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Abstract—In data center point-of-load applications, current
ninefold rectifier (CNR) converter offers obvious advantages
over conventional current doubler rectifier (CDR), including
zero-voltage switching (ZVS) and enhanced output current ca-
pability. However, the CNR typically employs three discrete
transformers, resulting in a bulky design that compromises power
density. Given the demanding requirements of data centers —
particularly large voltage conversion ratios and high output
currents — efficient magnetic design is crucial for achieving
both high efficiency and high power density. To address this
challenge, this paper presents a magnetic integration scheme
tailored for the CNR converter, which substantially reduces
transformer core volume. A 24 V-to-0.8 V, 180 A, 500 kHz CNR
prototype incorporating the integrated magnetics is designed and
experimentally validated. The prototype demonstrates a peak
efficiency of 93.7% and maintains 89.6% efficiency at full load.

Index Terms—Current doubler rectifier (CDR), current nine-
fold rectifier (CNR), data center, magnetic integration, voltage
regulator (VR), zero-voltage switching (ZVS).

I. INTRODUCTION

W ITH the rapid advancement of modern information

technologies, data center power consumption is surging

and is projected to reach 8% of global electricity use by

2030 [1]. Consequently, the efficiency of power supplies

has become increasingly critical. Raising the bus voltage

reduces distribution losses, thereby improving overall system

efficiency [2], [3]. However, achieving high efficiency under a

large step-down ratio remains a major challenge for Point-of-

Load (PoL) converters [4], [5]. Meanwhile, high-performance

microprocessors demand currents exceeding 220 A at sub-

1 V levels, and the wide input range from backup batteries

imposes stringent regulation requirements [6]. In addition, the

limited motherboard footprint necessitates ultra-high power-

density solutions [7].

Multiphase Buck converter is a common solution for PoL

converters in data centers [8]. However, when the bus voltage

increases, Buck converter must operate with extremely small

duty cycles, which not only imposes stricter requirements

on the driver ICs but also hinders the achievement of high

efficiency. The half-bridge current-doubler rectifier (CDR) is

a derivative topology of the Buck converter [7], [9]. Compared

with the Buck converter, the CDR introduces a transformer that

enables a larger step-down ratio, making it a highly suitable

solution for higher bus voltages. Nevertheless, the conven-

tional half-bridge CDR suffers from hard switching of the
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Fig. 1. Schematic of CNR topology with magnetic integration.

primary-side devices, leading to significant voltage spikes and

switching losses [9]. The current ninefold rectifier (CNR) —

derived from the CDR — employs complementary pulse-width

modulation (PWM) control to achieve zero-voltage switching

(ZVS) for all primary-side switches. A nine-phase structure

on the secondary side enhances power delivery. However, the

three-phase transformer in CNR is bulky and limits the power

density.

Magnetic components typically occupy the largest volume

in power converters. Thus, optimizing magnetic design or

employing magnetic integration can effectively enhance power

density [7], [10]–[12]. In CDRs, the output inductors can be

integrated into the transformer by utilizing the magnetizing

inductor to improve the power density. For example, in [7]

and [10], the transformer and output inductor are integrated

into a single magnetic core, achieving higher power density.

Moreover, a coupled-transformer structure is presented in

[13], where the magnetizing inductor serves as the output

inductor. These inductors are indirectly coupled through the

transformer structure, enabling scalability and multiphase op-
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eration. Nevertheless, utilizing the transformer’s magnetizing

inductor as the output inductor reduces winding utilization

and increases conduction loss [14]. This limitation hinders

efficiency improvement, particularly in applications with large

output currents. In [15], a coupled inductor integrates the

discrete external inductors of parallel CDR modules to auto-

matically balance the primary currents. However, this approach

does not effectively reduce the magnetic component volume.

A full-bridge half-turn transformer-based CDR is studied in

[14]. It retains discrete output inductors and achieves good

efficiency. However, this magnetic integration scheme is not

suitable for CNR. To implement a half-turn transformer, the

secondary modules must deliver two separate but ideally

identical currents that form a single loop — one current path

acting as the return for the other. Achieving this balance is dif-

ficult in CNR. To boost power density without compromising

winding utilization, this paper proposes a magnetic integration

scheme for the three-phase transformer. It preserves the key

advantages of the CNR primary-side devices: achieving ZVS

and maintaining low current stress.

The rest of this paper is organized as follows. Section II

presents the operating principle of the CNR and the magnetic

integration concept for the three-phase transformer. It derives

the equivalent circuit of the integrated transformer and ana-

lyzes post-integration coupling issues. Section III details the

design of the integrated planar transformer. Section IV shows

experimental results from a CNR prototype rated at 24 V–

0.8 V/180 A/500 kHz. Section V concludes the paper.

II. CNR TOPOLOGY AND TRANSFORMER INTEGRATION

A. CNR Topology

Fig. 1 shows the topology of the CNR and the concept of

transformer integration. On the primary side, the topology em-

ploys a three-phase full-bridge combined with a Δ-connected

transformer. The upper and lower switches in each bridge oper-

ate complementarily, with a 120° phase shift between adjacent

phases. On the secondary side, the rectifier structure enhances

output current capability, providing a scalable solution tailored

to data center requirements.

Compared with the conventional half-bridge CDR topology,

the CNR achieves ZVS for all primary-side switches, thereby

reducing switching losses and suppressing voltage spikes.

Compared with the PSFB CDR, the CNR benefits from current

cancellation among primary windings enabled by the Δ con-

figuration. This mechanism effectively reduces current stress

on primary-side switches and improves efficiency under heavy-

load conditions. Notably, the CNR adopts PWM control, a

well-established technique that simplifies system modeling and

control design.

B. Transformer Integration

The original CNR employs three discrete transformers,

which occupy a considerable footprint. Minimizing trans-

former volume is essential for enhancing the power density

of the CNR converter. According to the operating principle

of the topology, the sum of the primary voltages of the three
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Fig. 2. Primary voltage waveforms of the CNR transformer within one
switching cycle
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Fig. 3. Conceptual diagram of three U cores integrated into a single E core.

transformers is zero under steady-state conditions, as shown

in Fig. 2.

Based on Faraday’s law, the primary winding voltage is:

vAB = N×(
dϕA

dt
), vBC = N×(

dϕB

dt
), vCA = N×(

dϕC

dt
),

(1)

where, N is the number of turns of the primary windings. Since

the sum of the primary voltages is zero, we have:

dϕA

dt
+

dϕB

dt
+

dϕC

dt
= 0, (2)

which means that the net AC flux is canceled, allowing the

magnetic structure to be represented by a single three-leg core,

as illustrated in Fig. 3. Similarly, three EE cores can also be

integrated into a single magnetic core, as shown in Fig. 4.

The equivalent circuit of the integrated transformer is shown

in Fig. 5, where RL denotes the reluctance of each magnetic

leg and Rc represents the leakage reluctance [16]. Fig. 5 can

be used to analyze the coupling issues arising from transformer

integration. Since the three-phase full bridge operates in the

same manner with only a 120◦ phase shift, the analysis is

exemplified over one-third of the switching period (0–Ts/3).

As shown in Fig. 2, during 0–t1, the primary switches Q1,

Q5 and Q6 are on, while Q2, Q3, and Q4 are off, resulting in
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Fig. 4. Conceptual diagram of three E cores integrated into a single E core.
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Fig. 5. Equivalent circuit diagram of the integrated three-phase transformer.

vAB = Vin, vBC = 0, and vCA = −Vin. According to Fig. 5,

the voltage across 1/Rc is Vin/n + 0/n + (−Vin)/n, which

equals to 0.

During t1–Ts/3, all upper switches (Q1–Q3) are off, and

all lower switches (Q4–Q6) are on, yielding vAB = vBC =
vCA = 0. Consequently, the voltage across 1/Rc remains

zero, and its current is constant throughout t0–Ts/3. Similarly,

during Ts/3–Ts, the voltage across 1/Rc is always zero,

indicating that the integrated transformer does not generate

any coupling current.

III. DESIGN OF PLANAR TRANSFORMER

The design of the planar transformer mainly involves the

determination of the turns ratio, the selection of core material,

and the optimization of core dimensions. The transformer turns

ratio is closely related to the voltage gain requirements of the

topology. The voltage gain of the CNR is given in (3):

Vo

Vin
=

D

n
, (3)

where n is the turns ratio of the transformer, and D is the duty

cycle of the primary-side upper switches. According to (3), in

order to achieve a voltage conversion from 24 V to 0.8 V

r r r

h

l

Fig. 6. Dimensions of the designed magnetic core.
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Fig. 7. Magnetic core dimensions optimization based on the trade-off between
core loss and footprint.

while ensuring that D does not exceed 1/3, the transformer

turns ratio n must satisfy the following inequality:

n <

[
Vin

3Vo

]
min

=
24

3× 0.8
= 10. (4)

For the CNR topology, a higher transformer turns ratio

n can effectively reduce the current stress on the primary-

side switches and decrease the conduction losses. Moreover,

increasing the number of primary winding turns enhances the

primary-side leakage inductance, which helps extend the ZVS

operating range of the primary switches. Therefore, a turns

ratio of n = 8 is selected in this design. To achieve an 8:1

turns ratio, the primary winding is implemented with eight

turns connected in series on each magnetic core, while the

secondary windings are configured with eight turns in parallel.

The dimension optimization of the transformer is crucial for

achieving high efficiency and high power density in CNR. The

main target is balancing the transformer’s loss and footprint.

The size is parameterized in Fig. 6. Thus, the total footprint

of the transformer is

Vcore = 6× πr2 × h+2× [2r× l× πr2

2r
+ πr2 × πr2

2r
]. (5)

The effective core cross-sectional area Ae is selected based

on magnetic loss constraints, as indicated in (6):

ΔB ≥ VinD

2nfsAe
=

VinD

2nfsπr2
, (6)

where, ΔB is the maximum acceptable magnitude of magnetic

flux. Ae should satisfy this constraint to limit the core loss.

The core loss and winding loss of the transformer can

be evaluated by the Steinmetz equation and Dowell’s model,
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Fig. 8. Finite-element simulation results of the designed magnetic core in
ANSYS MAXWELL.
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Fig. 9. Photograph of the experimental prototypes: (a) CNR prototype
with integrated three-phase transformer, and (b) CNR prototype with discrete
transformers.

respectively [11]. Considering the relationship between core

loss and dimensions, as well as footprint constraints, the

transformer dimensions can be optimized, as illustrated in

Fig. 7. Since h is determined by the PCB thickness and l
can be determined by the winding width and the magnetic

core radius r, the core volume can be regarded as a function

of r, according to (5). As shown in Fig. 7, increasing the

radius r reduces the core loss but simultaneously enlarges

the footprint. To achieve a trade-off between core loss and

footprint, the magnetic leg radius is selected as r = 2.2 mm
in the optimized design. The DMR51W core material from

DMEGC is selected to achieve high-frequency optimization.

The flux density distribution of the designed core, simulated

in ANSYS MAXWELL, is shown in Fig. 8. It is worth noting

that, to obtain relatively accurate magnetic simulation results,

the equivalent circuit shown in Fig. 5 is modeled in MAT-

LAB/SIMULINK. The simulated transformer currents are then

used as excitation inputs. Finite-element analysis indicates that

the magnetic flux in the designed core is uniformly distributed.

IV. EXPERIMENTAL RESULTS

To validate the concept, a 24 V/0.8 V/180 A CNR prototype

with integrated transformer is designed, as shown in Fig. 9

(a). As shown in Fig. 9 (a), the footprint of the integrated

transformer is approximately 133.13 mm2. In comparison, the

footprint of the discrete three-phase transformer in the CNR

400 ns / div ia (10 A / div)

vds5 (20 V / div)

vgs2 (5 V / div)

Fig. 10. Experimental waveforms for 24 V/0.8 V/180 A operation.
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Fig. 11. Efficiency curve versus load current at an output voltage of 0.8 V
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TABLE I
SPECIFICATIONS OF THE PROTOTYPE

Parameter Specification

Primary switches EPC2306

Synchronous rectifiers
IQE004NE1LM7CGSC

IQE004NE1LM7SC

Magnetic core DMR51W ECW14.5A (DMEGC)

Switching frequency fs 500 kHz

Input voltage Vin 24 V

Output voltage Vo 0.8 V

Output current Io 180 A

Transformer turns ratio n 8:1

Output inductance Lo 300 nH

prototype, shown in Fig. 9 (b), is about 395.85 mm2. There-

fore, transformer integration effectively reduces the footprint

by approximately 2/3.

The specifications of the prototype are summarized in Ta-

ble I. The electronic load is Chroma 63206A, the DC source is

Chroma 62100H, and the controller is a TI TMS320F280039C.

Experimental waveforms for 24 V/0.8 V/180 A operation

are shown in Fig. 10. The phase-shifted gate signals of Q1,
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Fig. 12. Thermal image of the prototype under full-load operation.

Q2 and Q3 exhibit identical switching patterns with 120◦

separation. Taking Q2 as an example, Fig. 10 illustrates vgs2,

vds5, and the primary transformer current ia. Q2 and Q5

operate in a complementary manner, enabling ZVS turn-on

through the dead time. When Q2 is on and Q5 is off, vAB

equals −Vin. At this instant, the primary current of transformer

T1 is equal to 1/n of the magnetizing current of L3. Because

this current flows out of the same-named terminal of the

primary winding, it is observed as a negative current.

Fig. 11 shows the efficiency curve versus load current at

an output voltage of 0.8 V with an input voltage of 24 V.

The peak efficiency reaches 93.73% at 60 A. Meanwhile,

the CNR topology maintains high efficiency under heavy-load

conditions, with a full-load efficiency of 89.61% at 180 A.

It is worth noting that the magnetic integration of the three-

phase transformer does not affect the operating principle of the

CNR. This integration reduces the transformer volume while

preserving the advantages at the primary side, achieving ZVS

and maintaining low current stress.

The thermal image of the prototype under full-load opera-

tion is captured in Fig. 12. As observed, at a load current of

180 A, the temperature distribution is relatively uniform, with

the major losses concentrated in the secondary synchronous

rectifiers and windings. The relatively low temperature of the

magnetic core under full-load operation demonstrates that the

magnetic design effectively controls core losses.

V. CONCLUSIONS

This work proposes a magnetic integration scheme for CNR

converter. The equivalent circuit of the integrated three-phase

transformer is analyzed, coupling issues are discussed, and

a detailed transformer design process is provided. A 24 V-

0.8 V/500 kHz/180 A prototype is built and experimentally

validated. The results demonstrate a peak efficiency of 93.73%

at 60 A and a full-load efficiency of 89.61% at 180 A. The

integrated design reduces transformer volume while preserving

the advantages of the primary-side devices, including ZVS

operation and low current stress. The proposed three-phase

integrated transformer effectively decreases the magnetic com-

ponent volume of the CNR, thereby satisfying the demanding

requirements of high step-down ratio, high output current,

high efficiency and high power density in modern data center

voltage regulators.
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