks.
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