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Abstract—In  Artificial Intelligence (AI) datacenter
applications the stochastic nature of the compute power demand
combined with short overpower spikes renders traditional
power rating metrics for converter systems (indicating steady-
state power limits) useless. This paper proposes a new Dynamic
Design Power (DDP) metric based on a peak power and a
moving RMS power limit: The DDP is applicable to arbitrary
pulse-load waveforms and suitable for power converters with
predominantly quadratic loss scaling, thereby enabling a
simplified yet meaningful representation of the complex
electrothermal properties of a power converter system. This
paper derives the DDP metric from the loss scaling of the main
power components of a soft-switched LLC DC-DC converter. A
converter characterization guideline to obtain the DDP
parameters is presented which also identifies the dynamic power
bottlenecks. The DDP is shown to enable a straightforward and
physically meaningful comparison of power converters and
allows to verify whether a given Al pulse load profile can be
supplied. Further, the DDP metric can be used to specify
optimal requirements for new power converter modules for a
given rack power demand profile. Last, the DDP metric may
serve as a common language among stakeholders in Al
datacenters.
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I. INTRODUCTION

The rising power demand per compute unit in Artificial
Intelligence (AI) datacenters facilitates rising interest in
800V DC supply architecture as illustrated in Fig. 1:
Typically one Power Rack (PR) supplies several Machine
Racks (MRs; also referred to as compute / payload racks)
essentially forming a DC microgrid [1], [2]. In the PR the low
voltage (LV) mains (typ. 400V or 480V RMS line-to-line) are
rectified by Power Factor Correction (PFC) AC-DC
converters and isolated DC-DC converters supply an 800V
DC bus. Further, Battery and Capacitor Back up Units
(BBUs, CBUs) provide energy storage to cover short grid
outages and the stochastic Al load variations, respectively
[3]. In the MR the 800V DC bus voltage is stepped down to
typically 51.5V DC by the isolated MR DC-DC converters
(typically realized as an LLC converter, see Fig. 2a) and
subsequent Point of Load (PoL) converters [4] generate the
final supply voltage <1V for the Al accelerators.

These Al accelerators feature a highly-varying power
demand characterized by short overpower spikes as
illustrated in Fig. 2b, where the exact load pattern is not a-
priori known [5], [6], [7]. Today, power converters are
specified based on traditional power converter metrics, that
is:
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Fig. 1 Tllustration of an 800V DC supply architecture for future Al
datacenter comprising Power Rack (PR) and Machine Rack (MR) [1], [2].
The focus of this paper is a new Dynamic Design Power (DDP) metric that
is demonstrated for the characterization of the MR DC-DC converters.
e Thermal Design Power (TDP) representing the
steady-state power limit Pay,, and
e Electrical Design Power (EDP) representing the
short-time peak power limit Py for specific load
waveforms and durations [8], [9], [10], [11].
However, TDP and EDP are not appropriate to characterize a
power converter supplying Al loads with stochastic load
power level variations.
Accordingly, this publication proposes a new Dynamic
Design Power (DDP) metric which defines the power
converter output power limits as

po(t) < Ppk:

t

1
? fpo(T)ZdT < PRMS! (1)

Prus(t) =
t=T
T = min(Trys, Ty),

with po(?) the instantaneous converter output power limited to
the value Pk, and prus(?), the moving RMS output power
limited to the value Prms. The moving RMS time window T’
is defined by either the converter RMS time constant Trms or
the pulse-load period 7}, whichever is smaller. Accordingly,
a converter is characterized by a tuple {Ppyk, Prms, Trms}. The
DDP metric represents a generalized dynamic power rating,
i.e., a characterization of output power capability under
varying-load conditions rather than a fixed operating point.
The DDP metric is derived in this paper for an LLC DC-DC
converter (see Fig. 2a) but is applicable to any power
converter with predominantly quadratic loss characteristics.

The remainder of this paper is organized as follows: In
Sec. II the key electric and thermal characteristics of the main
power components for the LLC converter are recapitulated
within the context of dynamic power capability, which are
then used to motivate the definition of the DDP metric (1) and
the derivation of 7rms. Further power converter
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Fig. 2 (a) Main power circuit of an LLC DC-DC converter stepping down
the V=800V DC bus voltage (modeled as an ideal voltage source) to a
V=515V output in the MR of an Al datacenter. The main power
components are the split DC-link capacitors Cq, Cqp, the primary-side
transistors Sy, S, the resonant tank capacitor C; and inductor L;, the
transformer 7;, and the secondary-side transistors S;.4. (b) Typical DC-
DC converter output current i, waveform during operation in an Al
datacenter.

characterization guidelines are presented. In Sec. III the
usefulness of the DDP metric for both, power converter
designers and purchasers, is demonstrated based on practical
application examples. Last, Sec. IV recapitulates the main
findings of the paper.

II. POWER METRIC DERIVATION

This section provides the employed simplified electric
LLC DC-DC converter model and then dives into the loss and
the thermal characteristics of the main power components
required to motivate the DDP metric (1). Further,
comprehensive power converter characterization guidelines
required to identify the moving RMS power limit Pryvs and the
corresponding time window 7 are provided.

A. LLC DC-DC Converter Modeling

Isolated DC-DC converters with an LLC resonant tank (Fig.
2a) are widely adopted in telecom and datacenter applications
due to the high conversion efficiency and the simple control
[12], [13]. In the following analysis LLC operation with the
switching frequency f; close to the resonance tank frequency
f, ie, DCX operation with an approximately load-
independent input-output voltage ratio defined by the
transformer turns ratio n;:no [5] is assumed for simplicity.
Thus, a change in the instantaneous load p, does not result in
a change of switching frequency to maintain the desired
output voltage level. Further, by neglecting the conversion
losses and assuming an ideally sinusoidal resonant tank
current waveform, the RMS current stresses of the main
power components in Fig. 2a are directly defined by the input
V=800V and output voltage V;=51.5V (assumed to be ideally
regulated to a constant voltage level') and the instantaneous
output power po(t)= Vs io(f) as,

o) = T o) = Ier(p) = "w
lopnape) = 722 @
ISsl 4(po) N h2V

Tab. 1 Loss scaling with output power p, and power limits of the main
LLC DC-DC converter components in Fig. 2a.

Component Loss Scaling Power Limits

Sp1.2, Ssi.4 qsacpo Thermally

T: e po? Thermally

L, Lo pm 2B Thermally, saturation current
G G po? Thermally, rated voltage

B: Steinmetz param. (typ. 1.8 .. 2.5)

with Npn the number of parallel-connected LLC converter
phases (Npp=1 in Fig. 2a). Note that (2) assumes that the
output power — despite being highly dynamic — does not vary
substantially within one switching period 1/f; (which holds
for typical LLC DC-DC converter switching frequencies
beyond 100kHz) such that the converter is locally in a quasi-
steady-state operation.

B. Main Power Component Loss Scaling and Power Limits

This subsection discusses the main loss phenomena for the
relevant LLC converter power components in Fig. 2a, as well
as the loss scaling characteristics with converter output power
Ppo, and the corresponding simplified thermal equivalent
circuits. Further, implications of the power components on the
EDP, i.e., the maximum instantaneous converter output power
Py are discussed. The key findings are summarized in Tab. 1.

The power transistors Sp12 and Sgi.4 are subject to both,
switching and conduction losses. Due to the complete soft-
switching operation of an LLC DC-DC converter and the low
gate charge losses of modern WBG transistors, the switching
losses can be neglected compared to the conduction losses in
commercially viable systems (with limited power transistor
chip area), especially for nominal and overload operation.
Thus, the losses of a single transistor gs are defined by its on-
state resistance and the current stress according to (2),
resulting in a quadratic loss scaling gs < p,>. Note that in
practice, the temperature dependence of conduction losses
results in a slightly super-quadratic loss scaling behavior,
which is neglected in the following in order to enable a
simplified analysis.

As power transistors in switch-mode power converters
operate far away from the saturation current limit, they do not
imply a direct limit on the EDP Py, However, a junction
temperature 0; limit has to be respected to avoid immediate
destruction and/or rapid ageing of the power transistors [14].
Fig. 3a displays a simplified Cauer thermal model which can
be used to evaluate the resulting temperature stresses of the
power transistor. The model comprises the power transistor
with thermal capacitance Cij and resistance R (typically
provided by the manufacturer) and the corresponding cooling
system comprising an insulating Thermal Interface Material
(TIM; R 1iv) connecting to the heatsink. The latter is modeled
as a two element circuit with the thermal capacitances Cinpi,
Cinn, as well as R ni, representing the temperature gradients
within the heatsink, and R n, the external thermal resistance
to ambient. Note that this model is highly simplified and the
authors refer to, e.g., [15], [16] for more comprehensive
modeling of power transistors and the corresponding cooling
systems.

! This also implies that the output capacitor C, is only subject to high-
frequency current stresses due to the rectification of the approximately
sinusoidal transformer current but is not loaded even in case of a steep
load current i, transient.
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Fig. 3 (a) Simplified Cauer thermal equivalent circuits of the main power
components of the LLC in Fig. 2a, i.e., (a) the power transistor S (the
model can be applied to Spi» and Ss1.4), (b) the transformer 7, (c) the
resonant inductor L, and (a) the resonant capacitor C, For clarity,
variables indicating power component losses are labeled with “g*, and
thermal resistances and capacitances comprise the subscript “th”.
Further, temperatures are labeled with “0 to avoid confusion with
variables indicating time constants.

The LLC transformer T; is subject to conduction losses in
the primary- and secondary-side winding and magnetic core
losses. Under the assumed operating conditions with constant
switching frequency f; and input/output voltages, the core
losses grrc are constant, i.e., representing a loss offset value
irrespective of the output power p,. In contrast, the winding
losses grrwi, gTrw2 scale quadratically with the output power
(2), leading to an overall component loss scaling g7 < po>.

As the magnetic flux in the transformer core of the
primary- and secondary-side currents ideally cancel out
(neglecting leakage flux and magnetizing current), the
transformer can be heavily overloaded without saturation such
that no immediate limit on the EDP Py exists. Similar to the
power transistors, a core temperature Orr limit (temperature
dependent saturation flux density) and winding temperature
O1r,w limit (temperature rating of the insulation) have to be
respected. Accordingly, the thermal limits of the transformer
can be investigated with the simplified thermal circuit in Fig.
3b and we refer to, e.g., [17] for more details on transformer
loss and thermal modeling.

The resonant inductor L, is subject to current stresses (2)
and thus winding losses gi: °p., as well as magnetic core
losses gire. In contrast to the transformer, the resonant
inductor core losses are output power dependent as its peak
core flux density scales approximately linearly with the
resonant tank current and thus the output power p, (2).
Employing a Steinmetz model the core losses scale as girc <
po. The Steinmetz parameter depends on both the employed
core material and operating condition (temperature, switching

frequency, output voltage) with typical values of B within 1.8
... 2.5. Thus, the overall resonant inductor worst-case loss
scaling is defined by either the (quadratic) winding or the core
losses as gr; < po"¥2 B,

With the aforementioned linear flux (density) scaling with
output power p, (2) the resonant inductor core saturation flux
density Bs: defines a sharp EDP Py limit with likely
destructive effects when exceeded. Additionally, winding
temperature Or., and core temperature 0y, limits have to be
respected (see Fig. 3c¢).

The resonant capacitor C: (typically realized with high Q
film or COG Multilayer Ceramic Capacitors MLCCs) is
subject to dielectric and conduction losses scaling as gc:, ©po°.
The resonant capacitor (RMS) voltage can be approximated as
Itd(po)/(2nf:C;) and scales linearly with the output power po.
Accordingly, the resonant capacitor voltage rating imposes a
hard EDP limit with potentially fatal consequences upon
exceeding. Further, the resonant capacitor temperature Oc;
limits must be respected. Fig. 3d provides a simplified thermal
circuit and we refer to [18] for more comprehensive thermal
models. Note that the DC input C; and output C, capacitors are
not listed in Tab. 1 as the relative current stress (i.e., RMS
current per uF of capacitance) is small compared to the
resonant tank capacitor Cr.

It can thus be concluded from Tab. 1 that, first, only the
resonant tank capacitor C; and inductor L, have a direct impact
on the EDP, Py, via the saturation current and voltage rating,
respectively, and, thus, there is a system design tradeoff
between peak power Py and electrical overdesign of the
resonant tank. Second, the remaining components can be
overloaded substantially beyond the steady-state TDP limit
Py, with a limit imposed by thermal overstress. The
discussed power components feature an approximately
quadratic (conduction) loss scaling with output power p,. This
motivates the DDP metric (1) based on an RMS output power
limit Prms Which covers the resulting power component losses
and heating under varying load more accurately compared to
the traditional TDP metric based on average power limit Payg.

C. Power Converter Characterization Guidelines

Having established the DDP metric (1), the question arises
how to define suitable values for the moving RMS power limit
Pruys and the corresponding time window Trms. To do so, the
authors propose a simple characterization routine where the
LLC DC-DC converter is operated at the maximum ambient
temperature 0amp and subject to a periodic pulse-load profile
defined as

Do (t) — { gpk: %STt < DprT , (3)
) plp < t<T,
with D, and T}, the pulse-load duty cycle and time period,
respectively. The corresponding RMS power Prus of such a
pulse-power waveform is given by:

Prus = ’Dp Ppk 4)

All relevant component temperatures are monitored during the
process. For a given period 7}, the maximum duty Dpmax(7p)
is identified by starting from low duty cycle values and
increasing D, up to a point where in thermal steady-state a
power component temperature limit is met or exceeded. This
approach is similar to performing a current-carrying capability



Tab. 2 Considered thermal parameters and loss scaling for the single-device equivalent circuits in Fig. 3.

Designator Device Param. Device Loss Scaling # Devices Limits
C[hJ=12mJ/K, Rm’j=0.25K/W
Ry iiv=1K/W - Po 2 Y = o

Spiz LK, Ray=0.SK/W gs 14.6W(Ppk) 2-Ny=6 0,m=125°C
C[h.h2=2J/K, Rth.h2=1 SK/W
Cn T =Cinen2=20J/K, - 2o\ 07w lim=Orr2im=150°C

T: Rintrwi= Rintrwa=3.2K/W ™ v 54.5W(P_Pk) 1Npi=3 GTRWI.JIZlOI)?éhm
Cintec=225J/K, Rintrel 1K/W gre=12.1W (const) Trctim
Cm,Lr,w:4OJ/ K _ Do 2

s Riyten=4. 1K/W qu«ﬁ“-lW(a) N3 O1rin=150°C

' Cin=75J/K Ge=19 8w(ﬂ)“ oh O1rcim=100°C
R =3.1K/W BT e
Cine=100mJ/K _ 2o \? AT .20 (* 1000

C: Ri.=35K/W qu,w—S.ZW(PPk) 10-Np=30 (*) Ocrim=100°C

(*) For the realization of the resonant capacitor 10 parallel MLCCs are assumed per phase of the LLC converter.

assessment for thyristors, where segments of sinusoidal
current are approximated with rectangular pulses in
combination with performing a thermal analysis based on
transient thermal impedance [19], [20].

The routine is implemented here based on thermal
simulations in PLECS with the thermal circuits in Fig. 3. A
three-phase LLC with Npr=3 [13] and a peak power capability
of Pyx = 40kW (limited by the resonant tank realization) is
considered and the employed thermal and loss scaling
parameters as well as the component temperature limits are
stated in Tab. 2 which are based on exemplary LLC DC-DC
converter properties.

Fig. 4 illustrates the characterization routine with focus on
one of the primary-side power transistors S, (for the
considered Npy=3 there is a total of 6 primary-side transistors).
Fig. 4a displays transient simulation results for 7,=1s and
D,=0.2. Thermal steady-state is reached after 120s where the
junction reaches up to 6jma—=100°C<8;;;n=125°C. Fig. 4b,
displays resulting steady-state waveforms for 7,=1s and
D,={0.1, 0.2, 0.3}. As can be observed, the steady-state
heatsink temperatures 6, are approximately constant within
one pulse period 7, (the heatsink thermal time constant is
substantially larger than 7}) and increase with /Dy, i.e., the

average transistor conduction losses during one pulse period.
In contrast, the junction temperatures 6; visibly show a
variation A®; within one pulse period 7, which is
approximately constant for the considered values of D, due to
the low thermal time constant of the transistor junction

compared to the pulse duration DT}, (i.e., the junction reaches
a local thermal steady state). The junction temperature reaches
0 max=0j1im for D,=0.3 which thus represents the maximally
tolerable pulse duty cycle D, for T,=Is. This corresponds
according to (4) to an RMS power limit of 21.7kW imposed
by the power transistors.

Note that with a resulting maximum Dp<0.5 (which is
typically the case in Al applications with high EDP
requirements, i.e., Py substantially above the TDP Pay,) both
the component temperature average value and the temperature
variation amplitude are maximized with the considered pulse-
load pattern (3). Accordingly, the DDP metric is conservative
and for any pulse-load profile p, respecting the DDP limits (1)
the considered temperature limits will be respected. Obviously
this only holds if the underlying assumption of predominant
quadratic loss scaling is given.

The same routine is repeated in Fig. 4¢ for an increased
T,=10s. Note that for a given pulse duty cycle D, the average
heatsink temperature is still identical to Fig. 4b as the average
transistor losses are the same (the loss model in Tab. 2 does
not consider the impact of elevated junction temperature on
the conduction losses). However it can be observed that in
contrast to Fig. 4b also the heatsink temperatures 6y vary
visibly by A6y during one pulse period in Fig. 4¢, thereby also
increasing the junction temperature variation A®;. Here,
0 ma>0;1im=125°C is exceeded for Dy=0.3 and thus a smaller
maximally tolerable pulse duty cycle Dy max for 7,=10s results
compared to 7Tp=1s.
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Fig. 4 Power converter characterization routine performed by means of simulations for one of the primary-side power transistors S,: (a.i) — (c.i.) display the
conduction losses gs and (a.ii) —(c.ii.) display the resulting junction 6;, heatsink 6y, and ambient 0., temperatures obtained from the thermal equivalent
circuit in Fig. 3a and the parameters provided in Tab. 2. An ambient temperature 0,,,=40°C is considered. For (a)-(c) a pulse pattern according to (3) with
Py = 40kW is applied and the figures display: (a) transient simulation with 7;=1s and D,=0.2, where steady-state is reached after 120s, (b) steady-state
waveforms for 7,=1s and D,={0.1, 0.2, 0.3} (note that a junction temperature limit of 6;;»=125°C is reached for D,=0.3), and (c) steady-state waveforms

for T,=10s and D,={0.1, 0.2, 0.3} (here, 0;,=125°C is exceeded for D,=0.3).
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Fig. 5 Power converter characterization routine: (a) Simulated maximum steady-state transistor junction temperature 6; (for 0,m,=40°C) for the pulse load
pattern according to (3) over the pulse period 7}, and duty cycle D,. The junction temperature limit 0;;=125°C is highlighted and indicates the maximally
tolerable duty Dy max for a given period 7}, (b) Maximum pulse duty Dy, mex-over period 7}, for the main power components of the LLC in Fig. 2a. (c) Resulting
RMS power limit over pulse period T}, derived from the duty cycle limit with (3) for the main LLC power components. The overall RMS power converter
limit is indicated by a thick transparent line in (b) and (c) and is defined by the weakest power component.

Fig. 5a presents a systematic analysis of the simulated
maximum value of the transistor S, junction temperature 0; max
within one pulse period in thermal steady-state for the pulse-
load pattern according to (3) as a function of the pulse period
T, and duty cycle D,. The junction temperature limit
0;1im=125°C is highlighted and indicates the maximally
tolerable duty Dpmax(7p). As can be observed Dp.max decreases
continuously for increasing 7}, due to the increasing junction
temperature swing within one pulse period (see Fig. 4b,c) and
accordingly the resulting RMS power limit (4) is also
decreasing with 7},

The same (simulation) process is repeated for the
remaining LLC converter power components (the secondary
power transistors are ignored here as the same model as for
the primary transistors can be employed). The resulting
maximum pulse duty Dpmax over pulse period 7, for each
component is presented in Fig. Sb. The converter-level
maximum pulse duty (for a given pulse duration T5) is defined
by the weakest link (i.e., the power component reaching the
temperature limit first) and thus a global, converter-level
Dpmax can be extracted from the results which is also
highlighted in Fig. Sb. With (4) the resulting maximum duty
cycle traces from Fig. Sb can be directly translated into
corresponding RMS power limit values which are displayed
in Fig. Sc. It can be observed that (for the considered electrical
and thermal component models) the resonant choke L.
imposes an RMS limit of approximately 22.1kW for pulse
durations 7,<0.1s, whereas the primary-side power transistors
are the limiting factor down to 21.7kW at T,=1s. For longer
pulse durations, the resonant capacitor C; becomes the power
bottleneck due to the low volume and thermal capacitance of
the considered MLCCs and limits the tolerable RMS output
power to 15kW for 7,=7s.

Accordingly, to categorize a converter system based on the
DDP metric with a tuple {Pp, Prms, Trms}, the peak power
limit Py is obtained from the EDP limits of the resonant tank,
whereas the RMS power limit Pruvs and time window Trus are
determined from Fig. Sc for a suitable, i.e., typical, pulse
period of the considered application. In case of a DC-DC
converter supplying Al accelerators this would be in a range
of Trms = 1s ... 25 [5], [6], [7] and in Fig. S¢ the RMS power
limit results to Prms=21.7kW for Trms=1s.

For given parameters {Pp, Prvs, Trms} compliance with
the DDP limits (1) for any given load waveform p, (periodic
with Tp) is checked within a moving RMS time window

T = min(Trums, Ty ) , ®)

to avoid aliasing effects (see Appendix A). Note that the RMS
power limit Prms in Fig. 5c¢ continuously drops with
increasing pulse period and with (5) selecting Prus for a Trus
larger than typical pulse periods leads to an overly
conservative assessment of the converter power capability.

It is important to highlight that the thermal equivalent
circuit in Fig. 3 and the thermal and loss scaling parameters in
Tab. 2 are highly simplified and do not cover the thermal
cross coupling of the tightly packed power components in
high power density DC-DC converters for datacenters. A
detailed electrothermal FEM simulation can improve the data
quality where, finally, measurements on prototype systems
following the above characterization guideline are required to
verify the true RMS power capability of a converter design.

III. POWER METRIC APPLICATIONS

Having established the DDP metric, where a power
converter is characterized by a tuple {Ppk, Prms, Trms}, this
section showcases the potential applications and benefits of
the metric.

A. Power Converter Selection / Verification

As discussed in Sec. I, the traditional power metric does
not allow to determine whether a given converter with a TDP
rating Pay, can drive a pulse-load profile p, except if po(£)<Pavg
(i.e., identical TDP and EDP rating) which, however,
represents a poor utilization of the power converter, especially
in Al applications with short overpower pulses.

This example highlights how the DDP metric enables to
determine whether a given converter can drive a given load
profile (Fig. 6). This is relevant not only when selecting new
converters but also to monitor the power converter utilization
in existing installations. Further the DDP metric allows to
verify that the employed converters are still capable of
providing the required pulse-load power demand if, e.g., a
software update changes the Al training routine and the
corresponding power profile. Two hypothetical power
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Fig. 6 Exemplary load p, profiles and resulting moving RMS power waveforms for the two systems defined in Tab. 3: (a) constant power of 20kW, (b)
periodic pulse load with 7,=1s, D;=0.44s and Pu=30kW (Prys=20kW), and (c) typical Al pulse load (periodic with T;=1s; 40kW for 1 ms, followed by
30 kW for 20 ms, 26 kW for 50 ms, 20 kW for 829 ms, and finally 2 kW for 100 ms). All power profiles (a)-(c) are defined as p,(£y=0W for #<0. Note that in
(b) the signal prus,is reaches periodic steady state after 7=0.44s as the signal p, is zero for the remainder of the period.

converters and the corresponding DDP parameters are listed
in Tab. 3. Both converter systems I and II feature the same
EDP (40kW) and RMS power limit (20kW) but show different
RMS times Trms of 0.2s and 1s, respectively.

In case of a constant load (Fig. 6a), the resulting time-
domain RMS waveforms of converter I and II converge to
20kW within one corresponding moving RMS time window
of 7=0.2s and T=l1s, respectively, according to (1). Thus, the
peak and the RMS limit are respected for both converters
which are therefore suitable for this constant load profile listed
here for completeness.

The impact of the converter RMS time Trms becomes
evident in case of the pulse load in Fig. 6b: The pulse duration
Dy'T, of 44ms is larger than the RMS time window of
converter | such that the moving RMS value with 7=0.2s
reaches max(prwms,0.25(£))=30kW, thus exceeding the RMS
power capability of 20kW. In contrast, for converter I with
T=1s, we obtain max(prums,is(£))=20kW, and thus the
maximum value of both, the peak and the RMS power limits
of'the DDP (1) are respected such that the converter can safely
be employed for this load waveform. Note that in this example
the average output power is equal to only 13.2kW which
significantly underestimates the resulting power component
stresses.

Last, Fig. 6c displays a typical Al pulse-load waveform
characterized by a short initial power surge of 40kW and a
period 7p,=1s. Again, the RMS time window of converter I is
short compared to the pulse-load profile repetition rate such
that the resulting max(prus,02s(£))=23kW exceeds the
capability of the converter. For converter II we meet the RMS

Tab. 3 DDP specifications for two DC-DC converter modules I and II and
resulting RMS power stresses for the pulse load profiles in Fig. 6.

Parameters Converter I Converter 11
Py 40kW 40kW
Prus 20kW 20kW
Trvs 0.2s 1.0s
max(prus(?))

Fig. 6a 20kW 20kW

Fig. 6b 30kW  (X) 20kW

Fig. 6¢ 23kW  (X) 20kW

(max(prwms,15(£))=20kW) and the peak (max(po(?))=40kW)
limit and the converter module is thus suitable also for this
power waveform.

As demonstrated, the DDP (1), where the complex electro-
thermal behavior of an LLC DC-DC converter system is
simplified into a tuple {Pp, Prms, Trms}, enables a
straightforward power module selection and/or verification
for a given pulse-load profile. In closing it is important to
highlight that, as discussed in Sec. II-C, the DDP metric is
conservative as the module characterization is conducted for
the worst-case pulse-load profile according to (3). Thus, if
compliance of a module with the DDP criterion (1) for a given
pulse load is not given by a thin margin (as is, e.g., the case
for converter system I under the pulse waveform of Fig. 6c¢),
a more thorough analysis (either by simulations or by
measurements) may still prove that the power component
temperature limits are respected.

B. Power Module Requirement Optimization

Another use case is a situation where the MR power
demand is known and that suitable DC-DC converter modules
are to be specified and developed. Here the DDP can help
identifying sweet-spot converter requirements.

Fig. 7a depicts the considered MR power profile pmr
characterized by a short initial power surge of Pyr pk=200kW
and a period 7p=1s. Further, N+1 redundancy, i.e., the power
profile can still be met in case a single DC-DC converter fails,
is required. For a given power converter characterized with the
DDP with {Pyk, Prms, Trms}, the required number of converter
modules Ny is directly defined as

_ PumRrpk
NM,pk - Pp]( ’
_ maX(PMR,RMs(t)) (6)
Nurus = ——F———

Ny = max(Ny i, Nvgrus) + 1,

with pmrrMs, the MR pulse-load moving RMS waveform
evaluated for a time window 7T defined by (5).

The procedure (6) can also be used to identify sweet-spot
converter specifications as illustrated in Fig. 7b. Here, the
power converter RMS power is set to Prms=20kW (for
simplicity) and the remaining two converter DDP parameters,
i.e., Pprand Tryvs are swept in a wide range and the resulting
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Fig. 7 (a) Considered power pyr demand profile for a the rack (periodic
with T,=1s; 200 kW for 1 ms, followed by 150 kW for 20 ms, 130 kW for
50ms, 100kW for 829 ms, and finally 10kW for 100 ms) and the
resulting moving RMS power waveforms for a time window of 0.2s and
1.0s. (b) Impact of the RMS time constant Trus, and the peak power Py
of a single power converter module with Prys=20kW on the required
number of modules Ny to satisfy the MR power profile in (a) with an
N+1 redundancy for improved reliability.

number of converter modules Ny to satisfy the MR power
demand in Fig. 7a is visualized. Highlighted coordinates are
(i) with {Ppk, Prms, Truvs}= {S0kW, 20kW, 0.15s} resulting in
Nwm =6+1. Alternatively, converter modules (ii) specified with
a lower peak power limit as {33kW, 20kW, 0.15s} are
sufficient to realize also Nv =6+1 and are thus preferred. Last,
the converter modules (iii) with {40kW, 20kW, 1s} enable to
reduce the number of modules to Ny =5+1.

Note that converter DDP specifications resulting in
Nupk=Nmrms are ideal as both, the converter peak and RMS
power capability are fully utilized. Whether converter
modules specified for to (ii) or (iii) are preferred requires an
in-detail analysis that also includes aspects like converter
weight, available fuse ratings, form factor, case overhead, etc.
Further, it’s interesting to highlight that here Ny rms decreases
with increasing RMS time only up to Trms=71} due to (5) and
stays constant above, i.e., does not yield an additional benefit.

IV. CONCLUSION

Traditional power rating metrics based on steady-state
operation are no longer representative for power converters in
Al datacenter with stochastic pulse-load profiles. The
proposed Dynamic Design Power (DDP) metric is based on a
peak and a moving RMS power limit and is applicable to
arbitrary pulse-load waveforms. Capturing the dominant
quadratic conduction losses of soft-switched DC-DC
converters and the relevant thermal time constants, the DDP
enables a highly simplified yet meaningful representation of
the converter system. Thus, the DDP metric may act as a

common language amongst stakeholders in the development
process of complex Al datacenter power supply systems
including, among others, the datacenter architect, the
procurement department, power converter designers and
thermal experts.

The DDP metric enables a straightforward selection and
physically meaningful comparison of DC-DC converter
modules for given pulse-power requirements, and, also
enables a quantitative assessment of the converter module
loading and remaining power margin. The DDP can also be
used to identify sweep-spot specifications for the development
of new power converters by matching peak and RMS power
requirements. Further, the DDP characterization procedure
identifies power bottlenecks currently limiting the dynamic
power capability in a converter module. The DDP metric may
also be a promising candidate for an online monitoring of the
power supply infrastructure utilization in a datacenter [21].

The proposed DDP metric represents an engineering-

based approach aiming at a straightforward and conservative
assessment of power converter pulse-power capability.
Alternatively, a Deep Neural Network (DNN) could be trained
based on circuit and thermal simulations and/or measurements
to accurately represent the complex electrothermal properties
of a power converter system supplying a pulsating Al load. A
key advantage of such a DNN-based characterization lies in
its ability to encapsulate detailed system behavior without
disclosing proprietary information, such as component-level
loss models and cooling performance. This feature makes the
DNN-based approach particularly attractive for an Al-based
Twin (AIT) of a converter system that can be freely
distributed.
In closing it is important to highlight that the load variations
of Al accelerators, characterized by high di/dz values, pose
challenges on the controller design of the LLC DC-DC
converter.  Furthermore,  thermomechanical  stresses
experienced by power components under thermal cycling
conditions may influence the loss characteristics and the
expected lifetime of converter systems [22], [23]. This is
particularly relevant as a typical Al pulse period of 1s
corresponds to roughly 30 million (thermal) cycles per year.
Last, comprehensive guidelines for optimal design of power
converters supplying Al loads are required. These aspects are
beyond the scope of this paper and remain highly relevant for
future research.

APPENDIX A
ALIASING EFFECTS OF THE RMS TIME WINDOW

Fig. 8 illustrates the impact of the time window Trms on the
resulting maximum value of the moving RMS,
max(prms, Trms(?)), for the pulse-load profile Fig. 6b. For low
values of Trms, the moving RMS is defined by the peak power
of 30kW and then drops continuously to 20kW to
Trms=Tp=1s. For a further increase of Trwms aliasing effects
can be observed and the peak moving RMS value increases
again and oscillates while converging towards 20kW for
Trms>>T). Aliasing occurs due to the moving RMS window
but does not have a corresponding physical (i.e., temperature
rise in components) effect. Thus the DDP metric (1) employs
a capped time window 7=min(7rms, 7p) (5) to avoid this
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Fig. 8 Impact of the time window Tryms on the resulting maximum value
of moving RMS signal max(prwstrus(f)) for the periodic load profile
Fig. 6b with P,=30kW, T,=1s, and D,=0.44. For comparison, the
resulting maximum value of the moving RMS value max(prys1(f)) with
a time window T=min(Trms, 7p) (5), i.e., the correct utilization of the
DDP, is displayed for reference.

aliasing effect and Fig. 8 also shows the resulting
max(prus,1(£)) for this case.

In case the pulse period 7}, is not exactly known (e.g., on-

line monitoring of the DC-DC converter loading and
remaining power margin) a first-order low-pass filter for the
recorded square of the output power could be used in lieu of
the moving RMS to avoid aliasing effects.
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