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Abstract

With the increased number and sophistication of intelligence gathering devices (e.g., cameras, sensors, radar) on modern
aircrafts and UAVs, there is a continued need for increased computational performance. In the size, energy, power, and weight
constrained platforms operated by the Air Force, it is of utmost importance to perform computation and data analysis in the
most efficient manner possible. In this work, we are addressing this challenge through the development of new power delivery
architecture that is inherently scalable to massive number of cores, and low-power future data centers.

Over the last three years, we have developed key control algorithms, hardware validation platform, and system level hard-
ware/software interfaces to demonstrate ultra-efficient and lightweight power delivery for next-generation computing. We have
demonstrated — for the first time — how the co-design and implementation of both the hardware and software can yield signif-
cant energy savings in data centers. Whereas conventional systems operate around 90% efficiency in power delivery, we have
demonstrated 98% power delivery efficiency, for realistic compute loads and hot-swapping capable hardware. A highlight of the
project was the development of a control algorithm, along with hardware verification, of the first series-to-bus DPP power delivery
architecture for datacenters. Moreover, we derived the control limitations of the proposed approach, along with the development
of an Intel Next Generation of Computing (NUC) based micro-server test-bed platform. In addition to the development of the
hardware platform for power conversion, we have extended our integrated test-bed with improved measurement techniques, as
well as scalable software test scenarios for various computational tasks.

Additionally, custom Linux kernel software has been development to enable fine-grain control of individual core activity,
important both for characterizing the power consumption for different task, and to improve the overall power delivery system.

Several benchmarks on various software routines have been performed, with very promising result.
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I. INTRODUCTION

ITH the prevalence of Internet as well as the increasing demands for cloud computing, data centers - the host of
Wthese services - are becoming more and more important. As the number and size of data centers continue to grow,
so does the electrical power that they consume. In 2014!, data centers in the U.S. had an estimated electricity consumption
of 70 billion kWh, which is approximately 1.8% of the total national electricity consumption that year [?]. With such a large
energy usage, improving the energy efficiency of data centers has been a focus of research interest. A key component in data
centers is the server, which operates at low DC voltage, typically 12V or 48V. Thus, a power delivery architecture is required
to convert the utility AC voltage to low DC voltage to provide power for the servers. Increasing the efficiency of this power
delivery architecture is a very crucial step in making data centers more energy efficient [?], [?], [?].

Current power delivery architectures for servers consist of cascaded power stages. As a typical example, a central rectifier
draws from the utility AC voltage to regulate a DC bus voltage of 48V. Then for each server, a DC-DC converter steps down
the 48V to the server’s nominal input 12V voltage and supply its power [?]. Each power conversion stage process the full
server power in this process. The system energy efficiency is directly limited by the efficiency of each power stage.

The series-stacked power delivery architectures are proposed to address the limitations of the conventional architectures,
and can achieve much higher power delivery efficiency [?]. In the series-stacked architectures, the servers are connected in
series, and differential power processing (DPP) converters are used to compensate for the mismatch in the stacked servers’
currents. Therefore, the bulk power consumed by the servers flows through the series-stack without being processed by the
power conversion stage, and only the difference in power between servers is processed by the DPP converters. Using this
technique, the amount of power processed, and the corresponding power loss, can be greatly reduced compared to conventional
architectures, resulting in extremely high efficiency. There are three basic ways to connect the DPP converters, leading to
three basic types of series-stacked architecture: the server-to-server type, the server-to-bus type and server-to-virtual-bus type,
which are depicted in Fig. 1. The first type has been explored in [?], [?]; the third type has been studied in [?], [?]; the
second type has not been investigated in depth experimentally before, and is the focus of this work. In [?] the hot-swapping
operation of the servers are addressed in detail. There are also hybrid architectures combining the above mentioned three types,
as proposed in [?]. The DPP idea also applies to series-connected photovoltaic (PV) cells, where the first, second and third
types of series-stacked PV cell architecture are investigated in [?], [?] and [?], respectively. There are also variations of the
three basic types for PV cells [?]. In this work, we focus on investigating the server-to-bus type of series-stacked architecture
for data center servers.

The server-to-bus type series-stacked architecture has unique properties in comparison with other types. Two important
properties of this type of architecture are that it is able to achieve the minimum power processed in the DPP converters, and
that it has an inherent redundancy in its DPP converters that provides a high level of reliability. In this paper, both properties
are demonstrated experimentally. The server-to-bus architecture is implemented with four 4-to-1 dual active bridge (DAB)
converters employing GaN switches, which constitute the DPP converters. Four real Dell computers are used as the servers.
The power delivery architecture is validated in both the normal operation of the servers, as well as the hot-swapping operations

17 tried to find more recent statistics, but could not find any.
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- an operation scenario which is very important for the reliability of data centers. Very high power conversion efficiency of
99.04% is achieved. Moreover, for the first time reported in literature?, this work presents that the series-stacked architecture
can supply servers which are executing real data center Hadoop computation task.

The remainder of this paper is organized as follows. Section II discusses the unique features of the server-to-bus power
delivery architecture. In Section III, control methods for the DPP converters in the server-to-bus architecture are discussed,
including how to realize the minimum power processed and how to handle hot-swapping operation. Section IV presents the
hardware experimental implementation of the architecture as well as experiment results that verify the reliability property,
realize the optimal control and show that real-life computation tasks such as Hadoop can be run using the series-stacked power

delivery architecture. Section V concludes the paper.
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Fig. 1. Three basic types of series-stacked power delivery architecture.

II. SERVER-TO-BUS SERIES-STACKED ARCHITECTURE

The server-to-bus architecture has some desirable features that are not possessed by other series-stacked architectures. Firstly,
it can achieve the minimum total processed power in the DPP converters, and thus obtain the highest possible theoretical
efficiency in power delivery [?]. Secondly, this architecture can tolerate one DPP converter failure while still delivering power
to all the servers in the series stack. Thus there is inherently one extra redundancy in this power delivery system, resulting in

a high level of reliability. These two points are explained below in greater detail.

A. Minimum Total Processed Power

The server-to-bus architecture can achieve the minimum total processed power in converters for most server load distributions
in the series-stack. The other two series-stacked architectures cannot guarantee minimum total processed power in all server
load distributions. To better understand this, let us assume that in a certain scenario, the servers are drawing current g1, ¢g2,
..., isn as shown in Fig. 1.

2can we say so?
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For the server-to-virtual-bus and server-to-server series-stacked architecture, each DPP converter’s output current ¢pppy, is
uniquely determined (there is only one feasible combination of the operating points of the DPP converters). The server-to-bus
series-stacked architecture, however, is an under-determined system, where the DPP converters’ output currents have infinite
feasible combinations. In fact, there are n limiting variables (ig; through ig,), but (n + 1) controllable variables (ippp;
through ¢pppn, PIUS istring), SO there is one extra degree of freedom. For this architecture, string current i,¢,;ng Can be set to
any value as long as the DPP converters’ output currents (¢ ppp1 through ippp,) are controlled correspondingly. Furthermore,
SOME %s¢ring values will yield the combinations of ippp; through ippp, with smaller total processed power in the DPP
converters than other combinations. We can thus control is¢ing to be the optimal value(s) that results in the minimum total
processed power in the converters of the server-to-bus series-stacked architecture. The following analysis will derive the value
of the optimal string current in the server-to-bus architecture.

Let us assume, without loss of generality, that the server currents, as shown in Fig. 1b, have the relationship

ig1 <igp < <lign. ey

Moreover, for simplicity of analysis, assume 100% efficient converters. Then, the power processed in the k-th DPP converter
Ppppy is

Ppppi. = lipppk| - vsk, 2

where vgy, refers to the k-th server voltage. The objective to minimize, the total processed power in all the DPP converters

Ppppiot, is

Poppior =Y Poppk. 3)
k=1

If it is further assumed that the server voltages are all well regulated around the nominal input voltage, and thus

Vs1 R VG2 R+ R UGy < Vnominal- (4)
Then
n
PDPP,tot ~ ‘/nominal Z |Z.DPPk‘- (5)
k=1

The new objective function to be minimized is then just the summation part Y ,_, |ipppk

, which is defined as f(istring),

n n

f(istring) = Z |iDPPk| = Z ‘ZSk - istring|- (6)

k=1 k=1
To determine the optimal 44,0 value that will minimize the objective function in (6), we will first simplify this expression

and then look at its derivative. Suppose there are m servers (0 < m < n) whose currents are smaller than i¢;ng. Due to the

DISTRIBUTION A: Distribution approved for public release.



assumption in (1), these servers are just server 1 to server m. Then f(is;ring) can be simplified as

f(istring) = Z(ist’ring - iSk?) + Z (iSk: - istring); @)
k=1 k=m-+1
and the derivative is
f'(istring) = m — (n—m) = 2m —n. ®)

To better understand how f(istring) changes with issring, two example cases with n being even (n = 6) or odd (n = 7) are
considered, with the server currents in both cases listed in Tables I and II. Example plots for f(istring), m and 2m — n in the
two example cases are shown in Fig. 2 and Fig. 3. It can be seen from the figures that in both cases, as #s:ring increases up
from 0, m increases monotonically from 0 to n, and 2m — n, which is also f’(Zsring), increases monotonically from (—n) to
n. Moreover, the objective function f(is¢ring) first decreases and then increases, and reaches the minimum (shown in red in the
plots) when (2m —n) crosses 0. When n = 6, the minimum happens when m = 3, when ig3 < Lstring < 154, OF When isying
is larger than the currents of three (half of total) servers. In this case, there is a region of i,.;ny values that are all optimal.
When n = 7, the minimum happens when %4ing = 754, Or When %,;n4 €quals to the server current right at the middle (the
‘median’). In general, when n is even, the optimal string current 74,554 0p¢ 1S any value between (T and ¢ S(2+1)> and when
n is odd, the optimal string current 4s¢ying,opt 1 €qual to ig ni1, as expressed in Eqn. 9. For a more detailed derivation of the
optimal string current, readers can refer to [?].

It needs to be pointed out that the currents gy, ¢sring and voltages vgj, are actually considered in terms of their averaged
values in the analysis above. Due to the switching actions or operations in hysteresis mode of the power converters as well as
the fast-changing nature of computation loads in servers, the instantaneous values of these currents and voltages may fluctuate
or ripple. These ripples are assumed to be small compared with the average values of these quantities within each control time

period, so that their effects are neglected.

ignit, if n is odd
’ &)

istringppt =
any value € [ZS%,ZS(%H)}, if n is even

TABLE I
SERVER CURRENTS IN THE EXAMPLE WHERE N IS EVEN

is1 [A]l is2 [A] is3 [A]l iss [A]  igs [A]  ige [Al
5 6 7 8 9 10

B. ‘Redundancy’ property for a high level of reliability

Another feature of the server-to-bus architecture is that it offers high reliability/availability compared with other series-stacked

architectures. Since the server-to-bus architecture has one extra degree of freedom (one more control handle than quantities to
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TABLE I
SERVER CURRENTS IN THE EXAMPLE WHERE N IS ODD

is1 [A] is2 [A]l igg [A]l isa [A] iss [A]  ise [A]l is7 [A]
5 6 7 8 9 10 11

Do
(=]
T

f(istring) [A]

I
I
10} '
|
|

ot

Fig. 2. The f(istring), m and 2m — n in the example where n is even.

be controlled), it can actually deliver power to n servers with only (n — 1) DPP converters. In other words, it can tolerate one
converter failure, and can still deliver power to all stacked servers.

For example, if the DPP converter corresponding to the k-th server fails in the server-to-bus architecture, we can control
the string current i4:,ing to be the k-th server’s current (isy), and control the other DPP converters to inject or reject currents
equal to the difference between this string current and the corresponding server currents [?]. This is experimentally verified
in Section IV. For the other two series-stacked architectures, in the case of a single failure in the DPP converters, the power
delivery can no longer be fulfilled.

As was quantitatively analyzed in detail in [?], due to this redundancy property as well as the reduced power processed in
the converters of the server-to-bus series-stacked architecture, the reliability (characterized by down time over a 10 year time

period) of this architecture is comparable to the reliability standard of a conventional power delivery architecture.

III. CONTROL OF SERVER-TO-BUS ARCHITECTURE FOR BOTH NORMAL AND HOT-SWAPPING OPERATIONS

Control is essential for running a series-stacked architecture, we need to control the DPP converters properly to maintain
the server voltages within the allowed band. This section discusses the control method used for the server-to-bus architecture.
Firstly, a control method that only requires voltage sensing is described. This method focuses on the voltage regulation of the
stacked servers, which means the string current is not always optimized to achieve minimum power processed in the system. A
second control method is discussed later in this section that incorporates current sensing, and can control the string current to

be optimal, and minimizes the total processed power. In special operation situations of servers, like the hot-swapping operation,
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Fig. 3. The f(istring), m and 2m — n in the example where n is odd.

the mismatch of server currents in the stack can be large. The control method for the series-stacked architecture should be

able to handle this, which also is explained in this section.

A. Bidirectional Hysteresis Control with only Voltage Feedback

This control method, the bidirectional hysteresis control with only voltage sensing, originates from [?], where a similar
control method successfully achieved voltage regulation of stacked servers for the server-to-virtual-bus type of series-stacked
architecture. Based on the hysteresis shape shown in Fig. 4, the basic idea of the control method is: each server voltage is
sampled and an error is calculated with respect to the reference voltage value. Then this error is compared to predefined
hysteresis bands, €g, €; and €2. Depending on this comparison, each DPP converter is decided to be on or off, and if it is on,
the direction of the current flow (current injection/rejection), and the magnitude of current flow (light/full) are also determined.
Therefore, for example when the server voltage is too low, the DPP converter inject current into it to raise the voltage, until
when the voltage is within allowed range from the reference, then the converter is turned off. The different magnitudes of
current flow, light or full, is designed for the normal or hot-swapping operations of servers, respectively. The light magnitude
inject/reject ~3.5 A to/from server, and is used for when the server currents are relatively balanced (normal operation). The
full magnitude inject/reject ~12 A to/from server, and is used for when there is large mismatch between the server currents

(e.g. hot-swapping operation). A detailed explanation of the control algorithm can be found in [?].

B. Optimal String Current Control

As was discussed in Section II, only (n — 1) DPP converters are needed to keep the n server voltages regulated in the
server-to-bus architecture. The control for optimal string current makes use of this feature. To control %444 to be the optimal
value as shown in Eqn. 9, we can control the string current just to follow the (%“)-th largest server current if n is odd, or

n

the (5 — 1)-th largest server current if n is even. To control the string current to follow a specific server’s current, we can
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Fig. 4. Bi-directional hysteresis shape [?].

turn off the single DPP converter corresponding to that specific server, and keep all other DPP converters operating as normal
with the voltage hysteresis control stated in Section III-A. In this control method, the server currents are measured, and then
compared to determine which server consumes the (”T“)—th largest current (if n is odd, or the (§ — 1)-th largest if n is even).
Then the corresponding DPP converter is temporarily turned off. In this manner, the string current is controlled to be optimal
in average, and the power processed in the DPP converters are minimized. In this work, a four-server system is investigated.
Thus the optimal string current is any value between the second and third largest server current. In the optimal string current

control method used in the experiments, the string current is controlled to follow the second largest server current.

IV. EXPERIMENTAL WORK
A. Prototype DPP Hardware with combined DPP converter and Hot-Swapping interface

Figure 5 shows the schematic of the prototype DPP hardware for the server-to-bus architecture. The hardware consists of
three parts: the DPP converter, the stack initialization circuitry and the hot-swapping circuitry. An annotated photograph of the
prototype hardware is shown in Figure 6. The key components are listed in Table III.

The DPP converter in the server-to-bus architecture is required to be bidirectional and isolated, with the primary side rated
at 48V and the secondary side at 12V. The dual active bridge (DAB) topology is chosen, due to its symmetrical design and
simple modulation [?]. GaN transistors are used in both the primary and secondary sides, and the efficiency vs output power
plot of the converter is shown in Figure 7.

The stack initialization circuitry is used to achieve the voltage balancing between the series-stacked hardware prototypes
when the DC bus is first applied to the series-stack. The hot-swapping circuitry provides complete isolation when the server
is swapped out from the series-stack, and also limits the in-rush current caused by charging up the large input capacitor of the
server when it is swapped in. Hot-swapping and initialization circuitries follow the principles explained in [?], which can also

provide further details for interested readers.

B. Testbed

A testbed for the server-to-bus DPP power delivery architecture is developed with four Dell Optiplex SX280 servers running
Linux operating systems. Each server has a single 12V motherboard input, and the DC bus voltage for the four series-stacked

system is 48V, which is provided by a DC power supply (HP 6674A). The voltages and currents data in the system are sampled
DISTRIBUTION A: Distribution approved for public release.
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Fig. 6. The prototype DPP hardware.

by data acquisition unit (DAQ) from National Instruments at 5000 samples per second. The server currents, string current and
DPP current are converted to voltages with sense resistors and amplifiers (which are calibrated with an Agilent 34461A 6
1/2 digit multimeter) for the DAQ to sample. The DPP current measured are those on the bus side, shown as ip PPk, pri in
Figure 8. The control algorithm for the four DPP converters is implemented on a single off-board microcontroller (TT C2000

Piccolo F28069). Figure 8 and 9 show the schematic drawing and photo of the testbed respectively.

C. Server Computation Tasks

The servers’ computational task in the first four of our power delivery experiments is represented by the standard Linux
stress utility [?]. In our fifth experiment, to test our system in a real data center distributed computational environment, we use
Hadoop framework [?] to utilize multiple nodes. Our work employing this real data center computation task on series-stack
architecture experiments is the first reported in literature, to the best knowledge of the authors?.

Hadoop is a map-reduce framework [?] that its computation model includes two steps. First, the Hadoop workload manager
divided the input data into numerous independent chunks feeds each into a map task to produce the intermediate result. Second,
the map task computation result is sorted and given to reduce tasks, which returns the final result.

We used the grep application to evaluate our design, in which the application extracts and counts a specific string in the
dataset. The extracted strings are then sorted out, and the total number of matches is reported. The dataset used in our experiment
is 2 GB in size. The four Dell servers are the four slave nodes of the Hadoop computational task, and an additional server is

3can we say so?
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Fig. 7. The efficiency plot of the GaN-based DAB converter.

TABLE III
THE KEY COMPONENTS OF THE DPP CONVERTER

GaN Switches EPC 2032 (Bus side)

EPC 2030 (Server side)
GaN Gate Drivers TI LM5113
Transformer Coilcraft PL300-100L, 8:2 turns
Inductor Coilcraft SLC1480-201ML, 200nH
C; ceramics 8 x 1uF, TDK

aluminum 2 x 68uF SMD, Panasonic
Cout ceramics 8 x 4.7uF, TDK

aluminum 2 X 1mF SMD, Panasonic
Hot-Swapping Switches Infineon IRLS4030PbF (three in parallel)

used as the master node, which assigns tasks to the four slave servers.

D. Experimental Results

Five experiments were conducted to validate the functionality and above mentioned properties of the server-to-bus power
delivery architecture. Experiment 1 presents the entire processes when servers boot up, operate and shut down. Experiment
2 shows that the power delivery system can tolerate one converter failure. In experiment 3, the hot-swapping operation is
demonstrated. The optimal string current control is carried out in experiment 4. Lastly, in experiment 5, the scenario when the
servers are running real-life data center Hadoop computation is presented.

1) Boot-up, Operation and Shut-down of Servers: The first experiment shows that the server-to-bus power delivery system
developed in this work can successfully supply power for data center servers during the entire processes of boot-up, normal
operation and shut-down. The detailed current and voltage waveforms during the experiment are shown in Fig. 10, including
all server currents and voltages, the DC bus current and the string current. As can be seen, the experiment is 450 seconds in
total, and is broken down to five intervals depending on different server load scenarios. Based on the recorded voltage and
current data, the input power to the system F;, is calculated by multiplying the DC bus voltage and current. The output power
to each server is calculated by multiplying its voltage and current, and the total output power P,,; is the sum of the four

server powers. The power loss Pj,ss is the difference between P;,, and P,;.
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-Ploss = P’L’I’L - Pout~ (10)
There are various sources for the power loss in the system. Firstly, there is the power losses from the DPP converters,

Ploss,conv- Apart from this, there are power loss from the current sensing resistors, Pjoss, meas; from system wiring, Pjoss wiring:
and from the hot-swapping switches, Pj,ss 5. Thus we have,

Ploss = ]Dloss,conv + Boss,meas + ]jloss,wim'ng + ]Dloss,HS- (11)
Based on these understandings, two types of power delivery efficiencies are calculated: One is system-level efficiency, 7,ys,
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where the loss from current sensing resistors is excluded,

Pou
Nsys = P—t (12)

n Ploss,meas

The other one is power conversion efficiency, 7.on», Where the power losses from current sensing resistors, system wiring

and the hot-swapping switches are excluded,

Pout

Pin - -Ploss,meas - Ploss,wiring - Ploss,HS’

13)

Tlconv =

A similar calculation is explained in detail in [?]. A breakdown of the average input and output powers, the average power
loss, the system-level efficiency 7s,s and power conversion efficiency 7)con, is given in Table IV, and the average current of
each server during each interval is also listed at the bottom of the table.

In the first 120-second time interval, the servers boot up. It can be noticed that even though the currents drawn by the
servers is fast-changing and has large dynamics during boot-up, the series-stacked architecture can keep the server voltages
well regulated at 12 V and supply the server power. The system-level efficiency is calculated as 96.05% and the power
conversion efficiency is calculated as 96.92%. The series-stacked system has not yet achieved it highest efficiency, since the
server loads are not so balanced during this period. In the next time interval, the Linux stress computation task is run on the
all four servers, where their power consumptions all reach maximum. The server loads in the series stack are very balanced,
and high efficiencies are achieved here, with a power conversion efficiency of 98.84% and a system-level efficiency of 97.67%.
In Interval 3, the servers already finished the stress task, and are all in idle for 30 s, with low power consumption. In the
following 120 s, server 1,2 and 4 are stressed, but server 3 are kept idle. This represent a scenario where the server loads are
not balanced. The power conversion and system-level efficiencies are 97.43% and 96.31%, respectively. In the last interval,
the servers shut down. In the full 450 s period, the system-level efficiency and power conversion efficiency are calculated
as 96.70% and 97.74%, respectively. In the entire experiment, the voltage hysteresis control method is used on all four DPP
converters. As can be seen in Fig. 10, all server voltages are regulated to their nominal 12 V throughout the experiment,
demonstrating good regulation capability of the server-to-bus series-stacked architecture.

2) Tolerance of one converter failure: The second experiment shows that the server-to-bus architecture can tolerate one
DPP converter failure while still delivering power to all servers in the series stack. The current and voltage waveforms of
the experiment are shown in Fig. 11. The breakdown of the average input and output powers, the average power loss, the
system-level efficiency 7.y, and power conversion efficiency 7con, is given in Table V. This 90-second experiment can be
broken down to three intervals. In the entire experiment, all four servers are executing the Linux stress computation task. In
intervals 1 and 3, all four DPP converters are running the voltage hysteresis control, whereas in interval 2, one DPP converter,
converter 2, is simply turned off, to represent one converter failure. The other three converters are still running the voltage
hysteresis control normally.

Fig. 12 shows the DPP current in the series-stacked system in experiment 2. The DPP current, denoted as ¢pppk pri 1S

measured on the primary side (bus side) of the DPP converter, and there is roughly a 4x relationship between it and the
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Fig. 10. Current and voltage waveforms in experiment 1. (Measured data is 10 ms window averaged for better illustration of the entire experiment on a single
plot.)

TABLE IV
BREAKDOWN OF THE AVERAGE INPUT AND OUTPUT POWERS, THE AVERAGE POWER LOSS, THE SYSTEM-LEVEL EFFICIENCY AND POWER CONVERSION
EFFICIENCY DURING EXPERIMENT 1

Interval 1 Interval 2 Interval 3  Interval 4 Interval 5 Overall
Time Interval [s] 0-120 120 - 240 240 -270 270-390 390 -450 O -450
< Py, > [W] 256.91 494.41 245.85 444.05 232.07 366.10
< Pour > [W] 246.27 481.37 237.01 426.40 221.46 353.07
< Pross > [W] 10.64 13.04 8.84 17.65 10.61 13.03
Neys (%] 96.05% 97.67% 96.56% 96.31% 95.60% 96.70%
Neonv [%] 96.92% 98.84% 97.28% 97.43% 96.35% 97.74%
<ig1 > [4] 4.99 10.08 4.75 10.33 4.44 7.68
<ig2 > [4] 4.33 10.49 4.00 10.53 3.79 7.53
<ig3 > [4] 5.34 10.61 5.59 541 5.07 6.74
<igs > [4] 6.06 9.51 5.55 9.80 5.31 7.85
<lstring > [4] 5.72 10.10 5.49 9.60 5.47 7.87

secondary side (server side) DPP current, denoted as ¢pppi. A zoomed-in view of the highlighted region in Fig. 12 is shown
in Fig. 13, which are the detailed DPP current profiles around ¢ = 40 s of interval 2. As can be read from the figures, in
intervals 1 and 3, all four DPP converters are operating with voltage hysteresis control the DPP converters execute light

current injection, light current rejection, or no action. In interval 2, however, converter 2 is turned off entirely it is configured

to stay in no action mode for 60 s. This is effectively the same with when converter 2 fails open. During this interval, only
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three converters can inject or reject differential currents. As can be seen in Fig. 11, all four server voltages are kept regulated
at 12 V during interval 2. The voltage fluctuation of server 2, the server without its corresponding DPP converter, is larger
than in intervals 1 and 3 by a moderate amount as expected, but it is still safely within the allowed band. In interval 3, when
converter 2 is put back into voltage hysteresis control, the behavior of the series-stacked system got back to basically the same
as in interval 1.

As listed in Table V, the system-level efficiency and power conversion efficiency are very high in all three intervals, because
the server load are very balanced. The power conversion efficiency in interval 2, when only three converters are processing

power, reaches the highest 99.04%.
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Fig. 11. Current and voltage waveforms in experiment 2. (Measured data is 10 ms window averaged for better illustration of the entire experiment on a single
plot.)
TABLE V

BREAKDOWN OF THE AVERAGE INPUT AND OUTPUT POWERS, THE AVERAGE POWER LOSS, THE SYSTEM-LEVEL EFFICIENCY AND POWER CONVERSION
EFFICIENCY DURING EXPERIMENT 2

Interval 1 Interval 2 Interval 3  Overall
Time Interval [s] 0-30 30-60 60-90 0-90

< Py, > [W] 498.12 505.50 509.51 504.38
< Pyt > [W] 485.08 492.16 495.50 490.91

< Pioss > [W] 13.04 13.35 14.01 13.47
Neys %] 97.69% 97.68% 97.57%  97.65%
Neonv [%] 98.98% 99.04% 98.87%  98.96%
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Fig. 13. A zoomed-in view of the measured DPP currents in experiment 2.

3) Hot-Swapping Operation: Experiment 3 shows the hot-swapping operation of the series-stacked server in server-to-bus
architecture. The current and voltage waveforms are shown in Fig. 14, and the breakdown of power and efficiency results is
given in Table VI. In the entire experiment, the bidirectional hysteresis control with only voltage feedback is used.

As can be seen from Fig. 14, all four servers are running the stress computation task in interval 1. Then at the time around
149 s, server 2 is swapped out, while the other servers remain doing the stress task. The current of server 2, ¢go drops to zero
instantly, while the other server currents remain basically unchanged. There is a large mismatch between the server currents,
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and the DPP converters enter the full current injection/rejection state to regulate the voltages, as can be seen in the measured
DPP current waveforms at the swap-out moment shown in Fig. 15. Although Vgsy drops to zero, the stack voltage at the DPP
converter corresponding to server 2, Vg remains 12 V.* During this interval, since the mismatch in server current and thus the
processed power in the DPP converters are large, the power conversion efficiency is 95.45%, not as high as in other scenarios.
Server 2 is swapped out for 60 s, before it is swapped back in in interval 3 at 209-th s. It can be noticed in Fig. 14 that server
2, after swap-in, start to boot up normally. During all the fast changing currents of server 2, all the server voltages are well
regulated at 12 V in the series stack. In interval 4, server 2 goes back to doing stress computation. The waveforms for DPP
current during the swap-in moment of server 2 is shown in Fig. 16. DPP converter 2 still remains in full current rejection
mode after swap-in, because when server 2 just start to boot up, there is still a relatively large mismatch between its current

and the currents of the other servers doing stress computation.
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Fig. 14. Current and voltage waveforms in experiment 3. (Measured data is 10 ms window averaged for better illustration of the entire experiment on a single
plot.)

4) Optimal String Current Control: In experiment 4, the optimal string current control is tested. The current and voltage
waveforms are shown in Fig. 17, and the breakdown of power and efficiency results, including the detailed power loss
information is given in Table VIIL.

Throughout the experiment, the servers 2, 3 and 4 are doing the stress computation, while server 1 is kept idle. In this
scenario, three servers are consuming ~10 A, and one server is consuming ~4.4 A. According to Eqn. 9, the optimal string

I feel we may also need to show the plots with both Vgy and Vggo on it at the swap-out and swap-in moments. I will make these plots.

DISTRIBUTION A: Distribution approved for public release.



g 4 T T T
A 1
20 g
S| ]
RSEv1 ‘ ‘ |
148.95 149 149.05 149.1 149.15
<4 : :
=2 sttt
5 0
&2
L4 : ‘ ‘
148.95 149 149.05 149.1 149.15
E 4 T T T
S 0¢F
&
& -2 1
L : : ‘
148.95 149 149.05 149.1 149.15
g 4 : : :
g ;‘m/_‘I_V_ﬂNWF\MMWWV\MMNVWWW\WIW\N\/W
g
EE-% 0
& -2 .
RS ‘ ‘ |
148.95 149 149.05 149.1 149.15
Time [s]

Fig. 15. Measured DPP currents at the swap-out moment of server 2 in experiment 3.
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TABLE VI
BREAKDOWN OF THE AVERAGE INPUT AND OUTPUT POWERS, THE AVERAGE POWER LOSS, THE SYSTEM-LEVEL EFFICIENCY AND POWER CONVERSION
EFFICIENCY DURING EXPERIMENT 3

Interval 1 Interval 2 Interval 3 Interval 4 Overall
Time Interval [s] 0-149 149-209 209-314 314-449 0-449

< Py > [W] 514.55 402.96 458.91 524.46 489.58
< Py > [W] 500.13 378.92 437.89 509.65 472.22

< P> W] 1442 24.03 21.02 14.81 17.37
Neys [%] 97.52%  94.36%  95.71%  97.50%  96.77%
Neonw [%] 98.78%  9545%  9687%  98.79%  98.00%

TABLE VII

BREAKDOWN OF THE AVERAGE INPUT AND OUTPUT POWERS, THE VARIOUS POWER LOSSES, THE SYSTEM-LEVEL EFFICIENCY AND POWER CONVERSION
EFFICIENCY DURING EXPERIMENT 4

Interval 1 Interval 2 Interval 3  Overall

Time Interval [s] 0-30 30-90 90-120  0-120
< Py > [W] 44866 45156 45120  450.74
< Py > [W] 42634 43140 42870  429.46

< Pross.meas > W] 1.32 1.52 1.34 143

< Pross.ris > [W] 2.49 2.46 252 2.48
< Prosswiring > W] 2.82 473 2.89 3.79
< Pross.conv > [W] 15.68 11.45 15.75 13.59
Neys 1%] 9531%  95.86%  9530%  95.58%
Neonw [%] 96.45%  97.41%  96.46%  96.93%
<ig1> [4] 4.40 443 438 441
<igy > [4] 10.59 10.96 10.68 10.80
<igs > [A] 11.23 11.31 11.38 1131
<ige> [4] 9.87 9.92 9.87 9.89
<istring > |A] 8.76 11.05 8.83 9.92

current is any value between the second and third largest server current, which would also be ~10 A.

In interval 1 and 3, the DPP converters are controlled using the voltage hysteresis control, whereas in interval 2, the optimal
string current control is used. As can be seen from Fig. 17 and Table VII, the string currents in interval 1 and 3 are around 8.8
A, which are not optimal. In interval 2, the control method is changed to optimal string current control, and the string current
changes to 11.05 A, which is effectively equal to the second largest sever current, 10.96 A, during interval 2 (the string current
is slightly larger because a small portion of it also flows to power the logic circuits of the DPP converters). Due to the change
of string current from non-optimal to optimal, the power conversion loss in the DPP converters Pjgs cony Teduces from ~15.7
W to ~11.5 W, as can be seen in Table VII, which is a 4.2 W or 27% drop in power loss. Consequently, the power conversion
efficiency of the power delivery architecture increases from 96.46% to 97.41%, which is a 0.95% boost in efficiency.

Figure 18 shows the differential currents of the DPP converters. Since server 2 is the server whose current consumption is
the second largest, the control algorithm in interval 2 decides to keep converter 2 turned off. It can be seen in Fig. 18 that
ippP2,pri Stays zero during interval 2.5 This causes the string current to be equal to server 2 current on average during interval

2.

Sipp P2,pri during interval 2 is zero for most of the time, but it looks a little noisy. This should be fine?
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Fig. 18. Measured DPP currents in experiment 4.
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5) Real data center computational task - Hadoop: Experiment 5 demonstrates that the series-stacked architecture can power
servers while they are executing real data center distributed computational task, the Hadoop grep application. The current and
voltage waveforms are shown in Fig. 19, and the power and efficiency results are given in Table VIII. In the entire experiment,
the bidirectional hysteresis control with only voltage feedback is used.

As can be seen in Fig. 19, the four servers are idle initially, and then start to execute the Hadoop grep computation, finished
the task successfully, and return to idle at the end of the experiment. During computation, the server currents are very fast-
changing and not necessarily balanced, depending on the real-time computation need. The power conversion efficiency during
the entire experiment is calculated as 96.43%. This experiment shows that the series-stacked architecture can supply power for

the servers while they execute real-data-center Hadoop computational task.

V. CONCLUSION

The series-stacked power delivery architecture for data center servers can achieve a much higher energy efficiency than
conventional architectures. In this paper, we provide the theoretical analysis and experimental validation of the ‘server-to-bus
type of series-stacked power delivery architecture. The server-to-bus type architecture has some unique properties that are not

possessed by other types. Two important properties are analytically discussed. Firstly, the server-to-bus architecture is able to
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TABLE VIII
THE AVERAGE INPUT AND OUTPUT POWER, THE AVERAGE POWER LOSS, THE SYSTEM-LEVEL EFFICIENCY AND POWER CONVERSION EFFICIENCY
DURING EXPERIMENT 5

Time Interval [s] 0-215.3

< Py, > [W] 358.04
< P> W] 340.67
< Pross > [W] 17.37
Nays [%] 95.39%
Neonw [%] 96.43%

achieve the minimum power processed in the DPP converters. The value of the optimal string current for achieving minimum
processed power is derived. The second important property of the server-to-bus architecture is its inherent ‘redundancy in its
DPP converters, yielding a high level of reliability. It can deliver power to n servers with only (n — 1) DPP converters in
operation, i.e. the server-to-bus power delivery architecture can tolerate one converter failure. Both properties are demonstrated
experimentally in this work, where four dual-active-bridge converters with GaN switches are used to build the series-stacked
power delivery architecture, and four real computers are used as the server loads. Both normal and hot-swapping operations
are experimentally validated, with the highest achieved power conversion efficiency being 99.04%. This work also presents the
series-stacked architecture supplying power for servers while they execute real data center Hadoop computational task, which

is the first time reported in literature®.
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