High-Voltage Energy Storage:
The Key to Efficient Holdup

Jean Picard

ABSTRACT

This topic provides a tutorial on how to design a high-voltage-energy storage (HVES) system to minimize
the storage capacitor bank size. The first part of the topic demonstrates the basics of energy and the
benefits/limitations of HVES; it also provides volumetric analysis graphs illustrating volume reduction
and energy density. The second part provides an overview of the critical aspects of an HVES design. It
compares the possible topologies and control techniques, identifies the pitfalls and design challenges of
the recharge and holdup modes, and discusses the impact of design decisions on power losses. Design
guidelines applicable to a preselected power topology and control strategy are also provided, including a

design example for a 48-V application.

I. FUNDAMENTALS OF HIGH-VOLTAGE
ENERGY STORAGE

A. Basic Principles

Many high-reliability systems have a require-
ment for modules to ride through short input-
power interruptions. Some systems require a
graceful shutdown mechanism while others need a
local bank of energy to supply power during
occasional and brief high-load-current demand.
There are also other applications that require
short-term backup power when the main power
fails—for example, a security system that needs to
record information for a limited time following a
power interruption.

Input-power interruptions can come from a
short-circuited module or from the switchover
from a primary to a redundant bus when a power-
bus failure occurs. Fig. 1 shows a basic energy-
storage system that could maintain V4 during a

holdup event such as a momentary input-power
interruption. Fig. 2 shows typical Vi, levels with
and without an energy-storage system. For
example, in telecommunications applications, the
PICMG® AdvancedTCA® specification requires
continuous operation in the presence of a 5-ms,
0-V input-voltage transient (the total duration is
9.2 ms when rise and fall times are included). The
5 ms is the time in which a fuse can blow when
there is a short circuit on a module or a short-
circuited module is plugged into the system. Many
other similar examples can be enumerated, both
for DC and AC bus voltages.
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Fig. 2. Bus voltage during holdup event.
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Fig. 1. Bulk-capacitors solution for energy storage.
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In a bulk-capacitors solution (Fig. 1),
energy is stored in capacitors on the power
bus. This requires a large capacitance value
because the allowed voltage decrease is
usually a small percentage of the bus
voltage.

An alternative solution, high-voltage-
energy storage (HVES) stores the energy on
a capacitor at a higher voltage and then
transfers that energy to the power bus during
the dropout (see Fig. 3). This allows a smaller
capacitor to be used because a large
percentage of the energy stored is used for
holdup. HVES is a particularly good choice
when the bus voltage has a wide range of
variation (for example, a 48-V bus with 72 V
maximum), already requiring high-voltage bulk
capacitors; or the minimum normal bus voltage is
not much higher than the minimum needed by the
loads to stay in operation (for example, 44 V
versus 39 V).

Energy Density (kJ/m?)

B. Volumetric Design Examples

In Fig. 3 and Equation (1), the capacitor bank
has initially been recharged and its voltage is V.
V, represents the capacitor bank’s minimum
voltage required to maintain Vyjqyp, Which is the
regulated bus voltage during a holdup event.

Fig. 3. HVES Solution.
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Fig. 4. PCB energy density with V, = 39 V and HVES
solution with V; = 88% of capacitor rating.

If, for example, 2 J are required over a 10-ms
time period, V, is 39 V, and V; is only 44 volts,
then 9639 pF is required. If V; is increased to
88 V and the power-conversion efficiency is 91%,
the required capacitance decreases to less than
706 uF, which means a reduction factor of close to
14. In both cases, some derating must be applied
to the required capacitance. This includes the
initial tolerance, the temperature variation, and the
lifetime variation.

Figs. 4 and 5 illustrate how increasing the
storage voltage reduces the PCB area, assuming

5-2



30.5 Square Inches

6.1

Inches 5.5

Inches

A
v

24.8 Square Inches

4.86 Square Inches

HVES Top View

> HVES Bottom View

5 Inches

a. Bulk-capacitors solution
withV,;=44V,V,=39V,a
200-W load, and 330-pF/100-V
capacitors.

b. Bulk-capacitors solution
withV,=44V,V,=39V, a
200-W load, and smaller
330-uF/80-V capacitors.

4.5 Inches

c. HVES solution with
V,=88V,=39V, a200-W
load, and 330-pF/100-V
capacitors.

Fig. 5. PCB area with HVES solution versus bulk-capacitors solution.

that the capacitor’s height is no more than 21 mm
and the capacitor’s final voltage (V,) is 39 V.
Capacitor types considered are the Panasonic
surface-mount EEFK and the Nippon Chemi-Con
(NCC) leaded through-hole KZE. The storage
voltage has been arbitrarily set to 88% of the
maximum capacitor voltage rating, the capacitance
derating factor has been set to 74%, and the
conversion efficiency has been set to 91%.

0.35

Fig. 6 illustrates the energy density achievable
with a bulk-capacitors solution that uses the same
final voltage and capacitor types. The starting
capacitor voltage has been set to 44 V, and the
capacitor voltage rating varies depending on the
maximum expected bus voltage during system
operation.
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Fig. 6. PCB energy density with V, = 39 V and bulk-

capacitors solution.
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Fig. 7. PCB energy density for 12-V system and
HVES solution with V; = 90% of capacitor rating
and 70% conversion efficiency.

Analysis results for a 12-V system having a
conversion efficiency of 70% are shown in Figs. 7
and 8. It is clear that storing energy at 50 V is
enough to provide a high size-reduction ratio.

II. CRITICAL ASPECTS OF HVES
IMPLEMENTATION

A. General System Requirements
Basically, an HVES system must be able to:

 use the bus voltage to charge and maintain the
storage capacitors to a nominal voltage,

 use the energy available in the storage capacitors
to quickly maintain and regulate the internal
input bus voltage during a short input-power
interruption,

Rectifiers
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Fig. 8. PCB energy density with V; =11V,
V, =10V, and bulk-capacitors solution.

10

impact on the system. It is also highly preferable
to make use of a single inductor for all modes of
operation for a compact system solution. EMI
requirements, thermal aspects, and total cost must
also be considered.

B. Optimum Power-Bridge Configuration and
Control Strategy for Bidirectional Converter

A simplified system diagram is shown in
Fig. 9, which presents the HVES like a virtual
capacitor. While the key to minimizing the size of
the HVES unit is high-voltage storage, conversion
efficiency also has some impact.
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Fig. 9. Simpified HVES functional diagram.
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Bridge Configuration 1:
Boost/Buck

This  power-bridge
configuration is simple,
requiring only two MOSFETs and a diode with
one high-side gate driver (see Fig. 10). It uses a
boost topology operating in peak-current control
to recharge the capacitors (see Fig. 11). The current
sensing is simply done with a low-side resistor.
The boost topology does not provide any inrush
limiting or any protection against a short-circuit in
the storage capacitor bank. This requires additional
circuitry, for example a hot-swap device located
upstream. Note that a hot-swap device in the main
power path introduces power loss during normal
operation, so that using it makes more sense if the
system already needs it for bus-capacitor inrush
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Fig. 11. Current flow in boost recharge mode.
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Fig. 10. Bridge configuration 1: Boost in recharge, buck in holdup.

control or load short-circuit protection. A hot-
swap device operates its MOSFET in linear mode
during inrush, during which it must keep the
MOSFET within its safe operating area (SOA) in
worst-case temperature conditions. Because of
additional energy storage in the HVES capacitors,
the SOA limitations result in a largely oversized
hot-swap MOSFET, a very long recharge time, or
even both. For these reasons, the boost/buck
solution is not the preferred one.

Note that a hot-swap device could instead be
inserted directly within the HVES charge/
discharge path and out of the main load power
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path. The limitations,
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and a power parallel
diode.

During holdup, a
boost/buck solution uses
a nonsynchronous buck
topology similar to that
used in a flyback/buck
topology discussed next.

Bridge Configuration 2:
Flyback/Buck

This configuration

uses a flyback (also
known as buck-boost)
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Fig. 12. Bridge configuration 2: flyback/buck.

topology with peak-
current-mode control to
recharge the capacitors.
Many current-sensing strategies are possible.
Fig. 12 shows a low-side resistor acting as a
current sensor similar to the boost/buck topology.
One advantage of the flyback topology over the
boost is that it provides complete inrush-current
control while the storage capacitors are being
recharged from 0 V (Fig. 13). This control also
provides protection against capacitor short-circuits.
The Qo MOSFET is operated only in switch mode,
resulting in a smaller MOSFET than would be
required for a circuit that linearly limits inrush.

Vslorage

+Vbus J_ ] -
Low- Low- .
Rioap ESRZ= Q,ﬂ _Hl_QD L Esr gzgicnm
Croap| Cap. L . Cap.
—V | |
e VQC_drain

[
Vsense

R sense
<

a. Q4 and Q¢ are on and Qp is off.
Fig. 13. Current flow in flyback recharge mode.

During holdup, a buck topology with voltage-
mode control is used. Voltage-mode control does
not use current sensing and therefore does not
need slope compensation, which would be required
for current-mode control at higher duty cycles.
This is particularly important in the actual
application, where the storage-capacitor voltage
drops down to Vs during holdup, resulting in the
duty cycle approaching 100%.
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Fig. 14. Current flow in buck holdup mode.

Note that in Fig. 14, the ultrafast diode, D,
shunts the holdup current around R, so that the
recharge current can be optimized without
penalizing the buck efficiency. Also note that
the Rgepse Value is normally high enough to ensure
that D¢ is the preferred path over Q¢’s body diode
during holdup, providing a much lower and more
predictable reverse-recovery loss.

The main drawback in using a buck topology
is that if operation needs to be maintained when
the storage voltage is becoming equal to the bus
voltage, operation at virtual 100% duty cycle is
needed, which adds some complexity to the control
circuitry and the high-side gate driver of Qp
MOSFET.
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Bridge Configuration 3: Multimode Buck/Boost

The third power-bridge configuration is by far
the most complex. It uses a flyback topology to
recharge the capacitor, but during holdup it
transitions from a buck to a flyback topology and
to a boost topology as the storage voltage goes
down (see Figs. 15 and 16).

With this configuration during holdup mode,
the converter can be run as a buck when Vgrage 18
greater than Vy,, (bus voltage) and as a boost
when Vigrage 18 less than Vi, It is also run as a
flyback when Vg ragc 18 close to Vi

Analyses indicate that in many cases there is
little benefit in trying to use this multimode
configuration in holdup, as it results in an oversized
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Fig. 15. Bridge configuration 3: Multimode buck/boost.
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Fig. 16. Current flow in holdup with bridge configuration 3.

and much more complex power circuitry. Four
power MOSFETs with gate drivers are needed,
which is two more than configuration 1 and one
more than configuration 2. There are additional
concerns with potential body-diode reverse-
recovery problems in each operating mode, for
example, when MOSFET Qg is turned on while
there is already a current circulating in Q4’s body
diode. Trade-off solutions exist but add losses,

complexity, and/or costs. For all these reasons,
switching and gate losses become higher in holdup
with bridge configuration 3.

Also, the rms ripple current circulating in the
output capacitor is much higher with a boost
converter than with a buck converter. See Figs. 17
and 18. Consequently, a bus capacitor’s equivalent
series resistance (ESR) may become an issue
mainly because of bus voltage ripple during




holdup, particularly if an electrolytic capacitor is
used. Of secondary importance is the impact on
efficiency during holdup.

The required inductance value is higher for a
buck topology while the required current capability
is higher with a boost topology.

An inductor designed for both modes would
therefore be larger than one optimized for either
mode by itself. Similar considerations apply to the
MOSFETs, for example Qp, for which the voltage
rating is dictated by the buck topology while the
conduction loss, being proportional to Rpgon), 18
at its worst in the boost topology. The consequence
is either lower system efficiency, larger component
size, higher cost, or a combination of these.

Also, the energy in a capacitor is proportional
to V2, which reduces the benefits of boosting at
low voltage. For example, the energy left in a
capacitor between 40 V and 20 V is quite low
(<18%) versus that left between 90 V and 40 V.

Finally, the control strategy is much more
complex when this multimode configuration is
used during holdup. For example, a right-half-
plane zero will be present during operation in
boost and buck/boost modes, and slope compen-
sation is required for each mode when the source
voltage is going down.

TABLE 1. HVES CONFIGURATIONS COMPARISON

-

Capacitor Current (A)
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0 1 2 3 4 5 6 7 8 9 10
Time (ps)

Fig. 17. Output-capacitor current with buck
topology, 250-W load, 80-V input, and 40-V output.
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Capacitor Current (A)
o
1 1 1 111

4 5 6
Time (ps)
Fig. 18. Output-capacitor current with boost

topology and same buck inductance value, 250-W
load, 20-V input, and 40-V output.

Power-Bridge Trade-offs Summary

A comparison of the three power-bridge
configurations is shown in Table 1. Note that all of
these configurations use N-channel MOSFETs,
which provide better performance and efficiency
at lower cost than PMOS devices. Storing energy

Configurations, HVES
Topologies, and Control | Mode Benefits Drawbacks Cost Size
1 | Recharge: Boost, Recharge | « Low HVES parts count | * Needs upstream hot swap in Low Low

peak-current-mode main path to handle inrush

control * Oversized hot-swap MOSFET

* Long recharge time
Holdup: Buck, Holdup » Low power-bridge * 100% duty cycle may be needed
voltage-mode control complexity
* No current sensing
» Simple control strategy
2 | Recharge: Flyback, Recharge | ° Inrush control * High-side gate driver for Qu Low Low
peak-current-mode * short-circuit protection

control

Holdup: buck, Holdup * Low power bridge * Less efficient with Q MOSFET

voltage-mode control complexity * 100% duty-cycle may be needed

* No current sensing
 Simple control strategy
3 | Recharge: Flyback, Recharge | * Inrush control * High-side gate driver for Qu Medium | Medium
peak current mode * Short-circuit protection

control

Holdup: Buck, Holdup * Operates even if * High complexity

flyback and boost, Vistorage < Vbus * Larger inductor

current-mode control * Bus capacitors ripple current

* Four large power MOSFETSs and
drivers




at high voltage is the main factor that reduces the
size of HVES systems, while conversion efficiency
also has some impact, but to a lesser degree.

Since bridge configuration 2 (flyback/buck)
appears to be the best choice, it will be the focus of
the rest of this topic. This topology provides a
good trade-off between addressing the basic
system needs (HVES functionality with small
size) and keeping the complexity and costs to an
acceptable level.

During recharge mode, peak-current mode
provides good current control and adjustability of
the total recharge time.

Using the voltage-mode buck topology during
holdup mode results in straightforward control,
good transient response, low output-ripple current,
and small size. Also, no synchronous rectification
is used and the Q¢/Qx packages can be small.

During recharge mode, the converter operates
in discontinuous mode most of the time, with the
exception of the initial recharge from 0 V. In order
to achieve quasi-zero current consumption under
such conditions, Qp’s body diode is used. This is
explained in more detail in the next section.

C. Recharge Mode
Charging the Bank on Power Up: Bus Protection
and Recharge Time

The HVES capacitor bank can be very large,
which poses several challenges during the recharge
cycle. It is important to minimize the impact of the
HVES on the system, particularly at the start of
recharge when the capacitor voltage is near 0 VDC,
which can result in very high input current. Short-
circuit protection is also needed, and the total
recharge time must be considered.

One issue is related to the inductor’s volt-
second balance when the voltage across the storage
capacitors is close to 0 V for a long time. In peak-
current-mode control, the use of leading-edge
blanking and/or filtering on current sensing
introduces a minimum time (t; gg f¢) during which
the power switch is on. This means that during the
ON time, neglecting the voltage drop in the series
elements, the minimum increase of inductor
current is

VINXtLEB file

Aly = ()

Based on the current path shown in Fig. 13b, the
change in current during OFF time can be
expressed as

V,

storage

(

+Vag + Vap ) X topr
L b

Alp = 3)

where Vyg and V4p correspond respectively to
diode Dg and Qp’s body diode (supposing Qp is
maintained off), and topp 1s the OFF time. Note
that V4gg and V4p go down as the junction
temperature of Dg and Qp increases. While Vg ra0e
is close to 0 V, volt-second imbalance will occur if
torr 18 not long enough. This imbalance will cause
the inductor current to rise very high even though
there is still peak-current detection.

A second issue during recharge is the risk
of not reaching the peak-current threshold during
the ON time while Vora0 18 close to 0 V. Based
on Fig. 13a, when Q¢ is turned on, the drain
voltage is

VQCfdrain = IQC X (Rsense + RoniQC ) (4)

Before using Equation (4), the following equation
must be satisfied or some of the inductor current
will flow through Qp’s body diode and the current-
sensing circuit will detect only part of the inductor
current.

<V,

storage + VdD

)

Also, given that the voltage across the sense
resistor is

VQC _drain

Vi in XR
\Ys _ 'QC_drain

sense

sense
’

Rsense + Ron ~QC

(6)

the selection of Rgepnge and Ry, oc must ensure that
the Vense threshold can always be reached while
Vitorage = 0 V. Otherwise, Q will stay on even at
very high current.

A third issue is that the total recharge time
must be low enough to support application
performance requirements. In some applications,
however, a recharge time of many seconds may be
acceptable to minimize the impact of the HVES
capacitor recharge on the input bus.
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Charge Maintenance and Recharge: Low Noise
and Minimal Loss

When the HVES capacitors are in a fully
recharged state, the HVES power consumption on
the bus must be less than the leakage loss of an
equivalent bulk-capacitors solution. To achieve
low current consumption during charge mainten-
ance, synchronous rectifiers should not be used.
This allows the converter to operate in discontinu-
ous conduction, resulting in maximum efficiency.

There are many techniques that can be used in
order to minimize power consumption of a power
supply at light load. One popular technique is
pulse-frequency modulation (PFM), which
activates the power bridge only when the
capacitor’s voltage is below a predefined threshold.
As a result, the total consumption becomes
proportional to the storage capacitor’s leakage
current and the idle consumption of the control
circuitry, including the voltage-feedback
network(s). Note that using this hysteretic-control
technique means that an output-voltage ripple
is regulated at a very low frequency. The leakage
characteristic of the capacitors (including
temperature effects), in addition to the
allowed voltage-ripple amplitude, has a strong
impact on this modulation frequency. See Fig. 45
in Section IIL.B.

The HVES system must be designed so that
there are minimal conducted and radiated
emissions, particularly when the capacitors are in
a fully recharged state. The use of PFM with a low
recharge current may help to achieve that goal.

D. Holdup Mode
Speed, Accuracy, and Load Protection

The transient response at the beginning of a
holdup event is critical. This includes the detection
of the bus-voltage drop and the transition from
recharge mode to holdup mode.

Many issues related to holdup mode need to be
considered during the HVES design.

* The holdup error-amplifier reaction time is
important since the holdup-voltage regulation
loop is open prior to the holdup event. Depending
on the dynamics of the compensation design for
the holdup error amplifier, the transient response
of the system may be unacceptable. Note that an
advantage of voltage-mode control versus
current-mode control is that the error amplifier’s
output directly defines the operating dutycycle,
which could result in enhanced transient
response.

» It is important to consider the bus-capacitance
ESR and the effect on the bus voltage when the
system voltage drops out. The bus capacitance
is expected to be lower as a benefit of using
HVES. The bus capacitors’ ESR introduces a
negative voltage step during the transition to
holdup mode. Also, some capacitor types exhibit
strong ESR variation over temperature.

* Some applications require high regulation and
detection accuracy during a holdup event.
Vholdups the regulated voltage during holdup,
must be higher than V|,,q min but lower than
Vius min (s€€ Fig. 19). The closer Viys min and
Vioad min are, the more precise the detection and

Stability regulation need to be.

The HVES capacitance
required can change considerably Vous_max = 1 /
depending on specific system \ / gzg?a'
requirements. Energy storage at \I tholdup / Voltage
high voltage normally requires Vbus_min\‘ f >/ Variations
the use of electrolytic capacitors Vholdup — :\_‘_ )
for which the ESR wvaries Viead mn "\ 7 %
considerably, particularly over // Load Does Not
temperature. These variables / Operate

need to be considered during the
design to result in a stable control
loop.

OV— — — e e ———

Below Vload_min

Fig. 19. Critical voltage levels for holdup circuit.
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To be able to handle a series of short dropout
events, the HVES system needs to draw from
the capacitors only the energy required by the
load for the dropout event and must automati-
cally detect the return of the input bus.

The holdup mechanism must provide load
protection and preferably maintain the internal
bus voltage within maximum limits (Viys max)
during some types of failures. A dedicated
overvoltage-detection feedback network might
be required to provide protection against loss of
feedback in the main HVES voltage loop.

As mentioned before, the conversion efficiency

during holdup has some impact on the size of the
HVES unit. The losses can be categorized as
follows:

Conduction losses in MOSFETs, diodes, PCB
traces, and capacitors’ ESR

* MOSFET switching and gate losses

Reverse-recovery losses

* Inductor losses—winding losses and core

losses

Figs. 20 and 21 show an example of the

efficiency and major losses for an HVES system
configured as in Fig. 12. In this example, only Qp
is switched while Q- and Q4 are maintained off,
using D¢ and Q,’s body diode.

* Finally, the possibility of a complete short-
circuit on the internal bus needs to be
considered—for example, a capacitor or
semiconductor failure in the input stage of a
load unit. One mitigating factor
is that the amount of energy

available is limited to the g 20 40.5-VI250-W output, 300 kHz, 47 pH 100
amount of HVES capacity. 2 | ' ’ ’
Efficiency and Energy § 15 Conduction Losses 95 Q
The following component g — ..l Total Efficiency z
selection has been assumed for the 2 10 : T * == 90 §
efficiency and dissipation graphs ° - I E
ofthistopic: Vishay SUD15N15-95 E 5 Gate and svt'_t_clh_":?_ Lgsse.?.------' ki N 85 i
for Qp, Fairchild FDD2512 for T S T [ AP -
Qc, NXP PHT4NQIOT for Qj, 4 o | | | | Reverse Recovery Losses 80
Vishay ES3C for D¢, Renco = 40 45 50 55 60 65 70 75 80 85 90
RL-1256-1-47 for inductor L, and Vstorage (V)

Panasonic EEVFK2A331M for
the HVES capacitors (unless
otherwise noted).

Fig. 20. Total MOSFET and power-diode losses with overall
efficiency versus storage capacitor s voltage for HVES buck at
high temperature (T;= 100°C).

6 T T T T T T T
40.5-V/250-W output, 300 kHz, 47 pH
5 | | | |
- [ [ 1 |
E 4 Inductor Copper Loss (105°C) |
» e S ~ . - | | I 1} 1
7]
o 3 [ |
. "HVES Calpacitor —
2 5 L Loss (Cold: ~30°C) N B
& —t—
1 HVES Capacitor Loss (Hot: ~75°C)
0 e il e e oL T T
40 45 50 55 60 65 70 75 80 85 90 95 100
Vstorage(v)

Fig. 21. Capacitor losses (at high and low temperature)
and inductor losses versus storage voltage.
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Note that the dissipation in the HVES capacitors
increases at cold temperature because of the increase
in ESR. Dissipation also increases as the voltage
goes down, since the duty cycle then goes up.

Lower efficiency results in the need for higher
storage capacitance, although the change in volume
may vary on a case-by-case basis.

In the example in Section I.B where the
Panasonic EEFK 100-V capacitor series is used
and V; equals 88V, if the average efficiency goes
down to 80%, the minimum required storage
capacitance becomes approximately 803 uF, which
is a 14% increase. After a capacitance derating
factor of 74% is applied for worst-case variations,
the capacitor bank’s PCB area increases by close
to 30% because a fourth 330-pF capacitor becomes
necessary.

EMI and Self-Compatibility

Holdup is the highest-power mode and
therefore a potential source of EMI; but because
holdup events are infrequent and short in duration,
the EMI conducted and radiated to the outside
world during such events may not be an issue.
However, requirements for self-compatibility
between the elements of a system using HVES
must still be met, and this is applicable to any
operating mode, including a holdup event.

Vpus = High and Vg, = High

E. Safety and Bank Discharge

People whose safety needs must be considered
are the users of the equipment and service
personnel [1].

Users must be protected against inadvertent
contact with hazardous voltages. In an HVES
system, this is achieved with physical spacing and
grounded enclosures that isolate the user from the
charged capacitor bank.

Service personnel, who normally have access
to all parts of a system, must also be protected
from inadvertent contact with a hazardous surface
and from unknowingly bridging a tool between
parts with high energy levels while servicing
another part. The main concern with an HVES
system is that the storage capacitor’s voltage and
energy must be reduced to a safe level in a
reasonable time after the unit has been unplugged.
This requires a mechanism that automatically
discharges these storage capacitors upon unit
removal.

FE State-Machine Considerations

Fig. 22 shows an example of a simplified
HVES state machine and timing diagram using a
PFM recharge mode. In this state machine,
“V4 = Low” stands for “low storage voltage” and

Vpus = Low

Power-Up Recharge
Initialization Sleep
Mode

Vpus = High and

Recharge

Vstorage

Vpus = High and
vSt =Low

Vbus

Vpus = Low

Vpus = High and

Vpus = High

Fig. 22. Simplified HVES state machine.

Input Bus ' ] g
Interruption Bus Return




indicates when the capacitor’s voltage is below a
threshold. “Vy,s = Low” means that the input
power goes down, and “Vy,,; = High” means there
is no input-power interruption or the system
returns to the beginning state.

The following describes a typical operating
sequence based on this state machine.
After input-power-bus power up, the HVES
capacitors are recharged (Recharge Active
Mode) and maintained at an elevated voltage.
Once the capacitors are fully charged (Vg =
High), the PFM technique is used.

+ With the PFM technique, the HVES system
operates in Recharge Active Mode only
when the capacitors’ voltage is below a
threshold (Vi = Low). Otherwise, it operates
in Recharge Sleep Mode for minimum
power consumption. See Fig. 45.

The input-power bus is momentarily interrupted.
The bus voltage goes below the holdup trigger
threshold (Vy,,s = Low). The HVES operates in
holdup mode and maintains the bus voltage at
the holdup regulation voltage, discharging the
storage capacitors partly or completely.

At the end of input-power-bus interruption (Vi
= High), the HVES returns to recharge mode.

Other aspects not shown in Fig. 22 also need
to be considered, for example the automatic
discharge of storage capacitors upon unit removal,
whatever the current operating mode.

G. Thermal Aspects

When the thermal performance of an HVES
system is analyzed, the following aspects need to
be considered.
The recharge mode uses the PFM technique,
which implies sleep intervals. The duration of
initial recharge varies with the storage
capacitance and the nominal recharge voltage.
HVES MOSFETs are operated in switch mode
only; there is no linear inrush limiting.
The holdup mode duration is limited, so dynamic
thermal behavior needs to be considered. This
concerns the MOSFETs, the diodes, and the
PCB when used as a heatsink. Allowed dynamic
stresses can be significantly higher than static
stresses, depending on component types,
packages, and power-pulse duration. See Fig. 23
for an example.
The mechanism that automatically discharges
the storage capacitors upon unit removal needs
to be able to dissipate all of the stored energy as
heat without exceeding critical temperatures.
There are three basic methods to move heat
away from the source: conduction, convection,
and radiation.
With the use of small component packages,
conduction is particularly important because it
spreads out the heat to the surface area needed
to dissipate the heat by means of convection and
radiation. PCB copper planes are commonly
used for that purpose.

Graph data courtesy of Vishay Intertechnology.

€ 2
(=
g L LI 1]
&g =Duty Cycle = 0.5
C o 3 ‘——r-!__
|d_.’ '§ 8 :c .2I —‘—"'
38 [
SEL 7
s 20 =0.02
s EC [
Ns 5 & — 005”
S Single Pulse
£
S
=z 0.01
0.1ms 1ms 10 ms

100 ms 1 10

Square-Wave Pulse Duration (s)

Fig. 23. Example of MOSFET effective transient thermal
impedance (with Vishay SUD15N15-95).
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a. Circuit model.
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Package

b. Package components.

Fig. 24. Example of simplified thermal model for integrated circuit

with PowerPAD ™

The wattage that can be safely dissipated
within the part depends on how well heat is
removed from the package. Fig. 24 shows an
example of a simplified thermal model where heat
is transferred to the air from the die mainly through
the die attach material, the PowerPAD™ [2], and
the PCB. Each capacitor in fact represents an
element’s thermal capacitance determined by its
specific heat and mass.

II1. BIDIRECTIONAL CONVERTER
HVES SYSTEM DESIGN

The following design guidelines are based on
bridge configuration 2 shown in Fig. 12, which
uses a nonisolated flyback topology in recharge
and a voltage-mode buck topology (Qc and Qa
being maintained off) in holdup mode. The PFM
technique with constant OFF time is also used
during recharge. Note that during holdup operation,
the voltage source becomes the storage capacitor
bank while the load is on the bus side of the power
bridge.

A. Power-Stage Considerations

Although the HVES system has two main
operating modes, the holdup mode needs to be
considered first during the selection or design of
power components. The recharge mode, which is a
low-power mode, needs to be flexible enough to
accommodate itself to these selections.

Inductor Design or Selection
The design or selection of the inductor should
be made based on the following criteria.

Inductance Value—For a buck topology, the
inductor is directly in series with the output load.
Consequently, it carries the load current added to
the ripple current circulating into the output
capacitors. Typically, a buck inductor is designed
to have a ripple factor of around 20% when
operated with continuous current at full load (the
ripple factor being the ratio of the peak-to-peak
ripple current to the average maximum current
value).
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In an HVES application, the capacitor bank inductance value changes according to what level
constitutes the input of the buck power supply, and of Viorage the 20% rule is applied (see Fig. 26).

its voltage goes down as the capacitors’ energy is Also, the required inductance value will decrease
delivered. This means that the ripple factor also as the switching frequency increases.

goes down, as shown in Figs. 25 and 26. The inductance value has a strong impact on

The peak maximum inductor current and the transient response. A low inductance value results

peak-to-peak ripple inductor current can be in a higher di/dt with theoretically faster speed.

estimated respectively as However, with a higher inductance, the buck

P 1 power supply stays in continuous mode at a lower

IL pk(max) =—>+— (7a) load level. This in turn improves the transient

Vous 2 response to a strong load step simply because, in

><(Vbus"'VfA + V)X (1-D) discontinuous mode, the error-amplifier output

Lxf, ’ goes down with the load current and would take

longer to rise to the level needed for the load step.

and Selecting a higher inductance value also

(Vpus + Via + Vie)x(1-D) reduces the ripple current, which then reduces the

Lrip pkpk = Lxf, ’ (70) output voltage ripple which depends on the ESR

of the output-bus capacitors.
and where P, is the load power; Vi
is the buck output; V¢s and Ve are
the forward voltage drop of,

' ) i 10 T T T T T 1 100
resPectlvely, QA S quy diode and \’ 40.5-V output, 300 kHz. 47 pH
Qc’s parallel diode series elements; D _ 8 \ Ll L 4 90
is the duty cycle; f; is the switching % \ Max Peak Current at 250-W Load 9
frequency; and L is the inductance. § g ! T8%
3 = - v g 1 ! °
The duty cycle can be predicted as 3 Max pea||( Curlrent Iat 200-W Load 1+ 70 g.
5 4 - | | 1 >
D= Vius + Vi + Ve (8) % T _Duty Cycle -+ 60 g
Viorage T Vie = Vo 8 , | Peak-to-Peak ~ .
c . S e mdmmmk==d 50
= Ripple Current R P i il
. . e -
where ngorage ts the input of the buck 0 lamzt==1" f E| ~1 4
and Vp is Qp’s Rpg(on) voltage drop. 40 45 50 55 60 65 70 75 80 85 90 95 100
Note that the impact of the series loss Vstorage (V)

elements is to increase the duty cycle.
Note also that, as shown in the
previous equation and Figs. 25 and

Fig. 25. Buck inductor current and duty cycle versus Vyrage.

. ., : 25 .
26, the .rlpple cgrrent isn’t a function ~ 405V output, 300 kHz, 47 uH_ -]
of load in a continuous-mode buck. = e —
. . = 20 I e
The inductor is calculated as % Ripple Factor at /, -
- L4
L= DX(Vstorage _Vbus - VfA - VQD) (9) I; 15 —200-W L\O’i(j <
fs XIH- ok ’ s \'o '/
P _PXp! E 10 "

where L, pipk 18 the peak-to-peak § 5 *"%Rﬁ ole Factor at
inductor cgrrent as already deﬁned. E /1/ 250-W Load
Note that since the storage capacitors’ 0 | | |
voltage is not constant, the calculated 40 45 50 55 60 65 70 75 80 85 90

Vstorage (V)

Fig. 26. Buck inductor ripple factor versus Vsorqge
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Low enough DC and AC winding 1
resistance for good efficiency—DC resis-
tance is dictated by wire size and the
number of winding turns. AC resistance,
which is related to skin effect but is largely
due to proximity effect [3], is also
influenced by wire type (single-strand or
Litz) and the number of winding layers.
AC resistance can be estimated, but a
measurement with adequate instrumenta-
tion (i.e., with the inductor’s magnetic
core not installed to exclude core loss) is
necessary for better accuracy. See Fig. 27.

The simplified equation for total winding
loss is

0.5

Resistance (Q)

PW :(RDCXIIZDC)+(RACXI12\C) (10)
with
Iic :IZRMS_IZDC’ (11)

where Rpc is the D¢ resistance of the inductor;
Rac is its resistance measured at the switching
frequency; and Ipc and Ic are, respectively, the
DC and AC current circulating through the
inductor.

Rac is in the form

R, =Rpe X(1+K ), (12)

where Kpgg, 1s the resistance-increase factor related
to the proximity and skin effects. Analysis can
demonstrate that for a buck operating in CCM, the
DC losses in the inductor dominate in most
applications, even when single-strand wire is used.
The AC losses become more important with high
ripple current where higher harmonics are no
longer negligible or at high switching frequencies.

Core Shape and Material—This has a direct
impact on core loss and inductor-radiated
emissions. Gapped ferrite cores provide lower
core loss at high frequency and have large flux
swings, but they have a sharp saturation
characteristic and low-saturation flux density. A
torroidal core with distributed gap material, for
example powdered iron or Permalloy powder,
provides a softer saturation characteristic and
lower radiated EMI (torroid shape) but has much
more core loss at high frequency.

Graph data courtesy of Renco Electronics. www.Rencousa.com

0.049  at 10 kHz

300 600 900
Frequency (kHz)

1200

Fig. 27. Inductor AC resistance versus frequency (with
Renco RL-1256-1-47).

The unshielded open-core inductor using
ferrite provides a good cost and size alternative,
although it has its limitations. Due to its inherent
open flux path, it couples noise to circuits nearby
and radiates EMI to the outside world. It is worth
noting that the very close proximity of a metallic
surface having magnetic properties can change the
inductance by an amount that is difficult to predict.
For example, steel material, because of its high-
absorption-loss properties, can reduce the
inductance value [4]. In addition, currents induced
in a surface having conduction properties can
introduce additional power losses.

For example, with the Coilcraft DO-5040H
inductor, the core loss per unit of core volume can
be calculated as

P=K,  xf*xB", (13)
where P is in mW/cm?, K, is 0.041, f is the
frequency in kHz, B is the peak value of flux
density in kilogauss, x = 1.63, and y = 2.51.
B can be calculated in gauss as
_ DX(Vstorage - V _VfA - VQD)XIOS

bus
2f XN s XA

turns core

loss

(14)

9

where all voltages are in volts, Ny, 18 the number
of turns, A,y 18 the inductor’s core cross-section
in cm?, and f, is in kHz. The parameter values
mentioned are normally not available in data
catalogs and need to be provided by the inductor
manufacturer. Other manufacturers instead provide
a simple equation calculating the core loss*,
starting from the frequency and the ripple current.

*See Equation (43) on page 5-29.
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a. Saturation current versus temperature.

Graph data courtesy of Coilcraft.
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b. Inductance versus current.

Fig. 28. Inductor saturation characteristic (with Coilcraft DO-5040H-473 inductor).

High DC Saturation Current—The peak current at
full load should be considered. The worst case is at
minimum switching frequency and maximum
Vistorage Where the ripple current is maximum (see
Figs. 25 and 26), and at high temperature where
typical inductors show a decrease in saturation
current level (see Fig. 28). There should also be
some margin for overloads of short duration as
well as for inductors’ manufacturing tolerance
variations.

Small Physical Size—Since the inductor dissipates
high power only during a short holdup event, its
physical size and PCB footprint depends mainly
on its peak saturation current and to a much lesser
extent on its winding resistance.

Selecting Switches and Diodes

The selection of power semiconductors
is a trade-off between size, efficiency, and
cost. As shown in Fig. 12, during holdup
mode only Qp is activated and the release of
the inductor energy to the bus is done
through diodes. Using an ultrafast diode in
parallel with Q¢ and a sense resistor
constitutes a good trade-off, providing
acceptable conduction loss with low reverse-
recovery loss and no Qc-gate switching loss
in holdup mode. For higher efficiency, a
Schottky diode can be used in parallel with
Qa, particularly at lower bus voltages.

Qp Losses (W)
© a N W b O O N

low, the Q¢ and Q, packages can be small and
low-cost, for example D-PAK or even SOT-223
and SOIC. Since a holdup event is a relatively
short event, physically smaller diodes can be
used.

The selection of Qp is critical to holdup
performance and efficiency. While Vg varies
from its initial to its final value, Qp should provide
a good balance between conduction loss, which is
proportional to Rpg(on); reverse-recovery loss; and
gate-drive and switching losses. Also, a low Q,, of
the body diode of Qp and low drain-to-source
capacitance will provide a more efficient and
faster recharge mode.

Fig. 29 shows an example in which 40.5 V is
regulated with a 250-W load, with the Vishay
SUD15N15-95 MOSFET. Not surprisingly, the

40.5-V/250-W Output, 300 kHz, 47 uH,
— Gate Turn Off = 0.47 A, Gate Turn On = 0.27 A

\ _—!- -

T R

=
— _.._--"" Gate and

e Switching Loss™|

———'

- ——
=" T

Conduction Loss _|

Reverse Recovery Loss

40 45 50 55 60 65 70 75 80 85 90

Vstorage (V)

Because the average and peak currents  Fig. 29. Op s power losses versus Vippage at Ty = 110°C
involved during recharge mode are very  wusing Vishay SUDI5SNI5-95 MOSFET and ES3C diode.
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conduction loss is dominant at low Vgraee
while the gate-drive, switching, and reverse-
recovery losses become more important at a
high voltage. The switching frequency used,
f; = 300 kHz, has a strong impact on the
results as reflected in several equations
below.

The loss types for Qp during holdup are
conduction, switching, reverse recovery, and
gate drive. Qp’s conduction loss can be
calculated as

x I2

Vgs_th 1"

& »
< >

-
v

Qgsz di

7 N
v

Qg_tot

Fig. 30. General plot of a gate-charge waveform.

PQD_cond = Ron_QD QD_RMS? (15)
where
2 2
P, L ook
Lop_rus =, [DX [Vbus) + pipzp (15a) 20
15
and
S
(Vbus+VfA+VfC)X(1_D) »n 10
. = . (16) ©
rip_pkpk Lxf >
5

Qp’s switching loss can be calculated as
shown below in Equation (17) where Qgqp
and Q,p are the gate-drain and gate-source 0
charges as shown in Fig. 30; I o and Ig o
are the average gate-drive currents during
Qp turnoff and turn-on, respectively; and
C4qsp 1s the drain-to-source parasitic
capacitance with Vg, op equal to Vgrage
Note that Qguqp and Qgep vary depending on
Vistorage (shown in Fig. 31) and the load current.

For the selected configuration, only Qp is
activated. This limits the gate switching losses,
which can be calculated as

1
Pgdrv =1 X[Vg X QgTD + 5 diD Xvstorage )’ (18)

where Qqrp 18 Qp’s total gate charge as shown in
Fig. 30 (Qg (o), and V, is the supply voltage
needed by the gate driver. However, if V, is

Graph data courtesy of Vishay Intertechnology.

ID =6.5A
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= ¥\ QgatVps =120 V-

Qg at VDS =75V
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20
Qg (nC)

30 40

Fig.31. Gate-charge waveform for Vishay SUDI5SN15-95.

derived from Vi, with linear regulation, Vi,
should be used in the equation instead of V.
It is worth noting that

Po

0SS D — %X (CdsD X Vs%orage + diD XVstorage ) (19)
The first element is part of Pop gw since it is
dissipated in Qp (at turn-on), while the second
element is part of Py, because it is dissipated in
the gate driver.

If, at the time Qp is turned on there is a forward
current through the diode placed in parallel with

f XV

storage

L_pkmin
P =87 sorge -
D_SW
- 2

X Iprkmax + I
IGfoff IGfon

]X (diD + QgsZD ):I + CdsD XVstorage }f

(17)
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Fig. 32. Example of reverse-recovery effect with fast Qp turn-on.

Qc (Dqc), there will be a reverse-recovery effect
as shown in Fig. 32. This effect could occur, for
example, when the power circuit is operated with
a continuous current. The following simplified
equation provides an estimate of the extra loss
related to the reverse-recovery effect:

V X erC 4

storage
where Q¢ is the reverse-recovery charge of Dqc.
Note that P, (. 1s distributed between the diode
and Qp. This power distribution can be influenced
by many factors including diode characteristics,
speed of MOSFET turn-on, and circuit parasitics.
In most cases, the reverse-recovery losses are
higher in the MOSFET (a ratio of 2 is common)
than in the diode when an ultrafast diode is used.
Q¢ can be estimated as

L
Que =l Xty xe 1T @1

where Ifc is Dqc’s current prior to Qp turn-on, ty
is the diode transit time (estimated using Qc’s
equation and diode reverse-recovery data with test
conditions), and di/dt is the slew rate of the current
as shown in Fig. 32. To mitigate reverse-recovery
losses, D¢ should be selected for ultrafast reverse-
recovery performance.

Prrftot = fs X (20)

2

During holdup there is also conduction loss for
Dqc which can be calculated as

P
PDQCicond = _OXVfC X(l - D)

bus

(22)

The only type of loss for Q4’s body diode is
conduction, which can be calculated as

PQA_cond = VO ><\/fA'

bus

(23)

Unless negative bias is used to keep the MOSFETs
turned off, it is better to select MOSFETs that have
a relatively high Vg threshold (for example, 2 to
4 V at 25°C), particularly for Q¢ and Qp, which
are part of a half-bridge circuit. Note that Vg o
typically goes down as the temperature increases.

Fig. 33 shows plots of typical losses using
PHT4NQI0T and Vishay SUDI5NI15-95
MOSFETs and ES3C diode.

Selecting Capacitors

The primary concerns when selecting
capacitors are size, voltage ripple, power
dissipation, leakage current, circuit noise, and the
impact on the control loops. Although there is a
wide variety of capacitors on the market, very few
can provide high capacitance per volume and
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Graph data courtesy of TDK Corporation of America.
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Fig. 33. Power losses with PHT4NQI10T (Q,),
SUDI5N15-95 (Qp) and ES3C.

operate at 50 V or higher. This leaves the aluminium
electrolytic capacitor as the first choice for energy
storage, based on volume and cost. On the bus
side, depending on the operating voltage, additional
selection includes tantalum, polymer aluminium,
and OS-CON capacitors, for example. Ceramic
low-impedance capacitors are also required, on
both the bus and the storage-bank sides, for the
high-frequency switching current and noise
filtering. Note that ceramic capacitors are strongly
dependent on DC bias voltage, with capacitance
going down substantially at higher voltage. See
Fig. 34.

Capacitors for Energy Storage—Since the current
is pulsating similarly to Qp during holdup, the
ESR is of prime importance. Electrolytic capacitors
typically exhibit a very strong ESR variation,
initially and over temperature (with the maximum
ESR value at low temperature), as shown in
Fig. 35. This variation has a direct impact on the
capacitors’ power loss which can be calculated as

ESR

c_st 2
X IQDJ{MS >
n

c_st

P =

cap_ st (24)
where ESR_, ; is the ESR per capacitor, n,  is the
number of storage capacitors in parallel, and all
ESRs are assumed to be equal. The temperature
dependency of capacitor power loss is shown in
Fig. 21.

-\\ .
\ Capacitor: C3225X7R2A105M ——]
\\\
\\
0 20 40 60 80 100 120

Bias Voltage (V)

Fig. 34. Example of capacitance change versus
voltage for a 100-V-rated TDK X7R ceramic

capacitor.
Graph data courtesy of Panasonic.
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Fig. 35. Typical ESR and leakage current at 100 V
over temperature for Panasonic EEVFK2A331M,
330-uF/100-V electrolytic capacitor.
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The presence of a strong equivalent series
inductance (ESL) in series with these capacitors
can introduce undesirable resonance during
recharge mode. Surface-mount or radial capacitors
mounted vertically (with no right-angle mount)
are recommended for storage, and they should be
installed on the same PCB as the power bridge.

The leakage current of storage capacitors is
also important as it influences the sleep-mode
duration when the power bridge is off in recharge
mode. The lower the leakage current, the lower the
average current consumption of the HVES system
while in sleep mode. The leakage normally
increases with temper-
ature (see Fig. 35).

Capacitors on Internal
Bus—On the bus side,
the capacitors are
typically part of an
existing EMI filter as
shown in Fig. 36. C,
represents the internal-

Hot Swap
(Optional)

Input
Voltage

operates in holdup mode. They minimize
switching-noise voltage and help regulate voltage
during load transients. Variations in peak output
voltage can be estimated [6] with

V = Zoutfpk ><Istep’ (25)

pk var_bus

where Zq, pi is the peak output impedance (Zy)
of the HVES buck power supply including bus
capacitance, and Ly, is the load-step current. The
initial spike is handled by capacitors and their
parasitics. The overshoot duration during a load
drop may be longer than expected since no
synchronous rectifier is used.

Third-Order EMI Filter

éRd

==Cp

Cur DC/DC

Ceramic‘[ Converter

—> Load

bus main capacitor(s).
The DC/DC converter
provides a constant
powerloadandrepresents
a negative incremental
impedance to the EMI
filter [5] and the HVES
system. The EMI filter
typically requires a
damping resistance, Ry,
as in Fig. 36 to avoid
introducing instability
into the system DC/DC
converter(s). Ry includes
the capacitor’s ESR.

Cy, and Cyr play the
role of output capacitors

Input
Voltage

Hot Swap
(Optional)

>-1¢

i

L\

HVES System

Virtual Capacitor

a. With third-order differential-mode EMI filter.

|

Fourth-Order EMI Filter

l M,

CHFl

DC/DC

—>
Converter Load

Ceramic ‘[

when the HVES system

HVES System

i

Virtual Capacitor

b. With fourth-order differential-mode EMI filter.

Fig. 36. HVES systems with EMI filters.
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Fig. 37. In holdup mode, the load is powered by the HVES
systems and the bus capacitance (parasitics not shown) is
part of the system s output impedance.

Graph data provided by Nippon Chemi-Con.
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Fig. 38. Typical variation of ESR over frequency and
temperature for Nippon Chemi-Con EKZEIOIE __10IMJI16S,
100-uF/100-V electrolytic capacitor.
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Vstorage (v)

Fig. 39. Output-bus ripple voltage versus V,.qq0 With various
ESRs and capacitances.

As shown in Fig. 37, the output
impedance, Z,,, of a power supply can
be determined over a frequency range by
driving the supply output with a current
source, 1,, then measuring the output
voltage v,

Cp, and Cyp also help maintain the
bus voltage during the transition from
recharge to holdup mode. The capacitors’
series impedances (ESR, ESL) affect
performance during that time. If, for
example, Cy, is electrolytic, the worst-
case maximum ESR is at cold temperature
as shown in Fig. 38. If the buck error
amplifier is in open loop during recharge
mode, significant additional bus-voltage
drop may be introduced at the beginning
of the holdup mode.

The bus ripple voltage (see Fig. 39)
caused by the HVES system switching
during holdup can be conservatively
estimated as

Iri kpk
rip _bus = ﬁ + Iri]37pk]3k X Rd . (26)
s b

The C, ESL-related spike is not
shown in the equation because with the
addition of ceramic capacitors, which can
also reduce Vi, pys, the ESL is not
contributing significantly to the noise.

For more accurate simulations,
parasitic impedances of capacitor and
PCB traces should be modeled. See the
capacitor model in Fig. 40.

L1
10.4 nH
R1 R2
496 mQ 111 mQ
C1 C2

7.7 uF -[ ]' 322.3 uF

Fig. 40. PSpice® model for Panasonic
EEVFK2A331M electrolytic capacitor
at 100 kHz and 20°C.

5-23




The dissipation in the bus capacitors and
damping resistor related to HVES operation can be
estimated with the equation

2

Pcapfbus = nii—;k})kXRd' (27)
Capacitor ESR also has a strong influence on the
buck-voltage control loop, introducing a zero at
the frequency 1/(2nRy4Cy) and providing damping
against the negative impedance of the constant
power load.

Gate Drivers

When gate-drive circuits are defined, the

following needs should be considered:

* Optimal gate-drive voltage amplitude for full
enhancement of MOSFETs and minimal gate-
drive losses.

» Very low pull-down impedance for low turnoff
switching loss and minimal risk of
parasitic turn-on.

» Slower Qp and Q¢ turn-on to get the
following:

* Lower Igy and voltage transients
and stress related to reverse
recovery (higher Pop sw but lower
Pir tot)

» Lower risk of parasitic turn-on of
the “other” MOSFET of the half
bridge through its Cgy, (see Fig. 41).

* Limited dV/dt applied to the “other”
MOSFET of the half bridge,
reducing the risk of destructive
turn-on [7, 8] of a parasitic bipolar
junction transistor (BJT) if the body
diode is conducting (see Fig. 41).

* Immunity of high-side Q4 and Qp gate
drivers to common-mode noise.

» Stable floating supply voltage for Qp
and Qp under all conditions, for
example by using a bootstrap technique.
This can be done by monitoring the
floating supply voltage and forcing a
refresh of the bootstrap capacitor. The
technique is particularly useful for the
buck operation which requires the duty
cycle to virtually reach 100%.

Gate
Driver

» Adequate power-dissipation capability of gate
drivers.

* Adequate dead time between Qp and Q¢ if used
in the same operating mode.

B. Control-Circuit Design Considerations

Recharge-Mode Control-Loop Design
Considerations

The recharge-control circuit operates in a
constant-oftf-time using peak-current-mode control
(CMC) with a hysteretic error amplifier. See Figs.
42 and 43. Typical voltage-loop compensation is
normally highly dependent on output capacitance
and parasitics. One benefit of hysteretic control is
that no compensation is required. Another is that
there is no stability concern with a right-half-plane
zero and a double pole at half the switching
frequency. Peak CMC inherently provides current

Cdg
|_
k]
EII— ——=Cygys
|_.
Cgs
Cdb .
Parasitic

BJT

b. With parasitic BJT.

Fig. 41. MOSFET with parasitic components.
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Hysteretic

REF Amplifier
VStorage >
ENABLE
411 To Q¢ and
—Ss Q [— Qp Gate
VNEG Current Drive
Qc Gate Comparator R
Ly Drive —l \/
Qc |_ Ipk_th

Edge

Leading-

Blanking

VNEG

Fig. 42. Peak-current mode during recharge.

limiting. Note that turnoff time delays
(tge1 orr) and leading-edge blanking result
in a higher peak current (Ipk) than the
programmed threshold (I ), as shown in
Fig. 43. With the constant-OFF-time
technique, any current disturbance dies out
in one cycle and the current loop is
inherently stable. When the capacitors are
fully recharged, the converter operates in
the discontinuous-conduction mode
(DCM).

In continuous-conduction mode (CCM),
for example at the beginning of recharge,
Lokt and tor cont always define Ly i, as
shown in Fig. 44.

The PFM technique provides high
efficiency as shown in Fig. 45. The duration
of the sleep interval depends mainly on
leakage currents.

Hysteretic control means that an
output-voltage ripple is regulated. This is
acceptable since only a capacitor bank is at
the output. The amount of ripple should be
high enough to prevent any erratic behavior
related to the capacitors’ ESR.

\\;gs_QA |-|
s_QC
95— Inductor Current
lok
lok_th
mj my
- 0A
»i+tyel OFF
D x T " toicoNT
< ™. >

Fig. 43. Discontinuous peak-current operation in
recharge mode.

toff CONT

f
Aly'
—p

«—tgel OFF

< P

toff CONT

Fig. 44. Peak-current mode with current perturbation.

Icaps

>

Sleep Interval

A

Veaps? S VsT _th

Fig. 45. PFM operation in recharge mode.
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The total recharge time can be estimated with
the equation
E

C_final
EL
xL

t

(28)

rech tot

+ tofffCONT + tdelfOFF }

2
storageF

E (29)

C_final = E storage
is the final storage energy, Viorager 18 the final
Vistorage> and the minimum energy transferred per
cycle is

(30)

The leakage currents and the conversion efficiency
are neglected but should be in the equation if
significant. L ¢, is used instead of I since tge|
orr 1s hard to predict. In reality, E; is higher,
which reduces the recharge time. Also, at the
beginning of the recharge, the converter operates
in CCM so that the recharge is faster. It operates in

DCM as soon as
LI,

V.

storage

< toff_CONT'

€2))

Holdup-Mode Control-Loop Design
Considerations

The buck power supply is a pulse-width-
modulation (PWM) fixed-frequency, voltage-
mode-control type. A small-signal representation
of the control model in CCM is shown in Fig. 46.
In this model, V; and D are the buck input DC
voltage and the steady-state duty cycle; v;, d, V,,
and Vv, are small-signal variations; and K| ¢ 71.0AD
represents the output LC filter with load imped-
ance. Bl represents the impact of the duty-cycle
variation, d, on the input voltage, v;, of the buck
power supply. Note that B1 is greatly influenced
by the input-network impedance, which in this
case, includes the storage-bank capacitance.

The output voltage of a voltage-mode-control
buck is V, = D X V; and its small-signal variation is
proportional to (d X V;) + (D x Vv;). Blocks K, and
Kg4i show this relationship and how the small-
signal behaviour is affected by V; and v;. The
feed-forward effect shown with block K¢ (which

Feed
Forward

KLc_zLoap
Ve v,
KeacL ;v
(Compensation REF
and Feedback)
a. Buck voltage-mode-control model in CCM.
e "W
A Feedforward
E Compensation
rror .
Amplifier ggrﬁ:g“‘t“ S PO Viamp =
Output \t/ K XV,
=

I A

PWM I Dual-Edge I |
. Modulation *
b. Oscillator ramp and PWM signals.
Fig. 46. Small-signal control model in CCM.

cancels Ky;), and block K; (which cancels K,),
ensures that the loop gain stays independent of the
input voltage. This is particularly important since
the storage capacitors’ voltage changes consider-
ably during a holdup event.

In order to compensate for the double poles
inherent in voltage-mode control, a type III compen-
sation network (Fig. 47), which provides two
zeros, is required. The double-pole frequency is

1
f, =——F—.
* 2nJLxC,

It is also important to pay attention to the zero
introduced by the ESR of the bus capacitor (mostly
R4 as shown in Fig. 37). Its frequency is
B 1
L xR XC,

(32)

(33)

5-26



Fig. 47. With type Il compensation.

If the effect of V¢ and Ve is neglected, the overall
open-loop gain is shown by Equation (34) below,
where Kgr is the feedforward factor defining the
ramp amplitude from Vrage, and Kgacr(s) is the
compensator gain. The output impedance is

1
Zout (S) = >
Keact®) 1 1 (35)

KST xXLXs Zload (S) Lxs

where Z;,.4(s) is the total impedance seen by the
inductance, mainly the bus capacitance in parallel
with the load, and s = jo, which is based on the
Laplace Transform function.

The previous equations (in Section II1.B) are
applicable to CCM. If DCM is used and the effect
of Vo and Vye is neglected, the duty-cycle
equations then become as follows.

The critical load power below which the converter
operates in DCM is
2
Vbus x (Vstorage - vbus ) 39
Pcrit = : ( )
2XLxV, x £

storage S

IV. DESIGN EXAMPLE: —48-V HVES
APPLICATION FOR ATCA USING THE TPS2355

A. Basic Design Overview
To illustrate the design of an HVES system
(see Fig. 48), a —48-V bus application has been
selected. The design requirements are (see
Fig. 19):
* Power output = 250 W maximum constant-
power load
° tholdup =93 ms
* Vius min =44V, Vous max =72V
* Vicad min =38V
° Vholdup =405V+£15V
+ Storage voltage = 87.8 V + 4%
* Bus capacitance (C7) = 100 pF with 0.1 to
0.25-Q ESR (including R20)
* £,=300 kHz +15%

If a 25% ripple factor (Kp) at 87.8 V is
assumed, the inductance calculation becomes

 47.8%x(87.8V-40.5V-1.3V)

40
* MOSFET conduction: 300kHzx1.543 A (40)
- B 2XLXPy g X £, ~47uH
MOSFET_DM — ) L . .
- (Vstorage Vs )x Vitorage (36) where the peak-to-peak ripple is defined as
P
I, =K, Xx—O
where P),qis the load power. rip_pkpk = Frip % s (41)
» Diode conduction: (See Equation (37) below.) 250 W
o Offperiod: =25%X40 Y, =1.543A
D3 pm =1-Dyosrer pm ~DPpiobe pm (38)
K c(8)xK; x(K; Ky XBy (5)) Kic(s) (34)
G s)=K )X =K S)X —=——=
voL(8) = KgacL(s) 1K XK <B, (5) EAcL (8) K
5 8XLXPy,qXf
—Dwmosrer pm + \/ Dyviosrer pm™ + Vzload : (37)
bus

DDIODE_DM =
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Graph data courtesy of Renco Electronics. www.Rencousa.com Graph data courtesy of BI Technologies.

| sl |
45
50 Py 25°C 40 3 70°C
T a0 [— 1T ™ T 35 L
= 5% Drop N = 30 \
8 at7.5A 125°C 5% Dro 8 100°C X
§ 30 —at125°C At 108A | § 25 e
2 2 . | at25°C R
2 N £
10 — 10
At 125°C, derate lsatby 30% 5
0 | | | | | 0
00 72 75 7.8 81 84 87 93 102 108 111 7 7.5 8 8.5 9 9.5
Current (A) DC Current (A)
a. Renco RL-1256-1-47 b. BI Technologies HM00-A7802LFTR
Fig. 49. Inductor saturation characteristics.
For 250 W, the Renco RL-1256-1-47 is selected to Note that if a standard 200-W ATCA is needed,
provide a margin against saturation at high the small surface-mount Coilcraft DO-5040H-473
temperature and high Vorage- is a possibility, depending on the maximum temp-
250W 1 erature (see Figs. 25, 26, and 28) and the storage

IL pk@max 1) = M-I-E (42) voltage. However, for a 250-W output, the power
' losses are as shown in Figs. 20, 21, 29, and 33.
X(40‘5V+1‘6V)X(1_45-4%) —713A Equation (43) shows the typical core loss for the
47uHx255kHz Renco RL-1256-1-47 from 100 kHz to 500 kHz.

If the maximum gate charge, a high temperature,

80 V, and 0.47-A and 0.27-A gate-drive currents

are assumed, Equations (44) through (46) apply.

The BI Technologies HMO00-A7802LFTR is
another alternative. See Fig. 49.

)2.62

Poore = 01436 (£ ) x(0.1262456 1 =26mW at 300 kHz, (43)

core rip_ pkpk

where Py, is in mW, f is in kHz, and Lj; ypx 1S in A,

Pop SWz300kHZX80V>< 68954 3454 X(8.75nC+5nC) [+45pFx80V ¢ =5.794W  (44)
- 2 047A 027A
Py =300kHz><(40.5V><25 nC+%><8.75 nC><8OV)= 0.409 W, (45)
_ QgsZD
t XI5 on
Prr_t()t:fsXVstorageXIfC><‘[T_ES3C><e e (46)
5nC

~300kHzx80Vx5.45A%39.9nsxe V>00mX027TA _ > caw.
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B. Simulation Results 1

Following is a summary of the buck feedback fZ_cap(ZSOmQ ESR) = 271x0.25 QX100 uF (49)
loop design. Graphs of predicted performance ]
(operation in CCM) are shown in Figs. 50-52. =6.36kHz

The double-pole nominal frequency of the LC The compensation poles and zeros are as

filter is follows:

_ 1 1

£y nom =
p_nom f =—  =758H
21 LxCy 47) 27 2axRI9xCl1 ‘ (50a)
1

= =2.32kHz. Cl11+Cl6
21 /47 tH X100 uF f = =76.55kHz
" " P 2axR19xCl1xCl16 (500)

The bus capacitor’s zero frequency changes with
: . o 1
1ts series resistor: 958 Hz

fZi = -
1 2nx(R5+R18)xC21
2nxR 4 xCy, 48
~ 1
271x0.1Qx100uF
=15.91kHz

(51a)
fZ_cap(lOOmQ ESR) —
1

f.=—  =31.974kHz
Pl 2nxR18xC21 (510)
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Fig. 50. Bode plots of system frequency response.
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Fig. 51. Typical system open-loop gain and phase shows
effects of capacitor’s high ESR of up to 0.4 Q.

40 LI I T
30 Open-Loop Z,,,,
20 i

10 —

Amplitude (dB)
|
=

i
R AT I
-30 Closed-Loop Z,,
1
-50 ¢ 250-W Constant-Power Load []]

100 1k 10 k 100 k 1M
Frequency (Hz)

Fig. 52. Typical output impedance with 0.1-Q C;, ESR
and 250-W constant-power load.
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Simulations have been performed on a large- C. Test Results

signal average model operating in both CCM and The HVES system discussed has been built
DCM. An examples of HVES-system behavior and tested. Fig. 54 shows the transient response
during holdup is shown in Fig. 53. during a holdup event. The response matches well

with the predictions in Fig. 53. The duty-cycle
preset provides a quick response at the beginning
of holdup. See Appendix A for more details.

40V

A TPS2355 COMP Output L
20V + v
ov l
10 A
Load Current }( (2.28 ms, 5.98 A)
5A 1-°
Inductor Average (4.31 ms, 674.1 mA)
Current ¥ |
0A
46.88V - | Bus Voltage
(3.04 ms, 41.2V)
43.75V A (616 ps, 40.7 V) / (4.92 ms, 40.4 V)
Y (6.53 ms, 39.7 V)
4063V - ~ Y
(410 ps, 39.9V)
38-00 V T T T T T T T T T
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time (ms)

Fig. 53. HVES-system simulation results: buck response with load pulsed between
241 and 27.5 W.

R R Y T R S R B R L PR o FR T

Buck Inductor
Current (10 A/div)

111l

Ve (40-V Offset) (2 V/div)

PR IRTIN RN R PO SN NN I NIRRT I Y T S S T S WA AU
e L B B B

© 1o TPS2355 COMP Output (2Vidiv) ~ ~ + = =+ @t

_J"-——t ol

Time (2 ms/div)
Fig. 54. Transient response of HVES system during holdup. Test used the TI
TPS2355, and power load pulsed between 241 and 27.5 W.
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Fig. 55 shows the recharge cycle of the storage-
capacitor bank when starting from 0 V. Adaptive
soft start is used for adequate inrush current control
and the capacitor’s short-circuit protection. As
shown in the expanded-time insets, when Voragc
is very low, the peak-current threshold (Ipi ) 1s
substantially reduced and the off time (t,s conT)
has increased. R

V. CONCLUSION

The design of an HVES system is complex and
requires a broad knowledge of power supplies.
This topic has presented the basics. More details
are provided in Appendix A.

mr= T 7T 171171717 17T 1T 1T 1T 71T T T T 77177

§ Flyback Inductor Current (500 mA/div)

Time (200 ms/div)

Fig. 55. HVES system capacitor recharge cycle with adaptive soft start.
Test used the TPS2355 with Viy =44 V.
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APPENDIX A. DUTY-CYCLE PRESET FUNCTION

1. Description of the Problem

During recharge mode, the holdup error
amplifier system loop is not closed, which means
the normal speed of its reaction to a holdup event
will be inadequate. Fig. 56 shows what happens in
such circumstances—the bus voltage goes down to
27 V before slowly rising up to 40.5 V.

I1. The Duty-Cycle Preset Solution
The transient response at the beginning of

holdup is critical. One characteristic of a buck
topology operating with voltage-mode control and
feedforward is that the output of the voltage-loop
error amplifier directly defines the operating duty
cycle. This can be used to achieve immediate
response to a holdup event by presetting the error-
amplifier output while in the recharge mode.
Fig. 57 shows a possible implementation of this
function.

- TPS2355 COMP Output (1 V/div) ]

Time (1 mslldliv)
Fig. 56. Reaction of HVES system if there is no duty-cycle preset function.
Test used the TI TPS2355 with R13 uninstalled, Vypq9e = 60 V, and power

load pulsed between 241 and 27.5 W.
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Fig. 57. Duty-cycle preset circuit.
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During recharge mode, switches S1 and S2 are
closed, so that the amplifier behaves like an inverter
with a gain defined by R;,; and Rgg. During that
time, the compensation capacitors are precharged
for a fast holdup response. This DC feedback is
disconnected as soon as the holdup mode begins.

The equation defining the offset injected by
the duty-cycle preset circuit (see Fig. 57) is
Equation (52) below.

The preset voltage provided by the error
amplifier is defined independently from the storage
voltage, but it follows the state of the bus voltage.
For example, if Vi, preset =40.5 V, R;, = 5 kQ,
RH =237 kQ, RL =25.24 kQ, VREFI =5 \/, RFB =
4.53 kQ and Vi pos = 3.9V, then V, =2.904 V.
If Vius preset = 42V and Rpg = 4.12 kQ,
then V. =2.968 V.

On the other hand, because of the feedforward,
the required voltage at V. is constant whatever
Vistorage may be. This is useful when multiple
successive holdup events occur, in which case the
storage voltage does not have time to reach its
final recharge value before the next holdup event.
For example, if Viorage nominal is 88 V,

_ vbus _ preset + VfA + VfC

D (53)
Vstorage + VfC - VQD
~ M =49.37%,.
88V+03V

The ramp peak-to-peak voltage is 5V, and V. o4
=(49.37% x 5V)+ 0.5 V=2.968 V, where 0.5 V

is the ramp offset. If V0o has decreased and is
still at 55 V when the next holdup happens,

D~ 42V+1.6V

= 78.84%. (54)
55V+03V

The ramp peak-to-peak voltage is 5 V x 55/88 =
3.125V,and V¢ 1oq=(78.84% x 3.125 V) + 0.5V =
2.964 V.

Inthe duty-cycleequation, Vg preset represents
the target bus voltage for which the error amplifier
gets preset during recharge mode. Vi preser does
not have to be exactly equal to Vi, and it may be
slightly higher. This helps to mitigate the first Vi
undershoot (at the beginning of holdup), which is
influenced by circuit parameters that can vary with
device manufacturing tolerances, temperature, and
age. However, the Vs preset VOltage selection
represents a trade-off because a higher voltage can
increase the first overshoot. In the duty-cycle
calculation, 42 V was selected, although a different
value could be used.

Equation (55) below defines Rgg. Note that
Rgp corresponds to R13 in the schematic of Fig.
48.

I11. Test Results

A comparison between Figs. 55 and 56 shows
the effect of using the duty-cycle preset function.
Figs. 58 and 59 show the performance of the duty-
cycle preset function with different R13 (Rgg)
values.

Vi
Vc _ RFB X|:Vinp_pos 5 L n L " " 1 _'bus_preset VREFI :| (52)
RH RL R; RFB RH I{int
RFB _ Vcireq _Vinpipos (55)

V.

' Ry R, R,

int

1 1 1 Vius _preset  VREFI
np_pos Xlg—t5— 1 - B

Ry R,

int
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b. Power load pulsed between 81 and 27.5 W.

Fig. 58. Reaction of HVES system with duty-cycle preset function when test
used the TI TPS2355 with R13 = 4.12 kQ.
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a. Power load pulsed between 241 and 27.5 W.
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b. Power load pulsed between 161 and 27.5 W.

Fig. 59. Reaction of HVES system with duty-cycle preset function when test
used the TI TPS2355 with R13 = 4.5 kQ.
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