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KEYWORDS Abstract Series-stacked architectures have been successfully deployed for data center applications
Architecture; at substantially higher efficiencies than conventional power delivery architectures. In the series-
Data centers; stacked architectures, servers are series-connected electrically to reduce the high step-down conver-
Differential power process- sion stage of voltage utilized in the conventional architectures. Differential power processing con-
ing; verters are, therefore, used to regulate the servers’ voltages and compensate for the unpredicted
Dual active bridge; mismatch between servers’ currents. The main contribution of this paper comprises novel control
Server-to-bus; approaches based on PI controllers purposeful for the two architectures that have reported the

Server-to-virtual;

highest reliability and efficiency in differential power processing namely: server-to-bus and
Bus topology

server-to-virtual bus. Both systems employ a dual active bridge (DAB) converter to accommodate
the fluctuating loads of each server. Unlike hysteresis current/voltage control commonly employed
in the available literature, the proposed control approaches offer less complexity, lower harmonics,
and higher immunity towards the noise, thus no need for high-quality sensors to successfully
achieve voltage balance and/or optimal string current flow. Moreover, a comparative study has
been structured between the investigated series-stacked architectures under the proposed PI control
approaches showing the merits and the demerits of each architecture. The proposed controllers have
been validated based on simulations and experimentally.
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With the rapid development of data and the prevalence of
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the presence of a large number of modern data centers all over
the world is now justified. Digitization has penetrated several
aspects and sectors, and most importantly the governmental
and commercial aspects, leading to the exponential increase
of data centers across the globe. Therefore, the deployment
of such systems requires adequate software data processing
and optimized hardware to reduce losses in the data centers.
Data centers consume energy all over the world between
1.1% and 1.5% of the global load [1]. Specifically, it reaches
1.8% of the total energy consumption in the USA and 1.5%
for China [1,2]. The rapid growth of internet-based services
promotes data centers to be an important energy consumer
for national electricity grids. Thus, energy-efficient data cen-
ters are mandatory for the Information and Communication
Technology (ICT) industry. The most energy-consuming parts
of data centers are the servers due to embedded information
processing and data storage functionality [1].

Conventionally, to distribute low DC voltage from the AC
grid to the servers, the AC to DC power delivery of data cen-
ters can be achieved by one of the two following methods:

e The AC voltage is rectified to high DC voltage V3, (380 V—
400 V), then cascaded DC-DC power electronics converters
deliver a lower DC voltage of 12 V or 48 V to each server, as
shown in Fig. 1(a).

e The AC voltage can be stepped down via a specially-
designed transformer or cascaded transformers and deliv-
ered to the server racks. This is followed by parallel-
connected rectifiers at each server, as shown in Fig. 1(b)
[3-5].

These conventional power delivery architectures have lim-
ited system-level power conversion efficiency, which ranges
from 51.64% to 72.7% and mostly depends on the power con-
verters’ efficiency[6]. Contingent on the correlation between
the delivered power to servers and the processed power by
the conversion stage(s), the losses of the power conversion
increase as the delivered power to server and the number of
servers increase. Therefore, increasing the efficiency of the
voltage conversion is paramount for enhancing the overall sys-
tem efficiency. Subsequently, establishing an efficient power
delivery system for data centers is currently gaining more
attention. The rationale behind this is the fact that the ineffi-
cient power converters not only increase the electricity demand

for powering the servers but also increase the cooling load
overheads as well as the cost of designing more bulky heat
sinks for these converters. The major challenges that face data
center operators are the rising electricity bills, growing carbon
footprints, and unexpected power outages. An effective
approach to tackle such problems is to investigate the imple-
mentation of efficient power supplies that offers the rack volt-
age levels required to power servers. Recently, the differential
power processing (DPP) concept proved to potentially offer a
smaller number of cascaded stepping down stages by connect-
ing the servers in series and introducing a DPP converter to
supply or withdraw current mismatch in the series-connected
servers, as depicted in Fig. 2. DPP system can replace the con-
ventional two-stage power electronics converter with an effi-
ciently designed converter [I-4]. Differential power
processing is a power distribution concept that enables decou-
pled load regulation by processing only the small portion of
mismatched power between loads in case of heterogenous
loading of series-connected voltage domains.

In DPP systems, loads are all supplied by a relatively bulky
input voltage source, where voltage is divided across these
loads and the total current drawn from this source decreases.
Assuming that voltage domains are controlled, the total pro-
cessed power becomes a function of current. Once the pro-
cessed power by each converter is substantially reduced, the
overall system efficiency is enhanced. Consequently, the series
stacked DPP techniques offer a multitude of merits that
include system scalability, smaller voltage step-down ratios,
modularity, redundancy, lower cost, and size of the power
delivery system. In [7], series-connected DPP concept is
deployed for various applications, simulation and experimen-
tation shows a 7-8% reduction in input power and a 6-7%
increase in the conversion efficiency, compared to the cascaded
conventional systems. A comparative study [8] is conducted
between series-stacked power delivery architecture with a con-
ventional best-in-class power delivery unit. Experimental
results showed up to 20-times reduction in power conversion
losses for DPP architecture compared to commercial counter-
parts for various loads, such as web traffic and computational
loads.

The concept of differential power processing has previously
been implemented in several applications that include photo-
voltaics [9-16], battery chargers [17,18], and computing loads
[7,19]. Such applications are analogous to the series-stacked
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Conventional power delivery system for data centers such that in (a) AC voltage is rectified, then cascaded DC-DC converters are

employed, and in (b) AC voltage is stepped down using special transformer after which rectifiers are connected.
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(2)

Fig. 2

power delivery architecture for data centers [1]. The analogy is
essentially due to the nature of operation in which the building
block of a series-connected system undergoes a power mis-
match due to considerable fluctuation in the current. In the
case of data centers, such mismatch occurs due to the uneven
loading of servers according to different computational loads
of each sever. DPP systems of series-stacked servers can be
classified according to their architecture into three main sec-
tions: server-to-server, server-to-bus, and server-to-virtual
bus. In [1,8], the server-to-bus and the server-to-virtual-bus
architecture are proposed as the series-stacked DPP architec-
ture, employing the Dual Active Bridge (DAB) converter as
the DPP unit, which is depicted in Fig. 2. A bidirectional hys-
teresis control is employed to regulate the servers’ voltages and
the virtual bus voltage. Several setbacks arise from using hys-
teresis controllers to regulate DC values, such as a low immu-
nity to noise and the need for high-quality sensors especially
when operation requires high-frequency switching.

Although the PI controller is widely studied in a multitude
of applications, it has not been implemented in DPP of servers.
Based on the available literature, PI controllers have been used
in applications employing DPP such as PV-based generators
using different converter types, namely: flyback converter
[20] and bidirectional buck-boost converter [21], in which the
control algorithm is entirely different from the approaches pre-
sented in this work. For DPP implementation in data centers,
the hysteresis controller [22,23] has been the subject of almost

Bus <_> o Virtual
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(b)

Series stacked power delivery system for data centers. (a) Server-to-bus-architecture. (b) Server-to-virtual bus.

all DPP studies on data center applications. Therefore, the
novel PI-control approach, introduced in this work, can be
considered more advantageous than that of hysteresis control
[24-26]. The presented work in [27-29] shows the potential
to attain high-efficiency and reliable DPP operation using
the proposed PI-control approach.

Therefore, the proposed work in this paper provides two
main points:

e To the best of the authors’ knowledge, this work represents
the first attempt to employ a novel and simple PI control
approach. It performs voltage control over the Input Series
Output Parallel (ISOP)-connected DPPs in the server-to-
virtual bus architecture. It also accomplishes a unique string
current control besides voltage control over the DPPs in the
server-to-bus architecture. The proposed Pl-control offers
less complexity, lower harmonics, lowers filtering require-
ments than that of hysteresis control and higher immunity
towards the noise, thus no need for high-quality sensors.
The novelty of the employed control approaches involves
the implementation of robust, fixed switching frequency
and well-tuned PI controller in the successful performance
of differential power processing in the data centers in
general.

Simulation-based comparative study between server-to-bus
and server-to-virtual bus architectures, which proved to
have the highest reliability for differential power processing
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Fig. 3 Schematic of DAB converter.
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Fig. 4  Server-to-bus architecture (PI voltage control approach).

applications in general. Furthermore, an experimental
investigation is conducted to practically validate the simula-
tion results and offer a detailed account of comparison
based on the same operating conditions and the same con-
verter design in both architectures.

This paper is organized as follows: Section 2 presents back-
ground on the differential power processing architecture
focused on server-to-virtual bus and server-to-bus architec-
tures, Section 3 discusses the mathematical models and the
employed control algorithms. Moreover, Section 4 discusses
the system parameters design, Section 5 shows the simulation

and experimental results and results of the proposed control
approaches using simulation tools as well as experimental pro-
tocol, Section 6 concludes the paper.

2. Background

In this section, the Dual Active Bridge (DAB) converter, which
is utilized in the discussed DPP systems, is presented. Besides,
a brief review of the server-to-bus and server-to-virtual-bus
DPP architectures is demonstrated, as they are the main scope
of this work.
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Fig. 5 Server-to-bus architecture (PI optimal string current control approach).
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The DAB converter, shown in Fig. 3, is an isolated bidirec-
tional DC-DC converter that offers several merits including
simple structure, high power density, soft switching operation,
bidirectional power flow capability, and easy implementation
of its Phase Shift Modulation (PSM) control. Generally,
DAB consists of two H-bridge converters, two DC link capac-
itors, and a High-Frequency Transformer (HFT) with a turns
ratio of (m), and leakage inductance (L), which is considered
the main energy transfer element. This HF transformer offers
galvanic isolation, and voltage transformation. Single phase
shift (SPS) control is applied to the DAB converter, which is
considered most attractive due to several advantages, such as
fast response, high dynamics. SPS has very simple control,
which depends on one phase shift between the square-wave
voltages of the primary and secondary sides of the HF trans-
former that is called an outer phase shift (D) [30].

2.1. Server-to-bus architecture

The general idea in this architecture is that each server has a
designated DPP converter connected across the server, which
steps down the bus voltage to the desired server operating volt-
age, as depicted in Fig. 2(a).

In [1], the first experimental protocol that serves as a proof
of concept for server-to-bus DPP architecture for server power
delivery is presented. It provides a detailed mathematical anal-
ysis that illustrates how the server-to-bus architecture sur-
passes its counterparts in terms of its ability to achieve
minimum total processed power. This leads to the highest pos-
sible theoretical efficiency in power delivery and the highest
reliability. To control the power mismatch between series-
connected serves, two hysteresis-based control methodologies
are implemented: voltage control methodology and optimal
string current control methodology. The latter proved to be
more efficient in different schemes of operation. On one hand,
voltage control methodology is favorable in the case of well-
balanced servers that run at the same computational load.
On the other hand, the optimum string current control

methodology prevails when the server loads are unbalanced,
which leads to a case where the string current fluctuates and
may not settle at the dictated current value, thus higher total
processed power.

2.2. Server-to-virtual-bus architecture

In this architecture, the DPP converter is differentially con-
nected between a server and a virtual bus as depicted in
Fig. 2(b). In [5,8], detailed mathematical analysis to derive
an expression for processed power in server-to-virtual bus
architecture for power delivery to series-stacked loads is dis-
cussed. Two case studies are presented, the first assuming
Gaussian distribution of computational loads across the ser-
vers, while the second investigated the hot-swapping opera-
tion. It has been depicted that regulating servers’ voltages
and virtual bus voltage in the server-to-virtual-bus architec-
ture, is the key objective to process only the power mismatch
between servers using DPP converters, which successfully
reduces the power conversion loss. For the control technique
presented in [8], to achieve the previous key objective, the bidi-
rectional hysteresis control is utilized, in which each DPP con-
verter keeps both its input (i.e., virtual bus) and output (i.e.,
server) voltage within a predefined hysteresis band by injecting
or rejecting current to its server or the virtual bus. When volt-
age values are below both hysteresis bands, DPP converters
are turned OFF to maximize the power delivery efficiency.
However, in addition to the complexity of the control, increas-
ing the switching frequency of the system makes the hysteresis
control less immune to the increased noise, and high-quality
sensing devices should be used.

The useful merit of such architecture is that a virtual bus is
considered a free design parameter that can be set as the server
nominal voltage, which further eliminates the voltage stepping
stage that is required in server-to-bus architecture. The input
and output terminals of the DPP converter, in this case, are
identical, which makes the whole system easily scalable with-
out the need to redesign the DPP converter [31].
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Fig. 6  Server-to-virtual-bus architecture (PI independent voltage control approach).
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3. Mathematical modelling and control algorithm of the
proposed control approches

In this section, detailed mathematical analyses are derived and
discussed for how the differential power is processed in the
proposed control approaches of both server-to-bus and
server-to-virtual-bus architectures.

3.1. Server-to-bus architecture

In the server to bus architecture, shown in Fig. 2, the DPP con-
verters used in this architecture are the DAB converters, which
are to be one side parallelized and connected to the DC bus,
while the other side is connected to the servers.

In the series-stacked data center architectures, the DAB
converters are controlled in a manner to compensate for the
mismatch between servers loading. Therefore, two control
approaches are employed in server-to-bus architecture control.
The first control approach is denoted as a PI voltage control
approach and shown in Fig. 4, which focuses only on regulat-
ing the voltage of the series-connected servers with no use of
current controllers. While the second control approach shown
in Fig. 5 is denoted as PI optimal string current control
approach. In this control approach, not only, servers’ voltages
are regulated, but also the string current is measured and con-
trolled using a PI controller. Therefore, the control of string
current can be employed to minimize the total power processed
by the DAB converters. The two proposed control approaches
are discussed in the subsequent sections with more details.

3.1.1. PI voltage control approach

The PI voltage control approach only requires voltage sensing
to execute the control tasks. The sequence of operation starts
by measuring the server voltage, which is then subtracted from
the reference value V7, obtained from (1), to derive the
required DAB phase shift ratio using a PI controller, as shown
in Fig. 4. This control approach lacks the capability of string
current optimization to achieve minimum processed power in
the DAB converters.

V= Vi /n (1)

where Vp, is the bus voltage, n is the number of series-
connected servers. Then, the PI controllers are used to com-
pensate for the error between the measured and the reference
values of the server voltages, which generates the required
phase shift ratio D, for each DAB converter, as shown in
Fig. 4.

All control approaches discussed in this context deal with
the average values of current and voltage measurements. The
rationale for such a claim is that the instantaneous values of
the currents and voltages may fluctuate due to the switching
actions of the converters or due to the fast-changing nature
of the servers’ loading. These ripples are small compared to
the average value of voltages and currents; thus they can be
neglected.

The parallel-side of the DAB converters is connected to the
bus, which is considered the main power supply of the system
and the source-side of the DAB, while the series-side is con-
nected to the servers, which is considered the load-side of the

Table 1 Simulation/experimental parameters.

Parameter Value
Input voltage 36V
No. of servers 3
Transformer turns ratio 3:1
Transformer leakage inductance (referred to 12 V side) 30 uH
Transformer magnetizing inductance (referred to 12 V 128 pH

side)
Transformer core losses (R.) (referred to 12 V side) 25Q

On-state resistance of the switching devices (R,,) 0.27 Q

Switching frequency 10 kHz

Capacitance at each server-side 1000
nF

Virtual bus capacitance 6600
nF

DAB. For this particular architecture, the DAB converter
includes HFT whose turns ratio must be equal to the number
of the series-connected servers (m = n). The power flow of each
DAB converter depends on the difference between the servers’
currents. The power flow in the case of the DAB connected to
the highest server current is from the source side to the load
side, while the power flow in the case of the DAB connected
to the lowest current server, is from the load side to the source
side. The power flow of the other DABs depends on the cur-
rent value of their connected servers. If a given server current
is closer to the lowest server current in the stack, then its cor-
responding DAB current should have a lower magnitude and
similar direction to that of its designated DAB current. There-
fore, the current of each DAB is determined according to its
power flow magnitude and direction. In this context, the string
current is the average value of the servers’ currents, which
achieves the lowest DAB currents (processed currents). How-
ever, the aforementioned argument is solely valid if the total
voltage drop across the series connection loop of the servers
is completely neglected. However, if a slight voltage drop is
considered across the series connection loop, which can practi-
cally exist due to the wiring or the supply internal resistance
and is represented by the resistance (R,) as depicted in
Fig. 4, the string current is not the average value of the servers’
currents. Consequently, the DAB currents are not minimized
unless a current control algorithm is adopted. A simple voltage
control approach lacks the advantage of optimizing processed
power because the string current is not the optimum value and
consequently DAB currents (processed currents) are not mini-
mized. Hence, there are infinite combinations between DAB

Table 2 Server loading intervals.

Time Interval Server 1 Server 2 Server 3
0.1-0.2 s 2 A 3A 4 A
0.2-0.4 s 4 A 2 A 3A
0.4-0.6 s 3A 4 A 2 A
0.6-0.8 s 4 A 2 A 4 A
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currents and string currents that can achieve the same server
currents, where the optimal combination cannot be guaranteed
due to the nonideality of the practical systems.

Applying KCl at each DAB-server node in Fig. 4, then

Islring = Iy — Ipok (2)

where Iying 1S the string current, Iy is the k™ server current and

Ipor is the output processed current of the k™ DAB. The power
handled by each DAB (Pp4p) is given by

PDABk = VYkIDGk (3)

where Vyis the k™ server voltage.
The total processed powers in all DABs (P,,y) is then given
by

Prour = Z VI pok

k=1

)

Since the PI controllers equally regulate server voltages,

then

n
Pmml = V? § IDak
k=1

The DAB converter is designed to achieve voltage conver-
sion with ratio 1 : n. Hence, the DAB current of the parallel
side Ipy is given by

Ipi = Ipy/n

()

(6)

Thus, the sum of DAB parallel side currents /p; is obtained

by
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Ideally, the bus current I3, is given by (8), which equals the
average value of the servers’ currents.

1<
- lek (8)
n k=1

IBus = IDi + Istring =

3.1.2. PI optimal string current control approach

In this control approach, the servers’ voltages are equally reg-
ulated, while the string current is controlled to minimize the
total power processed by the DAB converters irrespective of
the unavoidable voltage drop due to the parasitic resistance
(Rp). The controller block diagram for PI optimal string cur-
rent control approach is shown in Fig. 5.

In this case, a higher number of sensors is required because
the control algorithm requires both current and voltage mea-
surements. The previous control objectives can be achieved
by regulating the string current /., to be equal to the average
of the servers’ currents given by (9).

slrmg Z I.Sk (9)

Accordingly, there are (n+ 1) variables to be controlled,
which are the string current Igun, and n servers’ voltages.
These (n + 1) variables are controlled through n DAB convert-
ers. This is achieved by controlling (n — 1) servers’ voltages
using (n — 1) DAB converters, while the n'server voltage V,
is naturally regulated to the value given by (10) according to
KVL.

n—1
Vm - VBus - Z Vrk (10)
k=1

The n” DAB converter is specifically responsible for con-
trolling the string current I, Therefore, (n — 1) voltage
measurement and (n + 1) current measurements are required.
From (2), the DAB output current Ip, is found as

20 T T T T T T T
IS |
~ 16+ Ve
EI) Vs3
= 12 = % o
1) g T v
>
5 ol |
g2
%)
wnn
4 — -
1 L 1 1 1 1 1 1
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Time, s

~

(98]
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Fig. 19  Server-to-bus architecture (PI voltage control approach) experimental results. (a) Servers’ voltages. (b) Servers’ currents.
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Ipok = Te — Lyuring (11) current control approach entirely depends on reversing the
From (6), the DAB input current Ipy is given by power flow to_ a.chlgve the control objective and thus subtrac-
tion reversal is justified.
1
Ipi == — Ly 12
o n( s ne) (12) 3.2. Server-to-virtual-bus architecture

By applying KCL at the node of the parallel side of DABs,
the total DAB input current 7p; is given by
Z (Isk - Ixtring)

n 1
Ip; = E Ipi = ;
k=1 k=1

1 Iy
= (; ;Lk) - (; kZ]l\'tr‘ing)

1<
- <_ Z I:k) - Istring (]3)
S
From (9), the DAB input current Ip,; equals
1 &
IDi = <Z Z I,rk) - I.vtr'ing = I,rtring - Islring =0 (]4)
k=1

This means that the total absolute power processed by
DAB converters is minimized and the bus current /g, is given
by (8), which represents the average of the servers’ currents.

To generate the error signal required for the DAB that per-
forms the average current control, subtraction is reversed such
that the average servers’ currents (the reference signal) are sub-
tracted from the actual value of string current. The error signal
is then plugged into the PI controller to generate the required
phase shift ratio for this particular DAB. The PI optimal string

The server-to-virtual bus DPP architecture and its PI indepen-
dent voltage control algorithm are shown in Fig. 6, where n
servers are connected in series. Each server is connected to a
dual active bridge (DAB) acting as a differential converter.
All DABs are then connected to a common capacitor repre-
senting a virtual dc bus. The PI independent voltage control
algorithm aims to independently balance the voltages among
the series-connected servers as well as maintaining the voltage
of the virtual bus constant. Therefore, the servers’ voltages in
addition to the virtual bus voltage are measured and sub-
tracted from reference values and the error is compensated
using PI controllers. Since all the servers’ voltages are not inde-
pendent but coupled through their series connection, only
n—1 DABs are needed to balance the voltages among the
series-connected servers, where the voltage of the last server
is inherently balanced due to KVL across the series-
connected servers as given by (8).

n
VBu.s = § V.yk
k=1

Therefore, the goal of the PI controllers of (n — 1) DABs
is to balance the voltage of their corresponding servers, while
the remaining PI controller aims to keep the voltage of the

(15)
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virtual bus constant, where V;and V7, are the reference val-
ues for the server voltage and the virtual bus voltage, respec-
tively. In the case of virtual bus voltage control, the
subtraction has been reversed for both the reference and
actual voltages, as depicted in Fig. 6. This is simply because
the power flow direction of the DAB controlling the virtual
bus voltage has to be reversed.

Each PI controller produces the required duty ratio Dy of
the corresponding DAB. Due to the server-to-virtual-bus
architecture, there are no restrictions on the HFT turns ratio.
Assuming a 1 : m turns ratio, then

Ipo
Ipg = 2% (16)
After applying KCL on each server node, then
lering = Ibus = 15/( — Ipok (17)

The instantaneous voltage of the virtual bus is given by

(18).
/ la(e)ds

where V) and I, are the instantaneous values of virtual bus

voltage and current, respectively, while Cyp refers to the vir-

tual bus capacitance. According to (18), after applying the PI

independent voltage control approach control of the virtual

bus topology, the virtual bus voltage Vyp is maintained con-

stant resulting in a zero virtual bus average current.
Applying KCL at the virtual bus side

VVB(I) = VVB(Z()) -‘-CL (18)

IVB:ZIDikZO (19)
k=1
Substituting by (16) into (19) gives (20).
< Ipok
Ip=Y 2%=0 (20)
= "
Substituting (11) in (20), then
“ Iv - IV rin;
2(7* s ) —0 (21)
k=1 m
Finally, Zyng is deduced and given by (22).
n Ig ’
Isrring = % (22)

Since the string current is the average of the server currents
despite the value of R, is, then the processed current by each
DAB is minimized and the efficiency is intrinsically maximized.

4. System design

This section is intended to provide a detailed design procedure
that is employed to perform the simulation and experimental
investigation of differential power processing for the server-
to-bus architecture and server-to-virtual bus architecture.
The design procedure includes the transformer leakage induc-
tance, transformer turns ratio, and sizing of virtual bus
capacitance.
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Server-to-bus architecture (PI optimal string current approach) experimental results. (a) Servers’ voltages. (b) Servers’ currents.
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4.1. Transformer

The power delivered by each DAB is determined according to
the following equation as in [21]

l’l’lV] VzD(] — D)
2f L

where m is the transformer turns ratio, V', V, are the voltage
of the primary and secondary sides, respectively, f; is the
switching frequency, and D is the phase shift ratio which
ranges from —0.5 to 0.5.

The leakage inductance should be designed such that the
maximum power delivered by the DAB equals the maximum
power mismatch in the data center system, which can increase
up to the server rated power. Therefore, the leakage induc-
tance is given by;

LLALE: (24)
8f;~Pmted

The transformer turns ratio is designed such that it is equal
to the number of series-connected DABs (m = n) in the server
to bus architecture. However, in the server to virtual bus archi-
tecture, there is no restriction on the selection of the trans-
former turns ratio. Hence, the preferred design in this study
is a 1: 1turns ratio to decrease the voltage ratings of the
employed semiconductor switches.

P= (23)

20 22 24

Time, s

Server-to-bus architecture (P optimal string current approach) experimental results (Cont.). (a) String current. (b) DABs output

4.2. Virtual bus capacitor

The design of the virtual bus capacitor, Cyp, should carefully
be selected to ensure small voltage ripples at the virtual bus
side. Applying KCL at the virtual bus capacitor shown in
Fig. 6, then
Ic= CVB =1l = Zlu,k (25)
where, I-is the output current of the virtual bus capacitor.

The DAB input current, referred to virtual bus voltage side,
is calculated by [32],

Vs
Ip; = D(1-D 26
Substituting from (26) in (25) gives
AVVB Vs
Cyp 2f—LDk — Dy) (27)

where AV pis the virtual bus voltage ripple and AT is the time
difference, which can be substituted by (1/f;). Then, from (27),
the value of the capacitance can be found as,

VVB .
Crs=—"2 5" D(1-Dy) (28)
= aha L
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The capacitor should be designed at the worst-case scenar-
io, where all the DABs operate at their maximum ratings such
that D, = 0.5. Then, the final capacitor formula is given by;

nVyp
Cyp >
VB_8

AVn)°L @)

5. Simulation and experimental results

Three MATLAB/SIMULINK models as well as an experi-
mental rig are constructed to validate the proposed control
approaches illustrated in the previous sections. The simulation
models/experimental prototype comprise three series-stacked
servers each rated at 12 V, three DAB converters each have
a nominal power of 60 W, operates at 10 kHz, and has a leak-
age inductance of 30 puH referred to low voltage side, which is
calculated according to (24). The transformer turns ratio is 3:1,
with a magnetizing inductance referred to the low voltage side
of 128 pH. In the case of server-to-virtual bus architecture, for
0.3% voltage ripple magnitude, the virtual bus capacitor
should be greater than 4.6 mF, as calculated by (29), so a
6.6 mF capacitor is used. The system parameters are listed in
Table 1.

It is worth mentioning that at higher switching frequency
than the adopted 10-kHz operation, the virtual bus capaci-
tance value can significantly be reduced. However, the practi-
cal investigation in this paper is restricted by the frequency of
the selected switch and the hardware gate driver used.

5.1. PI controller tuning

The PI controller gains for all cases are tuned based on online
trial and error technique. The values of the proportional com-
ponent (Kp) and integral component (Kj;) of the server-to-bus
architecture (PI voltage control approach) are set as 5 and
20000, respectively. PI voltage control approach is only con-
cerned with voltage equalization and there is no control over
the string current, therefore; the integral component has to
be increased to a notably high value to minimize the steady-
state error, which consequently slackens the system response
to the variations of the servers’ currents. On the other hand,
Kp =5,K; =2000 are the defined gains for the remaining
two control approaches, namely: server-to-bus architecture
(PI optimal string current control approach) and server-to-
virtual bus architecture. No need for high integral component
value in these two latter cases because the string current is con-
trolled either directly in the server-to-bus case or indirectly in
the server-to-virtual bus case.

It is worth mentioning that the PI tuning optimization is
within the group’s future research framework which includes
experimental investigation using actual servers.

5.2. Simulation

The objective of the following simulation study is to evaluate/-
compare the server operation in the two architectures, namely:
server-to-bus architecture (in which two control approaches
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are employed) and server-to-virtual bus under the proposed
voltage/current control. In the following simulations, servers
are modeled as controlled current sources whose loading pro-
files are shown in Table 2.

5.2.1. Server-to-bus architecture (PI Voltage control approach)

The controller is designed to maintain the server voltages at
reference values with a low level of loading mismatch. The goal
is achieved using simpler PI control that generates the required
duty cycle for the three DABs.

Server voltages V. and currents Iy under PI voltage con-
trol approach are shown in Fig. 7(a) and (b) respectively.
The simulation shows that each server can withdraw the
required load current while successful voltage balancing is real-

ized at the 12 V voltage level. As previously stated, the string
current fg,,;,, under this approach is uncontrollable, and its
profile is shown in Fig. 8. The shortcoming in this control is
that the string current profile significantly depends on the par-
asitic resistance (R,).

Fig. 8(a) shows the string current assuming an ideal case
(R, = 0), which equals the average value of the servers’ cur-
rents. By assuming a parasitic resistance (R,) of 0.001 Q, the
string current deviates from the average value of the servers’
currents Iy, as shown in Fig. 8(b). This parasitic effect can
however be eliminated by applying the PI optimal string cur-
rent control approach. The DAB converters are operated to
compensate for the current mismatch between each server
and the actual string current I, throughout the operation.
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The output currents /p,; of the DABs (processed currents) are
shown in Fig. 9(a) under the ideal case, which is minimized.
While Fig. 9(b) shows the output currents Ip,; of the DABs
when a parasitic resistance of 0.001 Q has been introduced in
the series connection loop. In this case, it is evident that the
processed current is not minimized and highly susceptible to
hardware deficiencies. Therefore, the efficiency of the system
is considerably higher in the ideal case and decreases when
inserting the parasitic resistance as seen in Fig. 10(a) and (b),
respectively.

5.2.2. Server-to-bus architecture ( PI optimal string current
control approach)

PI optimal string current control approach is designed to
maintain the servers’ voltages V. balanced while forcing
the average value of the servers’ currents [ to flow through

the string regardless of the value of Rp. The simulation
results are taken with a parasitic resistance (Rp) of
0.001 Q. Fig. 11(a) shows a perfect voltage balancing for
all servers at 12 V, while the server currents Iy are period-
ically changing as shown in Fig. 11(b). The string current
Lying as shown in Fig. 12 is equal to the average value of
all currents Iy drawn by the three servers at any given
instance of the whole operation period. This leads to mini-
mizing the processed power P, by each DAB converter
as clear from the current values Ip,; of different DAB con-
verter shown in Fig. 13(a). Resulting in a very high effi-
ciency as seen in Fig. 13(b).

5.2.3. Server-to-virtual-bus architecture

In this architecture, the PI independent voltage control objec-
tive is to maintain the server voltages V; balanced while keep-
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approach).

ing the virtual bus voltage V', constant at its reference value.
The simulation results are also taken for Rp = 0.001 Q. Since
the same hardware structure is used for both architectures, the
reference virtual bus voltage is set to 36 V.

Fig. 14(a) depicts that the server voltages V. are well-
balanced around their reference value (12 V) regardless of
the current variation shown in Fig. 14(b). The virtual bus volt-
age Vyp is successfully maintained constant at its reference
value of 36 V, as shown in Fig. 15. Resulting in a string current
ILyving that is inherently equal to the average value of server cur-
rents Iy as shown in Fig. 16, which is proved earlier in the
mathematical modeling section. This minimizes the total pro-

cessed power P, shown in Fig. 17(a) and increases the effi-
ciency as depicted in Fig. 17(b).

5.3. Experimental results

An experimental prototype system is constructed as shown in
Fig. 18 to validate the simulation results. A real-time simulator
(OPAL-RT) is used to control the whole system which offers
online measurements and online tuning of the control system
parameters. The servers are emulated by variable resistors,
whose values are continuously varied to simulate the dynamic
server loading. The server-to-bus and the server-to-virtual bus
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architectures have been applied and tested with the proposed
control approaches.

5.3.1. Server-to-bus architecture (PI voltage control approach)

The experimental test rig is connected as shown in Fig. 4 and
the first control approach has been applied, where each DAB is
responsible for controlling the voltage of the corresponding
server. The control approach successfully maintains the volt-
age of each server at 12 V, as shown in Fig. 19(a), while the
servers’ currents [y are shown in Fig. 19(b). As depicted in
Fig. 20(a), string current I, is considerably below the aver-
age value of the server currents /.. Consequently, higher DAB
output currents Ip,; (processed currents) flow, as shown in
Fig. 20(b), due to parasitic resistances discussed earlier.

5.3.2. Server-to-bus architecture (PI optimal string current
control approach)

The controller used in this case is shown in Fig. 5, such that
one of the DABs is responsible for controlling the string cur-
rent I, and the rest are responsible for controlling the ser-
vers’ voltages at 12 V, as shown in Fig. 21(a), regardless of
the current variation shown in Fig. 21(b). With this controller,
the string current I, equals the average of all server cur-
rents, as shown in Fig. 22(a), resulting in the minimization
of DAB

output currents Ip, (processed current), as shown in
Fig. 22(b). However, all server currents I as well as the string
current /gy, need to be measured to apply this control
approach.

5.3.3. Server-to-virtual-bus architecture

The experimental setup is reconnected as shown in Fig. 6 to
test the server-to-bus architecture with the proposed PI inde-
pendent voltage control approach. Fig. 23(a) and (b) show
the servers’ voltages V. and the virtual bus voltage Vg,
respectively, which are successfully maintained at the required
values, while the servers’ currents 7y change continuously over
the whole operation, as depicted in Fig. 24(a). Fig. 25(b) shows
the string current Ig,;,,, which is slightly higher than the ser-
vers’ average current by about 0.3 A, due to core losses and
magnetization currents of transformers. Core losses and mag-
netization currents are notable in experimental results due to
the limited power level of the prototype system. However, in
higher power servers, core losses and magnetization currents
may be negligible. Nevertheless, even with the notable increase
in string current, the DAB differential operation is successfully
achieved with low processed DABs output currents (Ip,), as
shown in Fig. 25.

The experimental efficiencies are depicted in Fig. 26, where
the efficiency of the server-to-bus architecture (PI voltage con-
trol approach) shown in Fig. 26(a) is lower than the efficiencies
of the server-to-bus architecture (PI optimal string current
control approach) and the server-to-virtual bus architecture
shown in Fig. 26(b) and (c), respectively. It is evident that
the efficiencies in the simulation are nearly the same as that
obtained from the experimental setup. Also, the efficiencies
can significantly be increased by selecting a transformer with
lower core losses.

To evaluate the performance of the DABs in each of the
previously discussed architectures with their corresponding
control approaches, the ac currents at the server side in each

of the three DABs are measured and shown in Fig. 27. The
measurements are recorded when the three servers draw 4A,
2A, 3A, respectively. Moreover, ac currents in the case of the
server-to-bus architecture (PI voltage control approach),
server-to-bus architecture (PI optimal string current control
approach), and server-to-virtual bus, are illustrated in
Fig. 27(a), (b), and (c), respectively. Obviously, the first case
has the highest DAB current, which leads to a lower efficiency
converter as mentioned earlier.

6. Conclusion

The operation of n-series-stacked servers employing differen-
tial power processing concept was investigated in this paper.
A comparative study has been conducted to compare three
control algorithms based on simple PI controllers. Two control
approaches were introduced for the server-to-bus architecture
and one control approach was suggested for server-to-virtual
bus architecture. A comparative discussion of both architec-
tures under the proposed control approaches based on the
experimental investigation is summarized in Table 3.

Server-to-bus is presented with two novel
approaches:

control

1. The PI voltage control approach is intended to keep server
voltage domains all balanced and controlled to operate at
the desired reference voltage. Therefore, a voltage measure-
ment is required to employ this control algorithm. This
approach is advantageous in terms of reliability because
the sustained operation is achieved even when one server

Table 3 Comparison of system performance.

Server-to-
virtual bus

Server-to-bus
(PI optimal

Server-to-bus
(PI voltage

Point of
comparison

control string current (PI voltage
approach) control control
approach) approach)
String current  Uncontrollable Average value  Average
of server value of
currents server
currents
Susceptibility Dependent Independent Independent
to voltage drop
Total High (60%) Low (20%) Low (20%)
processed
power as a

percentage of
the total power

Efficiency Low (70%) High (85%) High (85%)
Reliability High High Low
Switch voltage Bus voltage Bus voltage Server
rating and server and server voltage
voltage voltage
Scalability Not scalable Not scalable Scalable
Voltage Server voltages Server voltages Server &
measurement virtual bus
voltages
Current None Servers and None
measurements string currents
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is malfunctioning. However, the processed currents in the
DABs are high as seen earlier resulting in lower overall
efficiency.

2. The second control approach is employed to achieve two
goals, namely: to balance the servers’ voltages and to force
the string current to be the average of all server currents.
The processed currents by DABs are minimized, thus,
higher overall efficiency is achieved. However, more sensing
elements are required, namely: servers’ voltage measure-
ment as well as the current measurement of the servers
and the string, are needed.

On the other hand, in server-to-virtual bus architecture, the
PI independent voltage control aims to balance the server volt-
ages as well as to maintain the virtual bus voltage constant. In
this control approach, only voltage measurements for the ser-
vers as well as the virtual bus are needed. Merits of this control
approach include high efficiency, simple control, and a more
flexible transformer design. The turns ratio can be selected to
be a 1:1 turns ratio, yielding a reduced voltage rating of the
DAB secondary side. The major demerit of this system is its
low reliability because when a single DAB is out of service,
the whole system fails to operate correctly.

It has to be noted that the efficiencies in Table 3 are not
absolute and vary with the system parameters. The efficiency
can increase using switches with lower on-state resistance
(lower switching losses) and/or using a better material for
the transformer core. The merits and demerits of both architec-
tures under different controllers have also been highlighted.
One of the major findings of this work is that the switching
delay issues in DPP converters’ operation can be eliminated
using the proposed PI control approach instead of hysteresis
controllers, which counts as an advantage given the fast-
changing nature of server loading mismatch. PI controller
mainly depends on tuning the controller gains for a robust
and fixed switching frequency operation. The study showed
that the selection between different architectures and con-
trollers involves trade-offs between overall efficiency, reliabil-
ity, and cost.
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