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ABSTRACT

Active transient voltage compensator (ATVC) has been proposed to improve VR
transient response at high slew rate load, which engages in transient periods operating in MHZ to
inject high slew rate current in step up load and recovers energy in step down load. Main VR
operates in low switching frequency mainly providing DC current. Parallel ATVC has largely
reduced conduction and switching losses. Parallel ATVC also reduces the number of VR bulk
capacitors. Combined linear and adaptive nonlinear control has been proposed to reduce delay
times in the actual controller, which injects one nonlinear signal in transient periods and
simplifies the linear controller design.

Switching mode current compensator with nonlinear control in secondary side is
proposed to eliminate the effect of opotocoupler, which reduces response times and simplifies
the linear controller design in isolated DC-DC converters.

A novel control method has been carried out in two-stage isolated DC-DC converter to
simplify the control scheme and improve the transient response, allowing for high duty cycle
operation and large step-down voltage ratio with high efficiency.

A balancing winding network composed of small power rating components is used to
mitigate the double pole-zero effect in complementary-controlled isolated DC-DC converter,
which simplifies the linear control design and improves the transient response without delay time.

A parallel post regulator (PPR) is proposed for wide range input isolated DC-DC
converter with secondary side control, which provides small part of output power and most of
them are handled by unregulated rectifier with high efficiency. PPR is easy to achieve ZVS in

primary side both in wide range input and full load range due to 0.5 duty cycle. PPR has reduced



conduction loss and reduced voltage rating in the secondary side due to high turn ratio
transformer, resulting in up to 8 percent efficiency improvement in the prototype compared to

conventional methods.
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CHAPTER ONE: INTRODUCTION

1.1 Background

An unprecedented advancement in semiconductor technology, especially in
microprocessors, sets the new level of requirements for power supplies [2-5]. From Intel’s initial
4004 to today’s Pentium IV, microprocessors have greatly improved their clock frequency by
three orders of magnitude through the continuing scaling of Complementary Metal-Oxide-
Silicon (CMOS) manufacturing technology from 1.lum in 1986 to 0.09um in 2004.
Microprocessor scaling has consistently adhered to Moore’s law [8]. By 2006, multi-core CPU
processors with more than 279 million transistors on a chip consume more than 100 W. The new
scaling technology will drop the core-voltage of high-performance processors down to 1V range,

requiring up to 120A current from the voltage regulator.
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Fig.1.1.1 Historical data on the increased power of Intel CPUs



The electrical power consumed by the CPU is given as
P, =AV-f-C-V,. (1-1-1)

Where, AV is the activity factor, f'is the clock frequency, C is the lumped capacitance of
all the logic gates, and V¢ is the CPU core voltage. The scaling of CPU increases the
capacitance C, resulting in increased processor power. Fig.1.1.1 shows the historical data on the
increase in power for Intel CPUs [1, 6]. It is observed that as the clock speed scales up over time,
so does the power dissipation of microprocessors.

The CPU consumes electrical power and eventually turns it into heat. This poses great
challenges to CPU thermal management with increasing power consumption [9-10]. The latest
mobile processors have implemented special power-saving techniques called PowerNow™ and
LongRun™ [11, 12] to try to save power for battery life extension. Accordancing to these
technologies, the microprocessor has different modes of operation, i.e., “performance”, “battery”
and “automatic”. The idea is to decrease the clock frequency and core voltage in the battery
mode, while keeping frequency and voltage higher at performance mode. In the automatic mode,
the processor continuously adjusts the clock frequency and voltage according to system demand.
That means the microprocessor voltage regulator must be able to change quickly the output
voltage on the basis of the control signals from the system or microprocessor.

Another power saving technique, called “Intel Mobile Voltage Positioning” or IMVP,
uses the droop-compensation approach usually associated with an extension of the transient
window. It also requires the negative core voltage offset for some sleep-mode stages of the
microprocessor [3-5]. This approach also extends the battery life, because power dissipation of

the microprocessor is inversely proportional to core voltage square.



Fig.1.1.2 shows the roadmap of voltage and current of Intel 32-bit CPUs [6]. Future
CPUs will run at sub 1V with an even-tighter voltage tolerance as shown Fig.1.1.2 (a).

Meanwhile, Fig.1.1.2 (b) indicates a high current consumption reaching over 120A and fast slew

rate of about 400A/us.
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Fig.1.1.2 Intel roadmap of 32-bit CPU (a) CPU die voltage and (b) CPU current demand and
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Fig.1.1.3 (a) shows the initial power delivery architecture for CPUs. The CPU draws
power from the 5V output of the silver box directly. However, the parasitic resistance and
inductance between silver box and the processor have such a severe impact on the power quality
that it is impossible to use the centralized silver box to provide power directly to the high
performance CPUs. A dedicated DC-DC converter, the voltage regulator (VR), is placed very
close to the processor in order to minimize the parasitic parameters between them. A voltage
regulator converts the silver box output voltage to a suitable regulated DC voltage rail to power

the CPUs in current power delivery architecture as shown Fig.1.1.3 (b).
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At first, the VR draws power from the 5V output of the silver box by the single-phase
buck converter around 2V/20A as shown in Fig.1.1.4. As CPU power increases, a single-phase
buck converter cannot meet the requirements because of large current ripples in the filter
inductors that increase the conduction and switching losses of FETs, as well as the power losses
in the filter inductors.

Therefore, interleaved multiphase synchronous buck converter [23-30], shown in
Fig.1.1.5, is presented to improve the efficiency and the transient response, which consists of N
identical converters with phase shift of 360/N degree to reduce the output current ripples.
Interleaved multiphase operation is important for producing the high currents and low voltages
demanded by today’s CPUs because it reduces output current ripple and provides better thermal
management due to the distributed structure.

For interleaved multiphase buck converter, the output current ripples can be obtained by,

m._ m+1
A A A

T Loy D

(1-1-2)

Where, N, Lo and fs are the channel number, the output inductance per channel and the
switching frequency, respectively. m = floor(N - D) is the maximum integer that does not
exceed the N - D . Fig.1.1.6 shows the influence of duty cycle on the output current ripple, which

is normalized against the inductor current ripple at zero duty cycle [23].
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Fig.1.1.6 Influence of duty cycle on the output ripple cancellation

As the power delivered through the VR increases dramatically, the power of the 5V
output of the silver box is so high that the distribution loss on the 5V bus is considerable.
Hooking the VR to the 5V bus is no longer efficient from the system point of view; therefore,
VR input voltage moves to the 12V output of the silver box. In the meantime, more phases are
used because higher current is delivered through the VR. Currently, the Intel motherboard adopts
a 3~4 phase 12V input interleaved synchronous buck converter, its output voltage is

0.8375~1.6V and the output current is up to 120A in VR10.1 [4].

1.2 Challenge in High Slew Rate VR

Developing an efficient, low cost power delivery system for CPU load is one of the major
problems that need to be solved. Another problem relates to the high slew-rate current transients,
exceeding 1A/ns through the die when a processor abruptly changes its operating state.
Obviously, special packaging, high-frequency decoupling capacitor and fast transient response

regulator must be used to keep the core voltage tolerance within the requirement.



The VR current slew rate cannot catch up with that in load current, and the unbalanced
current between VR and high slew rate load is provided by the output capacitors until VR
supplies full load current. The performance of output bulk and decoupling capacitors play a very
important role in output voltage spikes [33, 34, 52]. At the same time, the delay time in the actual

controller loop has substantial impact on the voltage spikes [22] [53-63] [67, 68].

1.2.1 Voltage Spikes Estimation in High Slew Rate Load

During high slew rate transient periods, not only ESR and ESL of the output filter and
decoupling capacitors have strong impact on the transient response, but also the parasitic
inductances and resistances of PCB traces and socket between the VR output terminal and CPU
load. In order to simplify the transient voltage spike estimation, only ESR and ESL of capacitors
are taken in consideration at first. Fig.1.2.1 shows the equivalent circuit, in which output
capacitors are composed of N identical capacitance C with ESR, ESL and VR assumed to be a
current source with current ripple and where slew rate is determined by the applied voltage and
filter inductance. The worst case for output voltage spikes occurs in step-down load because the
buck converter provides higher slew rate current in step-up load than that in step-down load.
Therefore, voltage spikes estimation in step-down load has been discussed as an example in this
chapter. The influence of parasitic resistance and inductance of PCB traces and socket can be

obtained by the same method used in voltage spikes estimation in step-down load.
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Fig.1.2.2 shows the output voltage transient waveforms in step-down load with ideal
controllers that can respond to the transients without any delay time. Two voltage spikes occur,
AVp; and AVp,, during the transient periods. I is the VR filter inductor current which slew rate
1s SR;.. I is the load current with SR slew rate.

For the first voltage spike AVp; between ty and tpy,

t (1-1-3)
P1 b SR,
AV, :ﬁ-SRO (1-1-4)
Ny
R SR
AV, = J\ZR (Al — Al - SR; +Al) (1-1-5)
Al R
AV, = 2 -(AIO—A[O-S L+ AL) (1-1-6)
2-N,-C,-SR, SR,
1 Al SR
AV, :N_B'[(RESR +m)'(ﬂ0 —Al, - SR(L) +ALl )+ Ly -SR] (1-1-7)

For the second voltage spike AVp, between tp; and t,

AV,, =0 (1-1-8)
AV, = AV + AV, =Ry ] [ic-de+ v, (1-1-9)
NB NB 'CO 11
Al
i = ALy + =5~ SR, -1 (1-1-10)
A R Al
d sz t=tpy = 'SRL + ! '(A[o +—=+ _SRL 'tpz) (1-1-11)
dt N, N,-C, 2



From the Equation (1-1-11), it is easy to obtain the time tp-t; when the second voltage
spike occurs.

Al +AL 2

s ReCo (1-1-12)

Ipy — 1

When the time (tp-to) is less than the time (tp;-to), the second voltage spike will dominate;

otherwise the first voltage spike dominates. Their Equations are given as

Al / Al
AV, = ! gl C— - (AI, +AI, + Al )— ° _1>AV, (1-1-13)
N, 2-C,-SR, 4AI," 2-C,-SR,
1 Al SR
AV? =— Ry +——2 (A, - Al -—L +AI,)< AV, 1-1-14
P2 NB ( ESR 2-CO-SR0) ( 0 0] SRO L) Pl ( )

From the above analysis, it is clear that the first voltage spike is mainly determined by
ESR, ESL, output current slew rate SRy and step current Aly; the output filter capacitors have
slight capacitive increase because of its short duration. The second voltage spike is mainly
determined by the energy stored in filter inductors, bulk capacitance, ESR and step current. ESL
has a slight inductive effect on the second voltage spike due to slow slew rate VR current. The
delay time in the controller will increase the second voltage spike.

Fig.1.2.3 shows the transient voltage estimation vs. filter inductance. It is clear that the
first voltage spike will dominate when filter inductance is small, otherwise the second voltage
spike will dominate. Therefore, there are two transient design methods [35]: energy storage-
based transient design with large output filter inductance for the second voltage spikes
suppression and ESR- and ESL-based transient design with small output filter inductance for the

first voltage spike suppression.
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Fig.1.2.4 Delay time tpg; impact on voltage spikes

The ideal controller does not have any delay time and duty cycle restriction so that it can
respond to any kind of transient load immediately. In fact, the delay time in actual controller
adds more energy to the output capacitor resulting in higher second voltage spike [33, 34].

Fig.1.2.4 shows the delay time tpgr impact on the second voltage spike. The capacitive

portion of the output voltage of Co gets the additional rise AV¢ because the charge AQc is
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delivered to the output capacitor by the filter inductor Lo. The time delay tpgr that any actual
controller has adds the extra charge AQgxrtra, Which increases the second voltage spike by
AQgexTtra/Co. This extra charge can have a significant effect on the transient waveforms,
especially in the low output capacitance case, for instance, the ceramic capacitors in a high
frequency solution. Also, the controller parameters can significantly affect the voltage spikes and

the regulator size.

1.2.2 Challenge in Voltage Regulator

With the rapid development of microprocessors, their power consumption has increased
dramatically with low voltage less than 1V, up to 120A high current, up to 10A/ns high slew rate
and critical output voltage tolerance requirement [1] [3-5]. The original power delivery
architecture to supply the microprocessor from a single channel 5V input voltage regulator (VR)
cannot meet these critical requirements any longer. A 12V input interleaved multiphase VR [23-
30] becomes the most popular power architecture because of its smaller input and output current
ripples and good distributed thermal capability.

The VR current slew rate cannot catch up with the CPU load current slew rate, thus the
unbalanced current will be provided by the VR bulk and decoupling capacitors. Therefore, two
voltage spikes occur in high slew rate transient loads. The first voltage spike is mainly
determined by the ESR and ESL of capacitors and the parasitic resistances and inductances of
PCB traces and the socket. The second voltage spike is mainly determined by the energy stored
in filter inductance, which is related with controller delay time. A longer delay time exists in the

controller and results in a higher second voltage spike.
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The effective way to reduce the first voltage spike is the passive method by paralleling
more capacitors for smaller equivalent ESR and ESL, which also reduces the second voltage
spike. In fact, many Oscon and ceramic capacitors are mounted close to the microprocessor in
the current Intel motherboard [4, 5]. VR output impedance can be minimized within a certain
frequency range for fast transient response by combining different types of capacitors.

Because of large filter inductance and the delay time in an actual controller, the second
voltage will dominate in less than 800A/us slew rate transient load. However, the passive
method has limited improvement on voltage suppression due to the parasitic resistance and
inductance of PCB traces and the socket, thus it is not a suitable method for the increasing
requirements.

The delay time in LC filter, compensation network and IC propagation delay time will
increase the second voltage spike, which is related with the close loop design. High-switching
operation improves the transient response by reducing the filter inductance and lessening the LC
delay time, but it suffers high-switching loss. Active voltage position (AVP) [14-17] is an
attractive control concept to improve the output voltage tolerance as much two times, thus the
number of capacitors required for certain voltage tolerance can be reduced. However, AVP
cannot achieve constant output impedance (also called load line) in wide frequency rage in an
actual design due to an inaccuracy of current sensing and the delay time in linear controller, and
it is impossible to eliminate due to the requirement of enough phase and gain margins for
converter stability. Therefore, AC load line is always higher than DC load line in most
conditions. Moreover, the small-signal model is not effective any longer in large-signal transient.

A two-stage approach [65] is one reported way to improve transient response. The first

stage converter operates in a relatively low switching frequency for intermediate voltage bus,
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such as 5V. The second stage converter operates in several MHZ with a low inductance (100nH)
filter, and it can achieve a high bandwidth for good transient response. But a two-stage approach
is a cascade system, and improving its total efficiency is the big challenge for VR design.

Current compensation, or current injection [37-41] [43-45], is another very attractive
concept to improve transient response with a small extra converter. It only activates in transient
periods to inject high slew rate current in step-up load and absorb energy in step-down load. The
current compensators mainly handle the AC current, and then main converter only needs to
handle the DC current, thus it can optimize VR efficiency. Unfortunately, linear mode current
compensator has a large conduction loss due to high voltage drop and high current stress, and
switching mode current compensator also has a high switching loss. Low efficiency in the extra
converter is the barrier for the application.

VRM10.1 [4] defines DC-DC converters to meet the power supply requirements of
desktop computer system, which has output voltage 0.8375V~1.6000V with VID control code,
changing the voltage level by one 12.5mV step, and its current is up to 120A. The following load
lines contain DC load line (also called static load line) and AC load line (also called transient
load line) as well as maximum and minimum voltage levels.

Vwmax load line: V.. =VID—(R,, - 1) (1-1-15)

Vi load line: V. =VID—0.05V = (R,, -1 .) (1-1-16)
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Fig.1.2.5 Intel Pentium 4 processor socket load line

Fig.1.2.5 shows the load lines contain DC and transient droop data as well as maximal
and minimal voltage levels. The voltages are measured at the processor-socket Vec and Vss pins
between the voltage regulator and the processor cavity, which are taken between Vcc pin AC14
and Vss pin AC15 [4] in the standard layouts on the Intel desktop motherboard. The slew rate of
current change could be several Amps per nanosecond. If not well managed, these current
transients may cause the VR output voltage to go outside the regulation band and manifest them
as power supply noise that ultimately limits how fast the CPU can operate. This is further
compounded by the reduced noise margin in the CMOS logic circuits that result from power
supply voltage scaling. While voltage overshoots may cause the CPU reliability to degrade,
undershoots may cause malfunctions of the CPU, often resulting in the “blue screen”.

In current desktop and laptop computer systems, the second voltage spike always
dominates under 800A /us slew rate load, so optimized close loop design contributes to reducing
the delay times for fast transient response. The required socket load line for lumped model of

socket 478 [5] is 1.5mQ, and the required socket load line for lumped model of socket LGA775
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[4] i1s 1.0mQ, including the impedances of VR, decoupling capacitors and the resistance and
inductance of PCB traces and socket.

With the further advancement of processors, the socket load line is trended to be smaller
to meet the critical requirement under higher slew rate load. A large number of bulk and ceramic
capacitors are mounted close to the processor to suppress the voltage spikes that occupy a lot of
space in motherboard, and this is fatal in the future. To extend the close loop bandwidth is a very
attractive way to suppress the second voltage spike. Although higher switching frequency
operation in VR can reduce the filter inductance and capacitance for better transient response;
but it leads to low VR efficiency due to high switching losses.

The preceding discussion has explained the main challenges of VR. They include the
need to shrink size, meet stringent requirement on transient response, improve close-loop
bandwidth, minimize the response time, reduce heat generated, and to improve efficiency in the
entire load range under all input voltage conditions. This dissertation addresses these challenges.
It is the goal of this work to find better approaches for future VR than the current approach,
which will be problematic under future scenarios. The scope of this work covers VR in desktop

computer systems.

1.3 Challenge in the High Slew Rate Isolated DC-DC Converter

In recent years, many efforts have been put into transient response improvement on VR
[11, 12] [14-32] [35-69], but few efforts have been put into an isolated DC-DC converter.
Although lots of technologies developed in VR can be directly applied into an isolated DC-DC

converter, the isolation requirement and less than 10A/us slew rate current in an isolated DC-DC
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converter make it necessary and possible to alleviate the transient voltage spikes. An isolated
DC-DC converter close loop bandwidth is mainly limited by the delay times of LC filter,
compensation network and IC propagation delay time. Generally the filter LC and compensation
network delay times are two key delay times.

Usually, the power transformer is used for power isolation, optocoupler can be used for
feedback signal isolation in the primary control and signal transformer can be used for the
driving signals isolation, which comes from the secondary controller.

High frequency operation is not an efficient way to improve the transient response in an
isolated DC-DC converter due to high power loss in primary voltage, and also, the transformer
leakage inductance causes incredible duty loss in the rectifier that increases power loss.

In an isolated DC-DC converter, primary topologies can be a half-bridge, full-bridge,
forward, or flyback converter, and secondary rectifiers can be current doubler, full-wave rectifier
or single-wave rectifier. Fig.1.3.1 shows the isolated DC-DC converter with primary control,
which utilizes the low speed optocoupler in the feedback signal, which has 10~30 kHz
bandwidth limitation, and it easily causes converter instability issues and much lower close loop
bandwidth in spite of switching frequency operation. Therefore, it is very difficult to improve the
transient response in primary control.

Fig.1.3.2 shows the block diagram of isolated DC-DC converter with secondary control,
which adopts the signal transformer to isolate the primary side driving signal from the secondary
controller, and no optocoupler exists in secondary control. The startup circuit is bulky and costly
to supply the secondary controller, otherwise the converter won’t work. How to design a simple

startup circuit is the big challenge.
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Fig.1.3.2 Isolated DC-DC converter with secondary control

Switching mode current compensator with secondary side control that operates 1MHz has

been carried out to remove the optocoupler, which has 10~30 kHz low bandwidth limitation for

transient response improvement in isolated DC-DC converter. Experimental results show

obvious improvement in transient response, which can be suitable in low current applications.
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In the conventional two-stage isolated converter, the first stage converter generates a
regulated intermediate voltage bus at a relatively low switching frequency, and the second stage
converter can easily achieve soft switching in high frequency operation and high efficiency due
to 0.5 duty cycle operation in primary side. But the transient response is mainly determined by
the first stage converter, so there is a trade off between the efficiency and transient response. One
simple, novel control method is proposed to improve the transient response and efficiency of
two-stage isolated converter, which has maximum 0.66 duty cycle in second stage.

In the complementary controlled converter, it can easily achieve soft switching in
primary side by utilizing the energy stored in the leakage inductance. However, it introduces the
double pole-zero effect composed of the magnetizing inductance and the input capacitors of half-
bridge converter, which harms the converter stability, complicates the design of compensation
network and deteriorates the transient response. A balancing winding network is proposed to
eliminate this double pole-zero effect, which is composed of one small gauge winding, two small
diodes and one blocking capacitor. In transient, the energy transfers instantly between the
blocking capacitor in balancing winding network and the magnetizing inductance, resulting in
the mitigation of the double pole-zero effect. It not only improves the transient response, but also
it simplifies the compensation network design.

Conventional post regulators usually have soft switching in primary side, but most of
them are in series with secondary main rectifier that introduces extra large conduction loss. In
wide range input applications, such as hold up time requirement in server power supplies, the
converter suffers large voltage stress in the secondary rectifier because it is designed in low line
and operates in high line with small duty cycle, which further decreases the efficiency. Parallel

post regulator is the proposed topology to improve the transient response and efficiency for
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isolated DC-DC converters, which is in parallel with main rectifier and only delivers small
portion of required power, such as 10 percent. Most of the power, 90 percent, is delivered by
unregulated main rectifier with very high efficiency. Also it reduces the voltage stress due to the
modified transformer turn ratio; furthermore it can adopt flexible control methods. In an
experimental prototype, parallel post regulator has up to 8 percent efficiency improvement
compared with a conventional half-bridge converter.

The above discussion covers the main challenges of the isolated DC-DC converter. They
include the need to reduce the controller delay times, enhance the transient response and improve
the power density and efficiency for the entire range and load conditions. It is the goal of this

work to find better approaches for the isolated DC-DC converter.

1.4 Dissertation Outline

Chapter 1 introduces the background of this work. First, it briefly introduces VR history
with the development of CPUs. Then, the chapter analyzes the output voltage spikes estimation
at high slew rate load conditions. Finally, it discusses the main challenges in interleaved VR and
also presents the main challenges in the isolated DC-DC converter. The basic reason for the
transient voltage spike at high slew current is that the slew rate of converter current is much
slower than that of the load current and the existence of delay times in the controller. The
discussion shows the first voltage spike is determined by the ESR and ESL of capacitors and the
resistance and inductance of PCB traces and socket; the second voltage spike is determined by
the energy stored in filter inductors, which is related to the close loop bandwidth determined by

the delay times of LC filter, compensation network and IC propagation delay times.

20



Chapter 2 reviews current technologies for high slew rate VR to improve the transient
response. First, it presents the passive method by combining different types of capacitors to
reduce output impedance and then summaries their limitations. Second, it discusses the
advantages and limitations of existing control technologies to minimize the compensation
network delay time and the limitation of current linear control methods. It also analyzes existing
active topology methods and active transient current compensators by reducing the filter
inductance for fast transient response. Their limitations are also presented. The discussion in
Chapter 2 shows that active current injection is an attractive concept for future VR because it
only activates in transient, thus the main converter can be optimized for better efficiency, but this
concept results in low efficiency in the extra converter. It concludes that the efficiency, fast
transient response and smaller delay times in the controller are the main technical barriers and
tradeoff always exists between them.

Chapter 3 proposes active transient voltage compensator (ATVC), which injects voltage
source instead of current source in prior arts to improve the transient response and efficiency. A
turn ratio N:1 transformer is used in ATVC to inject the voltage source into the power
distribution path, which benefits the reduced current rating in extra converter by a factor (1+N).
Thus, it significantly reduces the conduction and switching losses. At the same time, it injects
(1+N) times higher slew rate current than in the conventional current compensation concept
based on the same filter inductance. Also, ATVC only engages in transient periods with several
MHZ operations for small size. Furthermore, the number of Oscon capacitors required for certain
voltage tolerance can be reduced, because the output impedance of VR is the internal impedance

of ATVC so that it is easy to control reduced by close loop control.
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A new control method, combined linear and adaptive nonlinear control, is proposed to
reduce the delay times in ATVC controller for fast transient response in Chapter 3. Conventional
linear control has a large delay time because of the requirement of enough phase and gain
margins for converter stability. Adaptive nonlinear control with very small delay time only
activates in transient periods, which only injects the first nonlinear signal by one shot circuit,
thus there is no stability problem in the nonlinear control. It also simplifies the linear controller
design. Tested results in VRM9.0 show the delay time of ATVC controller is shortened from
2.4ps to 0.2ps, resulting in great improvement in transient response.

Maxwell 3D magnetic simulations have been carried out in Chapter 3 to optimize the
ATVC transformer design based on leakage inductance, turn ratio and core size.

Pspice simulations have been carried in two ATVC topologies: series ATVC and parallel
ATVC with different sockets. Then experimental parallel ATVC prototype has been carried out
on the Intel motherboard due to its simplicity and smaller power loss. By utilization of ATVC
with combined linear and adaptive nonlinear control, the VR AC load line improvement is up to
90 percent of expected load line improvement and up to 25 percent of the total load line
including AC and DC load line. The size for ATVC is about 25x25mm” with custom control IC.
The influence of IC propagation delay time and transformer is also addressed, especially in high
current, high slew rate transient in this chapter.

Chapter 4 discusses the transient improvement in isolated DC-DC converter. Since the
limitation of optocoupler bandwidth is in primary control, switching mode current compensator
is proposed in secondary side in the isolated DC-DC converter to eliminate the shortcomings of
the optocoupler. The extra converter achieves 250 kHz close loop bandwidth and great transient
improvement in tested isolated DC-DC converter prototype.
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This chapter also presents a novel control method for the two-stage isolated converter to
overcome the bad transient response in conventional control. The novel control improves the
transient response and efficiency with simple control; it also has large duty cycle in second stage,
high slew rate of DC conversion ratio and large step-down ratio.

Chapter 4 also gives a proposed solution to mitigate the double pole-zero effect in the
complementary controlled converter: a balancing winding network. The complementary
controlled converter can achieve soft switching operation in primary naturally by utilizing the
energy in the transformer leakage inductance. It also introduces the double pole-zero effect
composed of the magnetizing inductance and the blocking capacitors, which dramatically harms
the stability, complicates the compensation network design and causes bad transient response.

Also this chapter proposes a new topology, parallel post regulator for the high-efficiency
wide range input converter. The conventional post regulator is always in series with the main
rectifier resulting in extra conduction losses other than its soft switching in primary. In wide
range input applications, the converter is designed in low input and operates in high input voltage
with small duty cycle, which makes it difficult to achieve soft switching in primary and increases
conduction loss and voltage stress on secondary main rectifier leading to efficiency deterioration.
Parallel post regulator is in parallel with main rectifier, and it only delivers a small portion of
required power, such as 10 percent. Most of the power, 90 percent, is supplied by the unregulated
main rectifier with maximum efficiency. The parallel post regulator also reduces the secondary
rectifier’s voltage stress due to a high transformer turn ratio. In the experimental prototype,
parallel post regulator improves efficiency up to 10 percent than that in the conventional half-
bridge converter. Also, the secondary side control with trailing edge modulation is discussed to

improve the transient response in this chapter.
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Chapter 5 summarizes future work on the optimization of main VR and ATVC from a
systematic point and also gives some possible ideas for high-switching, high-frequency VR

design.

24



CHAPTER TWO: REVIEW OF TECHNOLOGIES IN HIGH SLEW RATE VR

As discussed in Chapter 1, there are two spikes in VR output voltage at high slew rate
transients. The first voltage spike is mainly determined by ESR, ESL of capacitors, which can be
minimized by combined different types of capacitors, but it is limited by the parasitic resistance
and inductance of PCB traces and socket in the power distribution path [3-5], and it is also
limited by the available space in the motherboard.

The second voltage spike contains the capacitive voltage drop mainly determined by the
energy stored in VR filter inductors, resistive voltage drop determined by the ESR of capacitors
and slight inductive voltage drop due to low slew rate VR current. The delay times in close loop
control will increase the second voltage spike, which is mainly determined by LC delay time,
compensation network delay time and propagation delay time. Generally, low frequency output
impedance is optimized by close loop control, and high frequency output impedance is
minimized by combining different types of capacitors, especially ceramic capacitors. Also, high

unity gain bandwidth helps reduce the second voltage spike.

2.1 Passive Methods to Reduce Voltage Spikes

In current desktop and laptop computer systems, a large number of different types of
capacitors are mounted close to the CPU to suppress the voltage spikes in transient load.
Fig.2.1.1 shows the current slew rate distribution in VR system. The highest slew rate current is
provided by the die capacitance and packaging capacitance, up to several A/ns, and the
decoupling ceramic capacitor handles current slew rate between several hundred to several A/ns.

Finally, the VR only needs to handle several hundred A/us current slew rate load, which makes it
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possible to be optimized by close loop control. Different power distribution architecture has
different socket output impedance and current slew rate distribution. The target socket output
impedance is about 1.5mQ in SKT478 power distribution model, and the target socket output
impedance is about ImQ in LGA775 power distribution model, including VR output impedance,

parasitic resistance and inductance of PCB traces and socket.

I, 10-100A/us 100-1000A/us >1000A/us

bulk decoupling packaging die
capacitor capacitor capacitor capacitor

Fig.2.1.1 Current slew rate distribution in the VR system

2.1.1 Combination of Different Types of Capacitors
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Fig.2.1.2 The output impedance of 3-Ch VR and frequency characteristics of different capacitors:
(a) impedance curves of Alum, Oscon and ceramic capacitors, (b) 3-Ch VR, and (c) the

asymptotic curve of open loop output impedance

Different types of capacitors have different characteristics. For example, an aluminum
capacitor has large capacitance with large ESR and ESL, Oscon capacitor has relatively low ESR
and ESL with large capacitance in low voltage rating and ceramic capacitor features lower ESR

and ESL than OSCON capacitor with lowest capacitance as shown in Fig.2.1.2 (a).
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Fig.2.1.2 (a) shows the frequency characteristic of Oscon and ceramic capacitors.
Fig.2.1.2 (c) shows the asymptotic curve of open loop output impedance of VR that has three

main zeros in the curve. VR filter inductance and Oscon capacitor Cos form the first zero ( £, ),
ESR; and Oscon capacitor Cos form the second zero ( f,,), and ESL,, ESR, and decoupling

capacitor Ccgr form the third one ( f,,) that are in MHZ frequency range. The resonant

frequency of Oscon capacitor is the critical design frequency for VR constant output impedance,
which can be obtained by the following equation:

1
27 -ESR, -Cyq

Iz (2-1-1)

The commonly used capacitors in a desktop motherboard are 560uF/4V Oscon capacitor
(6.4nH, 9.28mQ) and the 10uF/6.3V ceramic capacitor (1.15nH, 3.5mQ). With a simple
calculation, we get f, =30.6 kHz. Below f;., the filter inductor resistance Ry and filter
inductance dominate; Oscon capacitance dominates between f,. and f,, . The VR output
impedance can be constant within f,, by close loop control that will be discussed later. Thus,
f7 is the minimal bandwidth for VR constant output impedance. Then, ESR; of Oscon
capacitors dominates until the ceramic capacitance takes over at f,,; beyond f,,, ESL, of
ceramic capacitors dominates. The output impedance between f, and f,, can be minimized

with a proper combination of different types of capacitors.
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2.1.2 Output Impedance Analysis of Intel Motherboard with SKT478

Fig.2.1.3 (a) shows a 3-Ch interleaved multiphase VR on an Intel motherboard D850MV
where VR occupies more than one-third the motherboard space including input, output filter and
decoupling capacitors. In order to minimize the influence resistances and inductances of socket
and PCB traces, a large number of decoupling ceramic capacitors are located on the back of

OLGA of the processor and in the cavity of SKT478.

VR devices and Oscons
in the north side

'

VR 12V input filter

decoupling ceramic cap
in the cavity

VR controller and Oscons
in the south side

decoupling cap on the back of
OLGA of the processor

Intel desktop motherboard D850MV

(a)

Porcessor Equivalent Model

3-phase VR, each: 250KHz, Loyrs Lskr2
0.45uH, 2mohm
L3 L4 L5 L6
— {1
c2 C3 C4
5 Pcs 5 Pcs 10 Pcs

v v v

(b)
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Fig.2.1.3 Intel desktop motherboard D850MV with SKT478: (a) top view of Intel desktop

Segment Resistance Inductance Capacitance | ESR (each) | ESL (each)
L1 0.27mQ 80pH 9 QSCON 9.28mQ 6.4nH
12 0.35m0 113pH b60uF meximum | madmum
3 Al Electrolytic 12mQ 5nH
L3 0.392m02 104pH 3300uF maximum | maximum
L4 0.1%6me2 52pH 381206 35m | 1.15nH
L5 0.392mQ 104pH package 10uF typical typical
L6 0.64mQ 200pH
(c)

motherboard D850MYV, (b) SKT478 power distribution (PD) model with VR and (c)

corresponding parasitic parameters in SKT478 PD model

20y

/\

Bulk Cap f,

res

PA

4= Ceramic Cap f,

Frequency / Hertz

Ok 1 2M

1 |
5M 10M  20M

Fig.2.1.4 Output impedance of SKT478 PD model with VR

Fig.2.1.3 (b) shows the lumped SKT478 power distribution model with 3-Ch VR [5],
which operates in 250 kHz with 0.45uH, 4mQ filter inductance per channel. Corresponding

parasitic parameters are shown in Fig.2.1.3 (c). Simplis software is used to analyze the output

impedance of the SKT478 PD model shown in Fig.2.1.4, which has almost constant open loop
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output impedance between 30 kHz and 150 kHz with a combination of different types of
capacitors. Also, it is easy to achieve constant output impedance with 30 kHz by active voltage

position method or active droop control [14-20].

2.1.3 Output Impedance Analysis of Intel Motherboard with LGA775

Fig.2.1.5 (a) shows the Intel desktop motherboard D915GUX with 2-Ch VR on the north
side with 6 pieces of 560uF/4V Oscons and 1-Ch VR on the east side with 4 560uF/6.3V Oscons.
Eighteen pieces of ceramic capacitors are located in the cavity of LGA775. 3-Ch VR operates in
250 kHz with 0.45uH inductance per channel. Fig.2.1.5 (b) shows the lumped LGA775 power
distribution model with 3-Ch VR [4], and the corresponding parasitic parameters, including PCB

trace, socket and capacitors, are shown in Fig.2.1.5 (c).

VR 12V input filter

2-Ch VR and 6
Oscons in the north

1-Ch VR and 4
Oscons in the east

18 decoupling
ceramic in the cavity

VR controller

Intel Desktop Motherboard D915GUX

(a)
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RMB1 > RMB2 N3 RMB4 N RMBS
—— H

Caps

T o

SKTl[

North side: 2-phase VR VTT1 East side: 1-phase VR
Each VR: 250KHz, VTT2
0.45uH, 2mohm Power Distribution
Model for Processor
Tvrr Socket: LGA775
(b)

Segment Resistance Inductance Segment Resistance Inductance
RMB1 0.93mQ 104pH VTT1 0.42mQ 240pH
RMB2 0.85mQ 88pH VTT2 0.91MQ 42pH
RMB3 0.70mQ 65pH CO0: 3360uF 1.0mO 560pH
RMB4 0.87mQ 92pH 6 OSCONs
RMB5 0.97mQ 106pH 121(;1509': 0.16mO 54pH
SKT1 0.38mQ 40pH eramics

C2: 2240uF
SKT2 1.13mQ 120pH
P 4 OSCONs 1.5mQ 712pH
SKT3 0.29mQ 30pH

(c)
Fig.2.1.5 Intel desktop motherboard D915GUX with LGA775: (a) top view of the Intel desktop

motherboard D915GUX, (b) LGA775 power distribution model with VR and (c¢) corresponding

parasitic parameters in LGA775 PD model

Fig.2.1.6 shows the output impedance at different testing points: Iyrr, N2 and Ns. Nj is
the tested load line point. Because LGA775 adopts different power distribution architecture other
than SKT478, the output impedance at Iyrr has almost constant output impedance between 30
kHz and 400 kHz, which is much better than that in SKT478. Therefore, it can achieve better
transient response within this free flat bandwidth. Below 30 kHz, it is easy to achieve the

constant output impedance by active voltage position method or active droop control [14-20].
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Fig.2.1.6 Output impedance of LGA775 PD model with VR

2.1.4 Limitation of Passive Methods

The Oscon capacitor has good performance in low frequency range, and the ceramic
capacitor has better characteristics in MHZ frequency range. With the combination of Oscon and
ceramic capacitors, output impedance can be flat, which can minimize the transient voltage spike
within the certain frequency range, such as 30~500 kHz in LGA775 PD model, which still needs
a large number of Oscon and ceramic capacitors close to processor. However, the socket output
impedance cannot be reduced further due to the limitation of the parasitic resistances and
inductances of PCB traces and socket, which are determined by the PCB layout and socket.

Fig.2.1.7 shows that the output impedance of N2 only can be 0.7mQ by paralleling 60

pieces of 560uF/4V Osons on north side and it only achieves about 0.52mQ by paralleling 100

pieces of 560uF/4V Oscons due to the limitation of parasitic resistance and inductance of PCB
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traces and socket. It is obvious that the passive way has the limitation to reduce the output
impedance for fast transient response as follows:
1) Oscon capacitor has a large ESR, which determines the number of Oscon capacitors for
the required constant output impedance, eventually, yet the capacitance is over-designed.
2) Oscon capacitor has a large ESL, which requires a lot of ceramic capacitors to suppress
the first voltage spike and has no more space in cavity for ceramic capacitor.
3) The large size of the Oscon capacitor occupies a large space on the motherboard.
4) The output impedance has limitations due to the parasitic resistance and inductance of
PCB traces and socket.

20m, - - - -
Output impedance in N2
a: 6*560uF in north, 4*560uF in east
b: 60*560uF in north, 4*560uF in east
c: 60*560uF in north, 40*560uF in east

/
L/

2m

| N 7
. — N\

0.5m v

0.2m

[ T
A\

1k 2k 5k 10k 20k 50k 100k 200k 500k ™ 2M 5M 10M

Frequency / Hertz

Fig.2.1.7 Output impedance of N2 in LGA775 PD model with increased Oscons
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2.2 Existing Control Technologies for High Slew VR and Limitations

In control theory, any switching regulator with feedback loop includes a plant and a
compensator. The plant in a switching regulator is its power stage including a low-pass filter.
The compensator senses the output voltage and somehow changes the duty cycle of voltage
regulator to keep the output voltage within the required window. There are many different
disturbances, such as input voltage, temperature, aging and load current that change the output
voltage. But for the considered power distribution system with a high-slew-rate transient type of
load, the main disturbing factors are the load current and the slew rate of the current transient.

There are a lot of control techniques for interleaved multiphase VR: voltage mode in
Fig.2.2.1, peak current mode in Fig.2.2.2, valley current mode control in Fig.2.2.3, average
current mode in Fig.2.2.4, hysteretic mode in Fig.2.2.5, and V* mode in Fig.2.2.6.

They can be divided into the following two groups:

1.Control techniques that do not sense the load current or its changes directly do not feed-
forward or feedback this signal. This is group-control with a “slow” feedback loop, because it
senses the disturbance caused by the load current indirectly and uses this signal in the main
feedback loop. This group improves the dynamic response by increasing the unity-gain-
frequency bandwidth [34] [57-62].

2. The control techniques that do sense the output current transient directly or through the
related change of the output voltage use this signal in a fast feedback loop or feed-forward it to
improve the transient response. The main examples of this group are hysteretic mode [53] [63]
[67, 68] and V* mode control [21, 22] [51] techniques. This is group-control with a “fast”

feedback loop.
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2.2.1 Control with Slow Feedback Loop

This approach includes the voltage mode control, peak current mode control, valley
current mode control and average current mode control, which are very popular in most generic
applications. Usually, small signal model is used to design and optimize the large signal transient
characteristic by improving the unity-gain bandwidth.

Voltage mode control shown in Fig.2.2.1 is very simple and easily achieves interleaving
by shifting ramp phase, but it is very difficult to achieve current sharing between each channel
due to no current information.

Current mode current introduces a fast inner current loop to cancel one pole of LC filter,
and then simplifies the compensation network design. It has faster transient response than
voltage mode control. The peak current mode control in Fig.2.2.2 is carried out by sensing the
current signal through the top switch. The disadvantage of the current sensing in the top switch
current is so narrow that it is very easy to pick up noise in high frequency operations. The valley
current mode control in Fig.2.2.3 can be used in high frequency operation due to the wide current
sensing signal of the bottom switch. Fig.2.2.4 shows average current mode that has a much
smaller noise by sensing the inductor current.

These control methods do not sense the load current and its changes directly, so there will
be a delay time in voltage sensing, which will add more extra energy into filter inductor in step
down resulting in higher second transient voltage spike. Vice versa, it increases the voltage drop

in step-up load.
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2.2.2 Control with Fast Feedback Loop

The hysteretic mode control (also called bang-bang) is the simplest control approach,
which has the excellent dynamic characteristics because no compensation network exists in
control loop. It reacts on the load-current transient in the switching cycle where the transient
occurs. Its transient response time only depends on the delay time in the hysteretic comparator
and the drive circuitry. Those delays depend mostly on the selected component performance,
thus the hysteretic control is the fastest solution in theory. The other advantage of the hysteretic
controller is that its duty cycle covers the entire range from zero to one, which is very important
to decrease the recovery time of the output voltage after a load current transient.

The main disadvantage of hysteretic mode control is the sensitivity to noise and variable
frequency control. The tight tolerance requirements for the output voltage make it even more
difficult to separate the output voltage change caused by a load current transient from noise,
especially in a multiphase synchronous buck converter. The switching frequency of hysteretic
control can be obtained [68] through:

_ V()'(VI_V())'(ESR_tdez/Co)
V,-(V, -ESR-t,, + Hyst-L— ESL-V))

/s (2-2-1)

ESL<ESR-t,,+Hyst-L-D/V, (2-2-2)

The above two equations show that the switching frequency of hysteretic control strongly
depends on ESR, ESL, propagation delay time t4 and the hysteretic window Hyst when the ESL
meets specific conditions. If it does not meet the conditions, the voltage drop across the ESL
during the switching period will exceed the hysteretic window, and then the switching frequency
will become too high and uncontrollable due to the parasitic inductance of PCB trace and socket,

except for the ESL of capacitors. It becomes even worse in small filter inductance and high slew
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rate current conditions. Another shortcoming of hysteretic control is the variable switching
frequency, which makes it difficult to design a filter inductor to suppress EMI.

The V? mode control also has very fast transient response characteristics by using the
output-voltage ripple as the ramp signal of the modulator based on the assumption that the
voltage ripple of the output capacitor depends mostly on the ESR, and the part of the ripple
caused by the ESL and Cp is negligible. In this case, the ripple is proportional to the inductor
current ripple. At the transient, this voltage carries the information about the load-current change
directly to the comparator, bypassing the slow main feedback loop. The V? mode control actually
can be defined as a sort of hysteretic control having the additional error amplifier. This amplifier
enables an increase of the hysteretic window of the comparator without degrading the accuracy
of the output voltage.

On the other hand, the use of output ripple voltage as the ramp signal causes the stability
to depend greatly on the output capacitor parasitic parameters. This dependence is especially
problematic when using many high frequency ceramic or film capacitors in parallel as the output
filter. The voltage ripple is not exactly proportional to output inductor current, and it has 7/2 out
of phase with the output inductor current.

There is another problem related to controllers that sense information about load current
by using the output capacitor’s ESR: their frequency dependence from the output filter parasitic
parameters and its variation related to tolerances and variations of the capacitor characteristics.

This problem could be solved [22] but increases the complexity of controller.
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2.2.3 Active Voltage Positioning Methods

Any control discussed above allows implementation of the active voltage position or
active droop compensation methods to achieve constant VR output impedance.

Constant VR output impedance is used to reduce voltage spikes, which is used to reduce
the power loss of CPU by Intel Corp. [3, 4]. If the VR DC load line is equal to its AC load line,
then there will be no voltage spike in transient load and the voltage tolerance only depends on
output current.

Vo = VREF - ’ A10 (2'2'3)

droop

Fig.2.2.7 shows the active voltage position (AVP) concept [14] [16-20], which means
that the DC output voltage of VR is dependent on its load. It is set to the highest level within the
specification window at no load condition and to the lowest level by feeding back the current of
the output load or filter inductors at full load. This concept increases the output voltage dynamic
tolerance by as much as twofold, thus the number of bulk capacitors required to meet the output
voltage regulation can be reduced. It also reduces the average power consumption of the CPU in
high current, therefore keeping the CPU within its thermal limit. The AVP concept is available in
many commercial control ICs.

Fig.2.2.8 shows the AVP implementation circuit. Each channel current signal can be
obtained by a different sensing method [67]. The average current is achieved by current
averaging block, and it is multiplied by gain K to sum up to the output feedback signal. The
output voltage will decrease with the current load when reference voltage is constant. Also, the
average current compares with each channel current to modulate slightly the duty cycle for

current sharing between each channel.
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Small signal model [79-81] is widely used to design the compensator (also called PID
control) for stability and transient response optimization. In order to simplify AVP analysis, all
the Mosfets and filter inductance in multiphase VR are assumed to be same; R, contains the Ron
of Mosfets and resistance of filter inductors; Lc and Rc are the parasitic parameters of output
capacitors. Compensator A(s) for constant output impedance can be obtained through the

following steps based on the small signal model of multiphase VR.

Z,(s)=s-Ly/N+R_/N (2-2-4)
Z.(s)=s-L,+R. +1/S-C, (2-2-5)
M =RL (2-2-6)
1+ %o
Vin
G (s) = 2-2-7
o (8) Z,(s)+Z(s)/IRo (22-1)
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Z.(s)!//Ro

Guls) = Z.(s)+ Z,(s)// Ro (2-2-8)
M
O = 5 Z(5)) Ro (2-2-9)
|
G (s) = —— 22 (2-2-10)
+ +—
Z,(s) Zq(s) Ro
G, (s) = 2L &)/ Ro) (2-2-11)
Z,(s)+Z.(s)!Ro
I
Zo(s) =— — (2-2-12)
+ v
Z,(s) Zq(s) Ro
T,(s)=A(s)-F, -G, (2-2-13)
T(s)=A(s)-F, -G, R, (2-2-14)
Zo(s)-(L+ T, () + T, (s)- Gg)(G(”
Z e (5) = a) _p o (0215)
[+ T,(5)+,(5) ,
1+
A(s) = o, Dz (2-2-16)
s-(1+2)

P

The ideal compensator for constant out impedance can be simplified into the applicable
compensator [16-20]. As for the design of compensator A(s), one zero @, is placed to
compensate for the power stage double pole so that the current loop will be stable with a phase

margin of about 90 degrees. A pole @, is placed in the high frequency range to filter the

45



switching noise. It's important to design , large enough so that the current loop has a crossover

frequency that is higher than the ESR zero of the output capacitor.
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Fig.2.2.10 Output impedance bode plot of a Buck converter
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Fig.2.2.11 Socket load line of socket 478

Fig.2.2.10 shows that the 3-Ch VR output impedance and phase curve are almost constant
within its 23.5 kHz bandwidth with 9 pieces of Oscons (560uF/4V, 6.4nH ESL, 9.28mQ ESR),

followed by increasing gain and phase due to the influence of the ESL in the Oscon capacitors.
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Fig.2.2.11 shows the output impedance of SKT478 PD model for CPU with 3-Ch VR, as
shown in Fig.2.1.3. From the load line curve, it is clear that the socket load line is about 1.5mQ
within its 23.5 kHz bandwidth, and also, it is almost flat between 23.5 kHz and 150 kHz because
of the combination of different types of capacitors. In high frequency range, the output
impedance increases due to the impact of ESL in Oscons.

Fig.2.2.12 shows the output impedance of LGA775 PD model for a processor with 3-Ch
VR, as shown in Fig.2.1.5. From the analysis, the socket load line of N2 is about ImQ within its
23.5 kHz bandwidth, and it also has almost constant load line between 23.5 kHz and 400 kHz,

which is much better than that in the SKT478.
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Fig.2.2.12 Socket load line of point N2 in LGA775

If the socket load line is required to be reduced to 1mQ for socket 478 or 0.7mQ for
LGA775, the VR bandwidth has to be pushed to 500 kHz; thus, the switching frequency should
be several MHZ leading to incredible switching loss in the main VR. Therefore, high switching
frequency operation in conventional main VR to improve transient response with high bandwidth

is not a good solution.
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2.2.3 Limitations of Existing Control Methods

The controller designs discussed above are all based on the small signal model [79-81],
which cannot describe the large signal transient response very well. Large signal response is
mainly limited by filter inductance, dv/dt of error amplifier (EA) and delay time of EA
compensation network. The delay time of linear compensation network cannot be eliminated

because of the requirement of enough gain and phase margins for converter stability.

el L

A Q e

el rn -

Fig.2.2.13 Impact of delay time in controller on transient

The impact of delay time in actual controller impact on transient is shown in Fig.2.2.13.
The capacitive portion of the output voltage V¢ gets the additional rise AV because the charge
AQc is delivered to the output capacitor Cop via the filter inductor Lo. The delay time tpgr in any
actual controller adds the extra charge AQgxrtra. This additional charge increases the second

voltage spike by,

A I, -t
AV, = QEXTRA/CO: ’ D%O (2-2-17)

Usually the current VR controller needs to complete the transient response within at least

2 us to be ready for the next transient. The limitation of existing control methods at high slew
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rate VR is the delay time in any actual control, which can be optimized by increasing the unity
gain bandwidth, but it cannot eliminate due to the gain and phase margins for converter stability,

which increase the delay time and transient response time.
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Fig.2.2.14 VR transient waveform at 180A/us

Fig.2.2.14 shows the tested Intersil Eval ISL6306 transient results @ 1.5Vo/5~50A,
180A/us, and it is clear that the second voltage spike dominates due to the delay time in the
actual controller and large filter inductance for small current ripple. The AC load line is also
higher than the DC load line under 800A/us transient load in most VR designs, so reducing the
delay time by optimizing the compensation network to fast transient response or smaller load line
is the big challenge in VR design.

All of the linear control methods discussed above have a limitation — delay times for
converter stability, and it is impossible to eliminate them. In Chapter 3, combined linear and
adaptive nonlinear has been proposed to reduce the delay time and simplify linear controller

design, leading to fast transient response.
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2.3 Existing Active Topology Methods and Limitations

As discussed in Chapter 1, the basic reason for transient voltage spikes at high slew rate
load is low slew rate VR current, and the delay times in actual control deteriorate them. The
previous section discussed the existing control methods for fast transient response. This section
mainly focuses on the discussion of the existing active topology methods to increase the VR
current slew rate by reducing the filter inductance, including coupled inductor [41] [47-50], two-

stage approach [64] and active current compensators [37-40] [43-45].

2.3.1 Coupled Inductor in VR

A small inductor allows higher VR current slew rate to improve the transient response.
However, small inductor values lead to large ripple current that increases the conduction loss and
output capacitor requirement. The multiphase interleaved design avoids this problem because it
achieves substantial ripple current cancellation in the output capacitor. This allows smaller
inductance without requiring a large output capacitor. However, large current ripples flow
through each channel, resulting in higher conduction losses, magnetic losses and higher peak
current requirements.

High switching frequency operation is used to reduce the filter inductance and ripple
current but it increases the switching and driving losses. Stepping inductance [41] has large filter
inductance for small current ripple in steady state. Only small leakage inductance is in transient
for high slew rate by the activation of an extra circuit, but large conduction losses in an extra

activated circuit are the barriers for applications.
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Partial coupled inductor or applying transformer concept to VR has been discussed in the
literatures [47-49]. The fully coupled inductor [50] largely reduces the output current ripple and
improves the transient response. Fig.2.3.1 shows a two-phase interleaved converter with leakage

inductances L1 and L2, an ideal transformer and a single magnetizing inductance L.

Model of coupled inductor structure

Ideal transformer i X1
'

: : Vv
It e | vl L]

(@) (b)

Fig.2.3.1 Fully coupled inductor in VR: (a) two channel VR with coupled inductor, and (b)

coupled inductor operation principle

The ideal transformer forces the AC current in two channels to be equal, thus the AC
current in two leakage inductance, L1 and L2, are also equal. Fig.2.3.1 (b) shows the operation
principle of the fully coupled inductor concept. The voltage labeled Vyl and Vy2 doubles the
switching frequency with half of input voltage Vin, thus it significantly reduces the current ripple
in two channels. With the effective duty cycle and the effective frequency doubled, the ratio of

ripple current with fully coupling to ripple current without coupling is obtained:

]PP,coup _ 05 _D
1 1-D

(2-3-1)

PP ,uncoup
The above equation shows that fully coupled inductor can reduce the current ripple for

small magnetic conduction losses with same inductance in each channel, or it requires smaller
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inductance and therefore it has fast transient response with the same current ripple in output

capacitors. Custom magnetic core shape is required in multiphase VR applications.

2.3.2 Two-Stage Approach

Vb
141 El}
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Vin D L : : L |cpry
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Fig.2.3.2 Two-stage approach

Fig.2.3.2 shows the two-stage approach [64]. The first stage contains 2-Ch interleaved
VR operating at 500 kHz with 1.6pHz filter inductance and 30V rating MOSFET. It has a large
operating duty cycle and its output voltage is 5V bus; 4-Ch interleaved VR in second stage
converter operates in several MHZ with good performance 12V lateral MOSFET and 100nH per
phase. It achieves around 320 kHz bandwidth that results in good transient response, and also the
two-stage approach achieves higher efficiency than conventional main VR in several MHZ
operation. Unfortunately, the two-stage approach is a cascade converter, and improving its total

efficiency is the main challenge.
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2.4 Existing Active Transient Current Compensator

Fig.2.4.1 shows that the settling time of the actual controller is within at least 2ps and the
AC voltage spikes are less than 100mV both in step-up and step-down load in VR10.1
specifications. The second voltage spike contains the DC part determined by AVP design and the
AC part related to the energy stored in filter inductors, and the delay times in the actual
controller greatly increase the second voltage spike. The power in transient needed to
compensate the voltage spike in transient only accounts for 10 percent~20 percent of the total
power, and it is a very attractive way to improve transient response by an extra converter to
compensate transient power for constant output voltage. Fig.2.4.2 (a) shows a current
compensation concept to compensate the second voltage spike by injecting a current source. The
extra converter injects the unbalanced current between VR current and load current in step-up
load, and absorbs energy in step-down load. There are two implementation circuits: linear mode

current compensator [39-40] and switching mode current compensator [37-38] [43-45].

lo

In ¥R requirements
1) t51 . t52<2u5
2) AV, AV 4 <100V

Fig.2.4.1 Transient response waveforms at high slew rate load
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Current compensation is used to reduce second voltage spike by an extra converter only
engaged in transient periods. It injects the unbalanced current between VR and load current in
step-up load and dissipates or recovers extra energy in step-down load by linear mode or
switching mode. Linear mode current compensator in Fig.2.4.3 regulates the injected and
dissipated energy in linear mode. Switching mode current compensator in Fig.2.4.4 is used to
reduce the conduction loss, but it introduces high switching loss. The main VR determines the
DC load line and current compensators determine the AC load line, thus main VR can be

optimized for better efficiency via switching frequency and filter inductance.

Multi-
phase \. _ CPU
VRs —
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’ step [N lomin ’,
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— —— — | —

Fig.2.4.2 Current compensator concept: (a) simplified current compensator concept, and (b)

injected current waveforms of current compensator
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Fig.2.4.3 Linear mode current compensator topology
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Fig.2.4.4 Switching mode current compensator topology

An extra converter provides most of the unbalanced current, thus linear mode current
compensator has large conduction loss due to large voltage drop and current stresses, and the
switching mode compensator has small conduction loss but high switching loss.

The injected current waveforms for power loss calculation are as shown in Fig.2.4.2 (b)

when the transient load frequency meets?,, +¢,, <1/ f, ., and beyond this frequency the extra

ran %
converter will provide energy to load continuous.

T, Aoy (2-4-1)
RO — SRO
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T, = ﬁ (2-4-2)
R LI;ON (2-4-3)
=V, Vo) [—— Ao Ty =Tro)* S (2-4-4)

Po =V -[M;" s ~T) fo] 45
Privear = Fur + Py (2-4-6)

For switching mode current compensator, the power loss contains conduction and
switching losses, driving losses of Qa1 and Qa2, power loss of filter inductor Lgw and the body

diode conduction loss of Q. according to the waveforms in Fig.2.4.2 (b).

D
PQ] :f;ra;1'(Rl_ RO) R A]Step.

3 g 'ftran '(O-S'COSS 'Vlz 'fs +Qg 'Vg fs) (2-4-7)

1- D Alstep
PQZ = f;rau ( R2 RO) R A[vtep ’ 3 R2 f;ran fS (Q V + V T) (2_4_8)

P =f ('[ l'l.ij ‘R, -dt+ P -dt) (2-4-9)

TR1+R2 fR1+R2
Py, =P, +Py, + P, (2-4-10)

Where, Vg, t,, Vg, P, are voltage drop of body diode of Q., conduction time of body
diode of Qg, driving voltage and magnetic power loss, respectively. D=Vo/Vin.

Fig.2.4.5 shows the power loss calculation plots of linear and switching mode current
compensators. For linear mode current compensator, it has about 8.6W power loss and about

14W power loss for switching mode current compensator @ 1.1V/100A, fi.n=2 kHz and 12V
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input for current compensator. Lower input voltage for current compensators helps to reduce

lower power loss at the cost of their performances.
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Fig.2.4.5 Power loss estimation of current compensators

The limitation of current compensator is the high conduction loss in linear mode current
compensator and high switching loss in the switching mode current compensator. The low

efficiency in the extra converter makes it difficult to apply low voltage high current VR.

2.5 Summary

Interleaved multiphase VR is commonly used in desktop and laptop computer systems to
power the microprocessor because of small input and output ripples and good distributed thermal
capability. In high slew rate transient, main VR current slew rate cannot catch up with the load
current slew rate, and then the unbalanced current is provided by bulk and ceramic capacitors.
The first voltage spike is mainly determined by ESR and ESL of capacitors. The effective way to

reduce the first voltage spikes is to reduce ESR and ESL by paralleling more capacitors. But this
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way is always limited by available motherboard space and parasitic resistance and inductance of
PCB traces and socket, which is problematic in higher slew rate applications.

The second voltage is determined by the energy stored in filter inductors related to the
unity gain bandwidth. The delay time in linear controller can minimize for fast transient response
by increasing the unity-gain bandwidth. But it is impossible to get rid of those delay times in the
actual controller due to the required gain and phase margins for converter stability.

AVP concept increases the output tolerance as much as twofold and achieves constant
output impedance within the close loop bandwidth. In most actual cases, the AC load line is
higher than the DC load line due to the delay times in linear controller. The small signal model is
not suitable in large signal response design, which is determined by VR filter inductance and EA
dv/dt. A novel control is proposed in Chapter 3 for large signal transient.

Another way to improve the transient response is to reduce the equivalent filter
inductance for smaller LC delay time. High switching frequency operation leads to small filter
inductance, which benefits the high current slew rate and unity-gain bandwidth but deteriorates
the efficiency. The two-stage approach utilizes the first stage to generate 5V intermediate bus,
and the second stage operates in several MHZ with very small filter inductance with better FOM
lateral MOSFETs, and it can improve the second stage efficiency and its bandwidth. However,
the two-stage approach is a cascade system thus efficiency improvement is the big challenge.

Current compensation concept is very attractive to improve the transient response by an
extra converter, which only injects high slew rate current in step-up load and dissipating energy
in linear mode or recovering energy in switching mode current compensators in step-down load.
Current compensators only handle the AC current in transient, and main VR handles the DC

current; thus, main VR can be optimized for better efficiency. But high conduction loss occurs in
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linear mode current compensator due to high voltage drop and high current stresses and high
switching loss in switching mode current compensator due to high switching frequency and high
current stresses. Low efficiency makes them difficult to apply in low voltage high current VR.
This work focuses on how to improve the VR transient response with high efficiency at

high slew rate transient loads, which has following requirements:

1) Novel control method to reduce the delay times in linear controller;

2) High switching frequency operation for higher achievable bandwidth;

3) Minimized extra power loss increase for improved transient response;

4) Simple and easy to implement.
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CHAPTER THREE: ACTIVE TRANSIENT VOLTAGE COMPENSATOR

As we know, the VR equivalent inductance determines output current slew rate and
transient response. In high slew rate transient load, the first voltage spike is mainly related to the
ESR and ESL of capacitors; the second voltage spike is determined by the energy stored in filter
inductor. The delay times in VR controller increase the second voltage spike [33, 34].

Faster transient response requires lower output impedance or load line. Constant output
impedance is required by Intel [3-6] to reduce the CPU power loss at heavy load. If the VR DC
load line is equal to the AC load line, then there will be no voltage spike at any slew rate
transient. Constant output impedance may be achieved by active voltage position or active droop
compensation methods [17-19].

Using a large number of capacitors in parallel to reduce its ESR and ESL for lower
voltage spike is constrained by the available space on the motherboard, and it also has the
limitation due to the resistance and inductance of PCB traces and socket. Therefore, this is not a
suitable solution for the future higher slew rate requirements.

In a two-stage approach [64], the first stage operates at relatively low frequency for 5V
intermediate bus voltage, and the second stage operates in several MHZ with small filter
inductance and achieves several hundred kHz close loop bandwidth. All the output filter
capacitors are ceramic capacitors due to high frequency operation. Better FOM lateral Mosfets
are used in second stage to improve the efficiency in the second stage converter. But a two-stage
approach is a cascade system, and improving total efficiency is the main issue.

Conventional current compensators with an extra converter injecting high slew rate

current in step-up and recovering energy in switching mode or dissipating energy in linear mode
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in step-down load and only activates in transients to handle the AC current. Main VR provides
the DC current, but low efficiency is in the extra converter due to the high current stresses.
The main topic in this chapter is how to improve the VR transient response with high

efficiency. One proposed concept, active transient voltage compensator, is given in this chapter.

3.1 Proposed Concept of Active Transient Voltage Compensator

Active transient voltage compensator concept (ATVC) is proposed to improve the AC
load line by the injecting voltage source instead of current source in conventional current
compensators. With the introduction of a transformer in active transient voltage compensator,
ATVC reduces the conduction and switching losses obviously, and it also largely increases the
injected transient slew rate current compared with conventional current compensators. At the
same time, the main VR can achieve better efficiency by optimizing the switching frequency and

filter inductance, because it mainly needs to handle the DC current.

3.1.1 Concept of Active Transient Voltage Compensator

Active transient voltage compensator has two implementation options: series ATVC in
Fig.3.1.1 and parallel ATVC in Fig.3.1.2. In order to simplify ATVC operation analysis, the
main VR is assumed as a current source with output capacitor Cp; Cp is the decoupling
capacitors for CPU; Rp is the lumped impedance of PCB traces between Co and Cp; Rp; is the
lumped impedance of PCB traces and socket between Cp and CPU and Rj,; 1s the equivalent
internal impedance of ATVC. Both of them can improve the AC load line with the same

operating principle.
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Fig.3.1.3 Series ATVC implementation circuit
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Fig.3.1.4 Parallel ATVC implementation circuit

Series ATVC as shown in Fig.3.1.1 is in series with Rp and carries all the unbalanced
current between the load current and the VR current. Thus, it increases the conduction loss in
steady state, and it also increases the VR DC load line by Rjy;.

Parallel ATVC as shown in Fig.3.1.2 is in parallel with Rp and only carries a portion of
the unbalanced current that is divided by Rp and Ri_m, leading to smaller conduction and
switching losses. Moreover, parallel ATVC reduces the DC load line by paralleling R, with Rip;
in steady state.

ATVC is composed of two switches Qal, Qa2 and one transformer Tr. The ATVC input
voltage V; can be any available voltage source. Fig.3.1.3 shows the parallel ATVC
implementation circuit that is in parallel with Rp in the output terminal of the multiphase VR.
Fig.3.1.4 shows the series ATVC implementation circuit that is in series with Rp in the output
terminal of the multiphase VR.

The voltage source is injected by ATVC transformer and filtered by the transformer
leakage inductance together with parasitic inductance of PCB traces and socket. ATVC

transformer with N: 1 turn ratio is composed of the primary leakage inductor L, k», secondary
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leakage inductor Lik;, the magnetizing inductor Ly and resistance Rpy in secondary side.

Without specific notices, ATVC is used for the second voltage spike suppression, not for the first

spike.
3.1.2 ATVC Operation Analysis
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Fig.3.1.5 Operation waveforms of Parallel ATVC
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(e) ty~t;

e) Energy recovery: t4;~ts in step-down load mode
Fig.3.1.6 Parallel ATVC operation mode analysis

Here, only parallel ATVC is explained as an example. According to the operation
waveforms of parallel ATVC, there are three main operation modes: current injection mode
(ti~t3) in step-up load, steady-state mode (t3~t4) and energy recovery mode (ts~ts) in step-down
load as shown in Fig.3.1.6.

Fig.3.16 (a) and (b) show the step-up load from I, to Iiax, the output voltage starts to
drop when VR current cannot keep up with the output current and the capacitor Co provides the
energy. Once the output voltage is lower than the reference voltage in ATVC step-up controller

in Fig.3.4.17, ATVC will activate just as a buck converter by controlling Qal When Qal is on,
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high slew rate current is injected into the load. When Qal is off, the current freewheels through
the body diode of Qa2 or Qa2 in synchronous mode to reduce the conduction loss. In order to
keep ATVC in off mode in steady state, the reference voltage in ATVC step-up controller is a
little bit lower than VR output voltage, such as 10~15mV less. ATVC keeps injecting high slew
rate current until VR provides the total output current I;,.x. Because of small leakage inductance,
ATVC current can quickly catch up with output current leading to second voltage spike
suppression. Equations (3-1-1)-(3-1-4) govern this stage of operation.

diy, V1-Vo

_ 3-1-1
dt NZ 'LLK1 +LLK2 ( )
di gy — (1+N).%+diﬂ (3-1-2)
dt dt dt
Lippe =L+ N) 1y +iy, (3-1-3)
LLM K-
;o= step 3-1-4
B Y11=Vol ( :
R
K=— "7 (3-1-5)
R, +R,,

At the time t3, magnetizing current Iy reaches K-/ . . With the introduction of a

transformer, ATVC only needs to handle lower currentK -/ / (1+ N), thus it largely reduces

step
the conduction and switching losses. Also, it provides the current slew rate (1+N) times higher
than that in current compensator based on the same filter inductance.

In steady state mode in Fig.3.1.6 (¢), both Q,; and Q,; are in off state and the body diode
of Qa2 has to remain in the block state when it meets the following condition,

NV <Vo+V, (3-1-6)
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Where Vs is the secondary transformer voltage drop, Vp is the on-state voltage drop of
the body diode of Qa2. In fact, the voltage drop across Rp in steady state is only several mV,
which is very easy to meet the Equation (3-1-6).

Fig.3.1.6 (d) and (e) show the step-down load from Ijax t0 Imin, and ATVC is activated as
a boost converter by controlling Qa2 when the output voltage is higher than the reference voltage
in ATVC step-down controller in Fig.3.4.17. The current Iorvc changes from positive to negative
current and then recovers extra energy. The reference in ATVC step-down controller has
10~15mV higher than VR output voltage. ATVC keeps energy recovery into V; until VR current

decreases to Iin. Equations in this energy recovery stage are as follows:

di,, _ Vo (3-1-7)
dt  N?-Ly +Ly,

di yryc —(1+N)- diyg,  dipy (3-1-8)
dt d dt

! ype =(+N)-1,;, +i,y, (3-1-9)

LLM K 'Istep

by =——— 3-1-10

P Vo2-v1l ( )

At the time ts, the magnetizing current /1), decreases to K-/ . . In this mode, Iatvc

changes from a positive to a negative value allowing the extra energy stored in VR filter
inductors to be recovered into the ATVC input voltage V;.

ATVC injects high slew rate current in step-up load and recycles extra energy stored in
VR filter inductors into its input voltage V. The reduced current stress with the introduction of a
transformer leads to high ATVC efficiency. At the same time, main VR can achieve better

efficiency by optimizing the switching frequency and filter inductance.
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Table 3.1.1 shows the current slew rate comparison among three different cases. It is
clear that ATVC injects higher current slew rate both in step-up and step-down load. Higher slew
rate current in ATVC is injected in step-up load rather than in step-down load because of the
different applied voltage both in step-up and step-down load.

Table 3.1.1 Current slew rate comparison

a). 3 Ch VR, 12V¥in, 1Vo, L=0.45uH, fs=300kHz
b). 3 Ch VR, 12V¥in, 1Vo, Le01uH, fs=1.5MHz
c). VR same as (&), ATVC V1=5V, N=2fs=15MHz, L ,=25nH

Zurrent slew rate Comparison

Step-up load Step-down load

a) 0073AMs (VR) 00067 AMs (VR)
b 0.33AMs (VR) 0.03An= (VR)
0 0.073AMms (VR) 0.0067Ane (VR)

0.48AMs (ATWVC) 0. 12Ans (ATVC)

3.1.3 ATVC Power Loss Estimation

ATVC power loss estimation is the main topic in this section, which is similar to the
power loss estimation previously discussed in switching mode current compensators.

Series ATVC in socket 478 PD model as shown in Fig.1.3.1, handles the total unbalanced
current between main VR and load current. The power losses can be obtained through the

following equations when the transient load frequency fiay 1s less than 1/(tr1+tr2).

Dtran = f;ran .(tRl +tR2) (3_1-11)
Al Coss Vi Al
P =D [R .&4_ . L+2. V +V. -t L ser
Sw-§ tran [ on 3(1+N)2 fS ( 2 Qg g F °b 2(1+N))]
(3-1-12)
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NZ'A[z

P, =D (R, —2 4P 3-1-13

Tr—S-ac tran ( LM 3 . (1 + N)2 ac) ( )
PTr—S—dc = RLM '13 (3-1-14)
PS—478 = PSW—S + PTr—S—ac + PTr—S—dc (3-1-15)

For parallel ATVC in socket 478, it handles a portion of unbalanced current, which is
divided by Rp and Ry .

Pp_ygg = Ps_yps (K- Al (3-1-16)

siep)
In LGA775, ATVC can locate both on the north side and on the east side. The current on
the north side VR is two-thirds of the load current, and the current on the east side VR is only
one-third of the load current, thus different locations mean different power losses in ATVC.
The series ATVC and parallel ATVC power loss estimations in LGA775 are as follows

when the transient load frequency fia, is less than 1/(tr1+tr2).

Pyt = P G-l (3-1-17)
Prorsours = Proan (5 KAL) (3-1-18)
Py = Proin G oAl (3-1-19)
P =P (% KAL) (3-1-20)
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Fig.3.1.7 ATVC power loss estimations: (a) ATVC power loss estimation in socket 478 with

K=0.5 and (b) ATVC power loss estimation in LGA775 with K=0.5

From the above analysis, it is clear that ATVC conduction is mainly determined by
transformer design. Thus, a different ATVC transformer turn ratio has different ATVC power
loss. Fig.3.1.7 (a) shows that parallel ATVC with k=0.5 has about 2W @t 1.1V/100A, fin=2

kHz and 4.8W in series ATVC in SKT478 PD model based on the 3-Ch main VR in 250 kHz
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with 0.45uH filter inductance and 1.1V output voltage, and ATVC at 1.5MHZ with 4:1
transformer.

Fig.3.1.7 (b) shows the ATVC power loss estimation in LGA775 PD mode. Parallel
ATVC with K=0.5 on the east side VR has less than 1W at 1.1V/100V, fi.,=2 kHz, while the
series ATVC on the north side has around 2.9W. K mainly depends on the transformer design
and resistance of PCB traces.

When the transient load frequency fi., is higher than 1/(tg;+tr2), ATVC will provide
continuous energy leading to the worst case for power loss. The settling time of tg;+tr, is around
4us in 3-Ch VR in current desktop motherboards. Thus, ATVC operates in CCM when the
transient load frequency fi., is greater than 250 kHz.

The ATVC power loss in the worst case can be obtained as follows:

1
P scon =Vo '_O'K'(I_UATVC)/UATVC (3-1-21)

Ny
Where ncy, is the number of VR channel connected with ATVC. K i1s the current divider
ratio between Rp and Ry in steady state. 77, 1s the tested ATVC efficiency in CCM.

5Vin, 1.3Vo/30A

0. 880

0. 870

0. 860 :

0. 850 —~—~ /?\‘\é

0. 840

0. 830 i\

0. 820 §

0.810

1MHz 1.5MHz 2MHz 2.5MHz

—e—300nH 0.865 0.846 0.857 0.847
—e—200nH 0.869 0.850 0.840 0.824
—e— 100nH 0.863 0.844 0.834 0.820
—=—47nH 0.856 0.840 0.831 0.816

Fig.3.1.8 Tested efficiency @ 5Vin, 1.3Vo/30A
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5Vin. 1.1Vo, 4TnH

Q. 900
Q. B850
Q. 8BGO
T
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—rp— 5, 0575 0877 0868 0.857
=104 0.574 0862 0.555 0.5340
e 204 0.861 0.543 0.5835 0.522
304 0.356 0.540 0.8351 05816

Fig.3.1.9 Tested efficiency @ 5Vin, 1.1Vo, 47nH

Fig.3.1.8 shows the tested efficiency of a one channel synchronous buck converter with
different switching frequency and filter inductance @5 Vin, 1.3V0/30A. Tradeoff exists between
efficiency and current slew rate. In order to inject high slew rate current in ATVC, 47nH is an
achievable value for the transformer leakage inductance.

Fig.3.1.9 shows the tested efficiency of a one channel synchronous buck converter with
different switching frequency @ 5Vin, 1.3Vo and 47nH filter inductance. A 1.5MHZ switching
frequency is selected from the point of efficiency.

Table 3.1.1 Comparison between prior arts and ATVC

Prior Arts UCF Approach
Avxdiliary _ - - -
Converter Linear Switching Series Parallel
Mode Mode ATVC ATVC
Transient Fast Fast Fast Fast
Response
Current Stresses Large Large Small Smallest
of compensator 100A 100A 100A5(1 +N) K*100AS(1 +N)
Switching . . .
Frequency NFA High High High
Switching Loss MNFA Medium Small Smallest
Conduction Loss Largest Small Small Smallest
Total Loss Largest Medium Small Smallest
Implementation Easy Easy Medium Easy
Component . . 2% Switch& 27 Switch& 2*Switch&
2*Switch

counts®* Inductor transfommer transfommer

Note: 1) I,,.,=100A, N is transformer turn-ratio
2) parallel case second winding shares K*100A in steady state (K<1)
3) different current stress of switches in different auxiliary converter
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Table 3.1.1 shows the comparison between prior arts and ATVC. Parallel ATVC has fast
transient response with the highest efficiency and smallest current stress among them.

Furthermore, it is easy to implement, and it is suitable for low voltage high current VR.

3.2 ATVC Output Impedance Analysis

Rp1
== Vo
T [ce]
Cp
v v
[ ]
- [ 1
SC{NVINN ”f
L— Logic step-up
controller I VREF1
= —O VL
{
AE_QVL |
step-down i
I VREF controller I VREF2

Fig.3.2.1 VR and parallel ATVC controller block diagrams

Fig.3.2.1 shows VR and parallel ATVC control block diagrams, where ATVC contains
step-up controller and step-down controller. The logic block is used to keep ATVC off in the
steady state and only activate ATVC in transient periods. The Vggr; in step-up controller is lower
than VR reference voltage Vgrgr, and the Vggr, in step-down controller is higher than VR

reference voltage Vger.

Vref1 < Vref <Vref?2 (3-2-1)
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Fig.3.2.2 shows the equivalent circuit for the output impedance analysis with close-loop
controlled VR and series ATVC. Close-loop controlled VR can be assumed to be a voltage
source Vyr with its close loop output impedance Zoc.yr, Which is the internal impedance of
ATVC. Zarvc is the open loop equivalent impedance of ATVC. The output impedance of VR

and series ATVC can be analyzed with the following:

Zoskr-s = Zocyr Y Zarwe Y Zrp) 1 Zp (3-2-2)
Z
VA _ZLo-skr-s 3.9.3
OC-SKT-S —1 LT (S) ( )
Ziocs =Zocom Y Zarve Y Zrp +Zgp (3-2-4)

Ti(s) is the loop gain of ATVC circuit. From Equation (3-2-3), it is clear that the Zoc.yvr
has a small impact on output impedance Zoc.skr-s by close loop control. Thus, it allows reducing
the number of VR bulk capacitance for certain voltage tolerance. As discussed in Section 2.2,

ATVC can also achieve constant output impedance by using AVP method [14] [17-19].

Zoc-wr Zarve Rp Rp1
] N | | SKT ] Vo
I ) 1 | 1
Varve
C- e CPU
=/ Vir Controller | —_
H(s) Cp
A4 A4

Fig.3.2.2 Equivalent circuit for series ATVC
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Rp

Zocvr Rp1
Varve Zatve
CD CPU
=/ Vg Controller " _
H(s) Cp
A4 A4

Fig.3.2.3 Equivalent circuit for parallel ATVC

Fig.3.2.3 shows the output impedance analysis circuit of parallel ATVC.

impedance of parallel ATVC can be obtained as follows,

3-Ch VR: 300kHZ, 0.45uH

7 _ ZO—SKT—P
OC-SKT-P — .
1+ Ti(s)
ZDC—P = ZOC—VR + ZATVC // ZRP + ZRP

ZO—SKT—P = (ZOC—VRM +ZATVC //RRP)//ZCP

The output

(3-2-5)

(3-2-6)

(3-2-7)

|j Porcessor Equivalent Model

SKT2 ﬁ

Parallel ATVC
SKT478
I‘SKTl L
L1 L2 L3 L4 L5 L6
] C =1
co C1 C2 C3 c4
v v v v v

Fig.3.2.4 CPU power distribution model of SKT478 with parallel ATVC
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a VR open-loop, without ATV C

b VR close-loop, without ATYC

¢ VR close-loop, series ATYVC close-loop
4 d WR close-loop, parallel ATVC close-loop

2.65
Improved by VR
: b >\-
1.48 e
l Improved by ATVC

Stttk e Ak e it

Gain (mQ)

100 1 7103 1 —104 1-10

100 fk

f.,=23.6KHz f.,=310KHz

Fig.3.2.5 Socket load line of VR and ATVC in SKT478

Fig.3.2.4 shows paralle]l ATVC implementation circuit in SKT478 PD model [5]. ATVC
is in parallel with L1 and L2 in SKT478 PD model. 3-Ch VR in SKT478 has about 2.65m( open
loop load line, and it achieves almost constant 1.48 mQ close loop socket load line within 23.6

kHz bandwidth by using AVP method.

With the introduction of parallel ATVC in SKT478, the close loop socket load line can be
reduced to 0.99mQ within 310 kHz ATVC close-loop bandwidth as shown in Fig.3.2.5.

Fig.3.2.6 shows parallel ATVC in LGA775 PD model [4], which is in parallel with
RMBI1 on the north side. Main VR has 2.55mQ open loop socket load line, and it achieves

almost constant 1.08mQ2 socket load line within 23.6 kHz close loop bandwidth by using AVP

method.

With the introduction of parallel ATVC in LGA775, the socket load line can be further

reduced to about 0.81mQ within 310 kHz ATVC close loop bandwidth in Fig.3.2.7.
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From the above analysis, we can see that ATVC further reduces the socket load line
socket PD model with VR. It also reduces the number of VR bulk capacitors, making ATVC

suitable for high slew rate VR for fast transient response.

N3 RMB4 ng RMBS N5

g LT
— vln
Central
Caps East L
Caps
I SKTB[ I

T

2-Ch VR in north side VTT1
1-Ch VR in east side

Parallel ATVC

LGA775 VTT2

VTT

Fig.3.2.6 CPU power distribution mode of LGA775 with parallel ATVC

a YR open-loop, without ATWC T
a“ b VR close-loop, without ATV C ‘%
¢ WR close-loop, series ATVC close-loop '
E d VR closse-loop, parallel ATVC close-loop g s
~ . 1
£ 4 t )
“ -
&) R4 b
a ” C
2050 . L) dh|wf ame e =i|r )
2 Y
1.08 | 4l \
0.81
)
d
0 3 4 5 5]
10 100 1-10 1-10 1-10 1-10
10 f Kk 10 6

f,,=23.6KHz f_,=310KHz

Fig.3.2.7 Load line of N2 with VR and ATVC in LGA775
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3.3 ATVC Simulation

The transformer plays a very important role in the ATVC topology for fast transient
response. It conducts DC current in steady state, and it acts as a transformer in the transients
handling the AC current. The transformer leakage inductance determines the injected current
slew rate, and the parasitic resistances determine the conduction loss and injected voltage source.
Of course, size of the transformer is another concern in the design. Maxwell 3D transformer
simulation has been carried out to optimize the transformer design from the point of injected

current slew rate and power loss.

3.3.1 Maxwell 3D Transformer Simulation

Fig.3.3.1 shows the equivalent ATVC transformer model, consisting of Ry k2, Lik> in the
primary side, Rk, Lik; in secondary side and the magnetizing inductance Liy, and the turn
ratio is N:1. The total transformer leakage inductance acts as the ATVC filter and determines the
injected current slew rate. Smaller leakage inductance leads to higher slew rate in injected
current but it increases the current ripple. Parasitic resistances in primary and secondary
windings result in conduction loss and deterioration of injected voltage source. Different winding

arrangement and turn ratio strongly influence the leakage inductance and resistance.

RLK1 LLKl

1 %

L
RLK2 LK2

Fig.3.3.1 Equivalent ATVC transformer model
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The secondary winding resistance Rix; parallels with Rp in parallel ATVC, which
determines the current via the secondary winding in steady state. In Series ATVC, Rik; is in
series with Rp in the current path that increases the conduction loss in steady state.

The voltage drop across the primary winding resistance Rig, will decrease the injected
voltage source value, which deteriorates the ATVC performance. Also, the transformer turn ratio
determines the current rating of Q, and Q. in ATVC. A high turn ratio helps to reduce the
current rating for low conduction and switching loss and increase the slew rate of injected
current. On the contrary, it increases the leakage inductance and primary side winding resistance,
which deteriorates the slew rate of injected current. Tradeoff exists between them.

Maxwell 3D magnetic simulations are used to optimize the ATVC transformer design
from the current slew rate and power loss with the following parameters and requirements:

1) Switching frequency: 1.5SMHZ, 2MHZ, 2.5 MHZ;

2) Transformer turn ratio:1:1, 2:1, 4:1;

3) 4 PCB layer for windings; ER 11/2.5/6, core material: 3F5;

4) Primary leakage inductance: less than 100nH;

5) Low power loss and small size requirement.

We can select the magnetic core size and air gap for inductor with the DC current in
steady state and prevent saturation in the transients based on maximum current Imax and Bmax

as follows:

] > N1y, -l

Max

(3-3-1)

Ao =——* (3-3-2)
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According to Equations (3-3-1) and (3-3-2), we can determine the minimum air gap
according to maximum Imax and Bmax based on the effective area AC of magnetic core 3F35

ER11 with 450mT Bsat.

Fig.3.3.2 Maxwell 3D drawing of ATVC transformer

Fig.3.3.2 shows the Maxwell 3D transformer drawing. For 1:1 turn ratio transformer, the
winding arrangement is 1P-1S-1P-1S (1P is one turn primary winding, and 1S is one turn
secondary winding). For 2:1 turn-ratio transformer, the winding arrangement is 2P-1S-2P-1S,
and two layer primary windings are in parallel. For 4:1 turn ratio transformer, the winding
arrangement is 2P-1S-2P-18S and two layers are in series to form 4 turn winding.

Table 3.3.1 Maxwell 3D ATVC transformer simulation results

3D simulation: ER11, 1.5MHz, 3F35, 0.2mm air gap,
4-layer PCB planar
Turn ratio 1:1 2:1 4:1

Lm 55nH 223nH 905nH
[ 5.7nH 4.7nH 6.8nH

R 1 13.7mQ 13.4mQ 13mQ
[ 6nH 7.2nH 22nH

R 13.5mQ 34 4mQ 164mQ
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Fig.3.3.3 ATVC prototype on Intel motherboard

Fig.3.3.3 shows the ATVC prototype on an Intel motherboard. There are only three
connections between ATVC prototype and Intel motherboard: gnd, Vol and Vo.

The parasitic resistance and inductance of PCB traces and socket connection pins have
very important roles in the ATVC injected current slew rate and power loss. These parasitic
parameters can be optimized by careful PCB layout, more PCB layers and large customized core
shape.

The inductance of a via is given by,

h 4h
L==-(1+ln—) nH 3-3-3
5 (+In—p) (3-3-3)

Where, h is the height of vias in mm, which equals the thickness of the board, and d is the
diameter in mm. Several vias in parallel and large vias will yield small inductance.
An approximation for the inductance of a conductor is given by,

L=2-1- (ln%— 0.75) nH (3-3-4)

Where length 1 and diameter d are in centimeters.
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For the inductance of PCB, traces are given by,

L=2-1-(n2 05+ 0.2235%) nH (3-3-5)
w

Where w is the width of the trace, and 1 is the length, all in centimeter. Inductance of
PCB traces hardly depends on the thickness of the copper. Reducing the length is more effective
than width or diameter by a factor of 10.

Fig.3.3.4 shows the equivalent ATVC transformer model including the parasitic
resistance and inductance of the PCB traces, vias, connection pins between ATVC prototype and
Intel motherboard. It is clear that 2:1 turn ratio transformer has higher resistance and inductance
than that in 1:1 turn ratio transformer. Higher turn ratio transformer can reduce the current
handled by ATVC, but it has larger leakage inductance and resistance that deteriorates the
ATVC performance. The increased ATVC input voltage will improve the ATVC performance.
In the ATVC design, there is a trade off between power loss and ATVC performance.

Vol Vo Vol Vo

14.7mohm 1mohm 14.4mohm 1mohm

13.5nH 7.8nH 12.5nH 7-8nH

Fig.3.3.4 ATVC transformer model including parasitic components

&3



3.3.2 ATVC Pspice Simulation

Based on the previous analysis, Pspice simulations have been carried out in SKT478 and
LGA775 PD models [3-4]. Parallel ATVC is mainly used to suppress the second voltage spike.

Some specifications of ATVC and VR in simulations are as following.

¢ 3-Ch main VR: 250 kHz, 0.45uH filter inductance, Vin=12V, 1.1V/120A;

e ATVC: 1.5MHZ switching frequency, 5V input voltage;

e ATVC Transformer model in Fig.3.3.4;

¢ Independent control for main VR and ATVC;

e Two voltage mode controllers in ATVC: step-up controller in step-up load and step-

down controller in step-down load.

3.3.2.1 ATVC Simulation in Socket 478

15047
[ T [ N [ T [ [ T [ T
el e e S L e e B e S S R R B B e e e ] il e o
[ T [ N [ R I I [ R [
T T ATve
FcroroTroT o7 i B et e el el el el el s e il i el iy el i el it el il i o
I U R A A _ | | | | S A N
[ i | | -
100A— L1 11 -
| [ | | | | o
L _L_L_L_1_d_ | e S U I T RO Y
o | | I I ) [ R
R 1- - N g S e e T A
[ | o o [ [ R [ R
**F*f*fl 1-F-- — |- -1 —— - —f\ e B B R e R B e e e e
T - o I ILM [ [ R [ R
FercroroTo4 o 271 oo R Bt Bl Rt el el il Bt el el el i
L I | L L L L
50A
[ [ I A T 1T 1 [ [
L1 ‘_J_![J!  TTR R I B N S A N N N
[ I [ | [ IN2 [ T T
L L_L_1_ J_ |\~ r,L‘( ,,,,, [ O S N IO S T I
[ o M I [ | [ R
[ R 77 L AN . Il S e
[ T | [ | l o [ T
— 2 = T Rl e e e e e
oA | [ | o | WWWN 1[“[!1.‘ | [ |
o T T T I T T T T T T T ™ T T T
o [ R o o o
r-rorTo T o T o7 T T N1 e O e e F  F  E B B
T I U I N IR E A O S IO S DU S N T A O S BN U
[ OO0 [ ] T T [
AL 11 [ R B [ R B T O N S [ R |
495us 500us 505us 510us 515us 520us 525us

a [(L118) o I(TX:3) x I(IMBH(Is) v I(Ls) + I(I1)

Fig.3.3.5 Parallel AVTC current waveforms in step-up load

84



T T 1T T T T 1T T 1T T T T
[ A R A R B A [ A A A B R R
T R U AN I SR SR S I N S R
NN EEEEE NN
HEEEEEEEN RN
R e TTIO T 777 T TT7
[ A R A R B A [ I AR R
[T R S A IR O B B IS
N IR 4N
Cloa SN EEEEEREEN
T T T T ‘-\,J\\,\,\\_J\\,\,\%\,\
[ A R A R B PT o e
} } } } } } } il } } } } } } } } }
clor b WU: IR
Ll Ll RN RN
TrTTaT =7 e A e M e I e Y B
[ R [ R T B B R
L4 /m+ - I SR R
Clr o NS = |
IR = | Lo
[ A e YR | [ e
Clr o S | Tl v
Bk e e R B SR - V\B/, R
Clr a8 | N
[ A L | Lozl
T T | L - T
A L D4 =
-t TRl T T T | T
o L G
_Llag 14 [ I uN R A R
rTo [ A =
r L SANNE =R
“rtT Or T o e T T T
o S 1/ - Vo
ol - N = TR IR
| < I NI
| —_— RN
T L T e
| R R
e Lo da
| I IR
L <= | L1

i 3
| S
_r SRR _
| |
|

- |

-4 -
I
|
|
I
T
b g — =

- 150A

1. 020ns

1.015ns

1. 010ns

1.005ns

1. 000ns
o I(L118) o I(TX:3) x [(IMH(Ls) v I(Ls) « I(I1)

0.995ns

Tine

Fig.3.3.6 Parallel AVTC current waveforms in step-down load
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Fig.3.3.7 Parallel ATVC and VR Current in step-up load
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Fig.3.3.8 Parallel ATVC and VR Current in step-down load

SKT478 PD model has about 1.5mQ socket load line including DC and AC load lines

within its close loop bandwidth. ATVC is in parallel with L1 and L2 as shown in Fig.3.2.4.

ATVC operates in 1.SMHZ with 4:1 turn ratio transformer.

Fig.3.3.5 shows the key ATVC current waveforms in step-up load 10~100A@95A/s.

The ATVC output current [s1vc can catch up with output current Ip after a very small delay time

in the step-up controller. ATVC injects high slew rate current both in primary side and in

secondary winding until the magnetizing current I \; reaches the maximum output current 100A.

Fig.3.3.6 shows the key ATVC current waveforms in step-down load 100~10A@95A/s.

It is clear that the part of energy stored in VR filter inductance is recovered into ATVC input

voltage V, because current changes from positive to negative value until Iy drops to the

minimum output current 10A.
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Fig.3.3.7 shows the simulated current comparison between main VR current I; and
ATVC output current Iaryc in step-up load. ATVC provides higher slew rate current injection,
15 times higher than that in the main VR.

Fig.3.3.8 shows the simulated current comparison between main VR current I; and
ATVC output current in step-down load. ATVC can provide five times higher slew rate current
than that in the main VR, and it recycles energy stored in VR filter inductance into input voltage
V1, resulting in better ATVC efficiency. Fig.3.3.9 shows the simulated results with VR in
SKT478 PD model and parallel ATVC in step-up load. The load line baseline of SKT478 PD
model is about 1.5mQ), and the response time is 1.5us. With introduction of parallel ATVC, load

line is reduced to 1.06 mQ2, which is about 29 percent load line improvement including DC load
line improvement, and response time is reduced to 0.3ps.

Fig.3.3.10 shows the simulated results with VR in SKT478 PD model and parallel ATVC
in step-down load. The baseline without ATVC is about 1.48 mQ. Improved socket load line is
1.18 mQ2 by utilization of parallel ATVC, about 20 percent improvement.

From the simulation results, we can see that parallel ATVC injects high slew rate in step-
up load and recovers energy in step-down load, resulting in AC load line improvement. DC load
line improvement mainly depends on the parasitic resistance of one turn secondary winding in

transformer design.
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Fig.3.3.10 Parallel ATVC simulation results in step-down load
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3.3.2.2 ATVC Simulation in Socket LGA775

Pspice simulation schematics of LGA775 PD model [4] with parallel ATVC is shown in

Fig.3.2.6. ATVC is in parallel with RMB1 in the main VR, which operates in 1.5MHZ with 1:1

transformer model in Fig.3.3.6.
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Fig.3.3.14 Improved LGA775 load line with ATVC in step-down load

Fig.3.3.11 shows the baseline load line of LGA775 PD model, which has 1.05mQ
(100mV) in 5~100A, 95A/us step-up load with 6 Oscons on the north side and 4 Oscons on the
east side. In step-up load, the DC load line is about 0.63mQ2 (60mV) and the AC load line is

about 0.42mQ (40mV). The expected maximum AC load line improvement in this condition is
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about 0.32mQ (30~34mV) because of 10~15mV voltage difference between the reference
voltage in ATVC step-up controller and the main VR output voltage.

Fig.3.3.12 shows the baseline load line of PD model, around 1.07mQ (102mV) in
100~5A, 95A/ps step-down load. The DC load line is about 0.63mQ (60mV), and the AC load
line is about 0.44mQ (42mV). The expected maximum AC load line improvement in step down
is about 0.34mQ2 (32~36mV) because of a 10~15mV voltage difference between the voltage
reference in ATV C step-down controller and the main VR output voltage.

Fig.3.3.13 shows the improved load line with ATVC in step-up load. The improved load
line is 0.72mQ, up to 95 percent of expected maximum AC load line improvement and about 29
percent improvement of total load line. Fig.3.3.14 shows the improved AC load line with ATVC
in step-down load. The improved load line is 0.9mQ, up to 50 percent of expected maximum AC

load line improvement, or 16.6 percent total load line improvement.

Table 3.3.2 LGA775 Simulation results

Intel LGA775 PD model: 2-Ch in north, 1-Ch in east, 250kHz,
0.45uH,100A/us, 5~100A

ATVC: 1:1, 1.6MHz, 5V input

Oscon Caps in north and in east side
6*4 4*4 3*4 3*3
Step up load 0.75mQ 0.79mQ 0.81mQ 0.83mQ
Stepdown | o.9ma 1.02mQ 1.11mQ 1.19mQ

VR load line baseline W/O ATVC: 1.05mQ in step up load
1.07mQ in step down load.
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Table 3.3.2 shows the Oscon impact on the parallel ATVC performance. It is clear that
the load line improvement in step-up load is better than that in step-down load, because higher
slew rate current is injected in step-up rather than in step-down load. Parallel ATVC can still
achieve good load line improvement in step-up load with less Oscon capacitor, but the

improvement in step down will decrease due to the reduced capacitance and increased ESR.

3.4 Proposed Combination of Linear and Adaptive Nonlinear Control

3.4.1 Background

As previously discussed, the converter transient or large signal response is mainly limited
by filter inductance and dv/dt or delay times in linear controller. High switching frequency
operation helps the converter to reduce the filter inductance, but it deteriorates converter
efficiency. How to design the linear controller to minimize its delay time of the compensation
network is very crucial for the second voltage spike suppression. The longer the delay time it has,
the worse transient response occurs in transient loads.

Enough gain and phase margins are always required in the conventional linear control for
the converter stability, which leads to longer delay time and bad transient response. In transient
periods, the error amplifier output (EAO) responds immediately to catch up with the transient
load change in an ideal case, so there are no voltage spikes in the output voltage. Actually, the
EAO is determined by EA performance and the compensation network design. Thus, it cannot
change as quickly as the load changes, and finally the output voltage spikes occur. The transient

response can be improved by optimizing the unity gain bandwidth in the linear controller. There
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is a trade off between the transient response and converter stability in the design. Usually, high
performance and costly EA, such as high product of gain and bandwidth, high dv/dt, are used to
reduce the delay time for fast transient response.

Hysteretic control [53, 54] [63] [67, 68] has a very small delay time because it has no
compensation network, and the delay time is only determined by the performance of the
comparator. When output voltage increases and is larger than the top window reference voltage,
it outputs low drive signal, or vice versa, and a high drive signal is generated. The main
disadvantage of hysteretic control is the variable switching frequency related with hysteretic
window, which makes it difficult to design the converter filter. Not only the parasitic resistance
and inductance of PCB traces, but output capacitors and connectors also have strong impact on
the hysteretic control, and also are very sensitive to the noises. So the hysteretic control is very
difficult for high slew rate applications, such as VR in the desktop motherboard.

Active voltage position method [14-19] is an improved linear control, which increases the
output voltage transient tolerance as much as twofold in the voltage regulator, and it can achieve
almost constant VR output impedance. In transient periods, the delay times in linear controller
increase the second voltage spike, and it is impossible to eliminate the delay time due to the
requirement of the converter stability.

With the increasing demand for better dynamic performance under high slew rate output
current, smaller delay times in a linear controller are required to improve the transient response.
A combination of linear and adaptive nonlinear control is proposed to reduce the delay times for

fast transient response, and it simplifies linear controller design.
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3.4.2 Concept of Combination of Linear and Nonlinear Control

Fig.3.4.1 and Fig.3.4.2 show conventional linear control block diagram and its main
transient waveforms. It is well known that the EA is used to compensate the gain and phase
margins for the converter stability by the feedback impedance Zr and the input impedance Z;, in
compensation network, whose output (EAO) is compared with saw tooth waveform in PWM
generator to regulate duty cycle width for the converter. When the output voltage Vo is larger
than reference voltage Vreri, EAO decreases to reduce the duty cycle. When the output voltage
is less than reference Vgreri, the EAO increases to increase the duty cycle, and finally, the tight
output regulation is obtained in the converter.

In step-up load in Fig.3.4.2, the EAO and duty cycle cannot catch up with load change
immediately. A voltage drop occurs in step-up load because of the delay time t;; in the EAO, and
an over voltage spike occurs in step-down load due to the delay time t3s. It is impossible to
eliminate the delay time in linear control because enough gain and phase margins are required

for converter stability. Reducing the delay time is very important for fast transient response.

EAO

EF1

T

Fig.3.4.1 Conventional linear control block diagram

94



\ 4

:

\ 4

{

!
is

e

\ 4

.
time

PP L Lt b m o =

Nes
— ol
N
w
—
I

Fig.3.4.2 Conventional linear control transient waveforms
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Fig.3.4.3 EAO comparisons in ideal and actual cases
Fig.3.4.3 shows the EAO comparison between the ideal and the actual cases in transient
loads. The ideal EAO can respond immediately to the transient loads, and there will not be any
transient voltage spikes. The actual EAO rises slowly because of the compensation network and

the performance of EA. The shadowed EAO difference increases the extra transient voltage

spikes. The larger shadowed area leads to a higher second transient voltage spike.
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Fig.3.4.4 shows the concept of combined linear and nonlinear control to reduce the delay
time for fast transient response. Nonlinear control is activated only in transient periods and
generates nonlinear signal Vi in step-up load and Vyp, in step-down load with very small
delay time with simple comparators with a hysteretic window. Only the first pulse of the output
of nonlinear control Vyi is used to sum up the actual EAO of linear control. The area of the first
pulse Vi of the output of nonlinear control approximates the shadowed area between the ideal
EAO and actual EAO in step-up load shown in Fig.3.4.3. It is the same for Vi, in the step-down
load, and then the EAO of combined linear and nonlinear control is very close to ideal, resulting
in a very small delay time and in small transient voltage spikes. Most importantly, there is no
stability problem for combined linear and nonlinear control because only one pulse nonlinear
control signal is injected. In the steady state, linear control determines the converter duty cycle,
while nonlinear control is in standby mode.

Combined linear and nonlinear control reduces delay times, and it also simplifies the
linear compensation network design for converter stability by using nonlinear control for the

transient response. Fig.3.4.5 shows the implementation circuit of combined linear and nonlinear
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control. Vg is the constant reference voltage of comparator C,; in step-up load, which is lower
than steady state output voltage, and Vg is the constant reference voltage of comparator C,,; in
step-down load in nonlinear control, which is higher than steady state output voltage.

Nonlinear control circuit in dash block 300 is composed of two parts: dash block 310 for
the step-up load and dash block 320 for step-down load. In the step-up load, the output voltage
VL1 of comparator C,,; is summed up with the output of linear control by the one-shot circuit
and diode D; and Rnp; when the output voltage Vo is less than the reference voltage Vgrj;. Then,
the converter operates at full duty cycle after a very small delay time t’»;. thus, it can supply the
current as quickly as possible to the load, and vice versa. In step-down load, Vi, is subtracted
from the output of linear control by comparator Cp,, one-shot circuit, R, Q; and Rnr2. When the
output voltage Vo is larger than reference voltage Va1, EAO decreases to zero after very small
delay time t’43, and then there is no duty cycle. As a result, the combined linear and nonlinear

control reduces the transient voltage spike by reducing response time in transient current.

RC‘I C(:1 CI(?Z
L
VO—I AV l WWA— —e
RFB RC CC

Fig.3.4.5 Implementation of the combined linear and nonlinear control
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Fig.3.4.6 Key waveforms of combined linear and nonlinear control

In Fig.3.4.6, the delay time of combined linear and nonlinear control is t’»; in step-up
load and t’43 in step-down load, which is mainly determined by the comparator performance and
the voltage difference at two input terminals of comparator, the output voltage Vo and the
reference voltage. However, in conventional nonlinear control, the voltage difference is about
100mV causing a large delay time.

Small voltage difference leads to small delay time for fast transient response. Fig.3.4.7
shows the adaptive nonlinear control concept that is proposed to reduce the voltage difference
further for small delay time. It is clear that adaptive nonlinear control has a much smaller voltage
difference, only 10~15mV, leading to delay time reduction with the introduction of a current

signal in adaptive nonlinear control instead of over 100mV in conventional nonlinear control.
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3.4.3 Concept of Combined Linear and Adaptive Nonlinear Control

Fig.3.4.8 and Fig.3.4.9 show the implementation circuit and key waveforms of combined
linear and adaptive nonlinear control. Adaptive nonlinear control is carried out in dash block 400,
which is composed of a filter, a transconductance amplifier Gm and a controlled current source.
The comparator reference voltages Vi, in step-up load and Vg, in step-down load in adaptive
nonlinear control are shown in the dashed line in Fig.3.4.8, which are dependent on the load
current. With the introduction of current signal, the delay time of nonlinear control is reduced
from t’; to t’’;; in step-up load and from t’s3 to t’’43 in step-down load because of only
10~15mV difference between the output voltage Vo and the reference voltage Vg2, Vras instead
of 100mV in conventional nonlinear control. Therefore, the combined linear and adaptive

nonlinear control further reduces delay time to reduce the second voltage spike.
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Fig.3.4.9 Key waveforms of combined linear and adaptive nonlinear control
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3.4.4 Experimental Verification if Combined Linear and Adaptive Nonlinear Control

An experimental prototype has been carried out to verify combined linear and adaptive
nonlinear control. Fig.3.4.10 shows the experimental circuit: 2-Ch VRM9.0 at 300 kHz
switching frequency, 2.2uH inductance and ATVC at 1.5 MHZ, 2:1 turn ratio with ER11 core.
The operation waveforms of the controller for ATVC are shown in Fig.3.4.9. V,, is the drive
signal of Q,1, and Vg 1s the drive signal of Qa, of ATVC. Vi, 1s the nonlinear control signal in

step-up load, and Vi is the nonlinear control signal in step-down load.
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Fig.3.4.10 VRM9.0 Experimental circuit
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Fig.3.4.11 Output transient waveforms of 2-Ch VRM?9.0 in step-up
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Fig.3.4.12 Output transient waveforms of 2-Ch VRMO9.0 in step-down
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Fig.3.4.13 Transient waveforms with linear and nonlinear in step-up
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Fig.3.4.14 Transient waveforms with linear and nonlinear in step-down
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Fig.3.4.15 Transient waveforms with linear and adaptive nonlinear in step-up
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Fig.3.4.16 Transient waveforms with linear and adaptive nonlinear in step-down

Fig.3.4.11 shows the output transient waveforms in step-up load in 2-Ch VRM?9.0
without ATVC. It is clear that 284mV voltage drop is in step-up load 0~25A @100A/us, which
has 13.6mQ load line including 4.8mQ DC load line.

Fig.3.4.12 shows the output transient waveforms in step-down load in 2-Ch VRM9.0.
There is 304mV voltage overshoot in step-down load 25~0A @100A/us, which has 14mQ load
line including 4.8mQ DC load line.

Fig.3.4.13 shows the transient waveforms in step-up load 0~25A@100A/us in 2-Ch
VRMO.0 with ATVC that adopts the combined linear and nonlinear control in Fig.3.4.5. From
tested waveforms, it has 2.4us response times in ATVC step-up controller and 280mV voltage
drop, 11.2mQ load line. ATVC has only 4mV improvement due to 2.4us response times.

Fig.3.4.14 shows the transient waveforms in step-down load 25~0A @100A/ps in 2-Ch

VRMO9.0 with ATVC that adopts the combined linear and nonlinear control in Fig.3.4.5. It has
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about 292mV voltage spike and about 2.4us response time in ATVC step-down controller. There
is only 12mV improvement due to the slow response time. Total load line is about 11.68mQ.

Fig.3.4.15 shows the transient waveforms in step-up load 0~25A @100A/us in 2-Ch
VRMO.0 with ATVC that utilizes the combined linear and adaptive nonlinear control shown in
Fig.3.4.7. It has only 0.2us response time in ATVC step-up controller. The voltage drop is
reduced to 188mV, 33.4 percent improvement, about 7.52mQ2 load line in step-up load.

Fig.3.4.16 shows the transient waveforms in step-down load 25~0A @100A/us in 2-Ch
VRMO.0 with ATVC that utilizes the combined linear and adaptive nonlinear control in Fig.3.4.7.
It has only 0.2us response time, and the voltage spike is reduced to 228mV, 25 percent

improvement, which has 9.12mQ load line in step-up load.

Table 3.4 Experimental results of 2-Ch VRM +ATVC

Load line in 2-Ch VR PT8124A with ATVC@ 0~25A, 100A/us
de load ac load line
c loa
VRM9.0 line Step u Response Step Response
pup time down time
VRM 120mV 340mV 350mV
. N/A N/A
baseline 4.8mQ 13.6mQ 14mQ
VRM 120mV 280mV 2 4us 292mV 2 4us
ATVC+NL&L 4.8mQ 11.2mQ ’ 11.68mQ ’
V'i'\;' ATVC* | 120mv | 188mv 0.2u8 228mV 0.2u8
A 48mQ | 7.52mQ : 9.12mQ :
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Fig.3.4.17 Control circuit block diagram for the ATVC

Fig.3.4.17 is the combined linear and adaptive nonlinear control for the ATVC to
improve the transient response of 3-Ch VR in a desktop motherboard. Dash block 500 is the
ATVC step-up controller with adaptive nonlinear control. Dash block 501 is the ATVC step-
down controller with adaptive nonlinear control. The current signal Io can be the current signal

of VRM filter inductors or the output load current.
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3.5 ATVC Experimental Verification

As previously discussed, ATVC is used mainly to suppress the second voltage spike not
the first voltage spike. It activates only in transient periods with small leakage inductance in
several MHZ operation, which results in high slew rate current injection and high bandwidth for
fast transient response. The main VR response time is only about 1~2us so that the ATVC
controller should have a very small delay time to activate from standby mode in steady state to
operating mode. The conventional linear PID control method has a large delay time in transient,
because it requires enough phase and gain margin for its stability. Combined linear and adaptive
nonlinear control for ATVC controllers is used to reduce the delay times for fast transient
response shown in Fig.3.4.17. A prototype has been carried out on the Intel desktop motherboard
D915Gev to verify the theoretic analysis of ATVC.

Fig.3.5.1 shows the expected ATVC AC improvement definition. The reference in ATVC
step-up controller is about 10~15mV less than the output voltage and 10~15mV higher than
output voltage in ATVC step-down controller to keep ATVC standby mode in steady state. The

definitions of AC load line improvement in transient loads are as follows:

AV} = AV, —(10 ~15)mV (3-5-1)
AV) = AV, —(10 ~15)mV (3-5-2)
AV, oop = AV = AV AV (3-5-3)
AV, ooy =AV'2 AV AV (3-5-4)

AV is the maximum AC voltage spike, and AV'| is the expected maximum AC voltage
spike improvement in step-up load. AV, is the maximum AC voltage spike, and AV', is the

expected maximum AC voltage spike improvement in step-down load.
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Fig.3.5.2 ATVC implementation circuit with multiphase VR

Fig.3.5.2 shows the ATVC implementation circuit with original 3-Ch VR10.1 on the Intel
desktop motherboard D915Gev: 2-Ch VR on the north side with 6 Oscons and 1-Ch VR on the
east side with 4 Oscons, 450nH filter inductance per channel. ATVC has been directly in parallel
with the motherboard via three connection points: gnd, Vo; and Vo, as shown in ATVC
prototype in Fig.3.5.3. ATVC is mainly used to suppress the second voltage spike, which
operates at 1.5SMHZ switching frequency and 5V input voltage. ATVC transformer turn ratio is

1:1 with ER11 core. The size of the transformer and two FETs is about 20x20mm?>.
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VTT tool [115, 116], shown in Fig.3.5.4, is used to simulate the CPU load with

programmable current slew rate (up to 10A/ns), programmable current (up to 120A) and

programmable transient load frequency.
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Fig.3.5.3 ATVC experimental prototype setup
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Fig.3.5.4 Baseline transient waveforms @ 5~50A, 550A/us
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Fig.3.5.5 Improved transient waveforms @ 5~50A, 550A/us
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Fig.3.5.6 Baseline transient waveforms @ 5~80A, 550A/us
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Fig.3.5.7 Improved transient waveforms @ 5~80A, 550A/us
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Fig.3.5.8 Baseline transient waveforms @ 5~100A, 550A/us
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Fig.3.5.9 Improved transient waveforms @ 5~100A, 550A/us

Fig.3.5.4 shows the baseline 3-Ch VR transient waveforms without ATVC @ 5~50A,
550A/us with 6 Oscons on the north side and 4 Oscons on the east side. From the waveforms, we
can see the second voltage spike dominates at this slew rate transient load. It has 72.8mV voltage
drop with 24mV AC voltage drop, and its load line is 1.62mQ in step-up load. Also, it has
71.2mV voltage spikes in step-down load with 22mV AC voltage spike. It has 1.58mQ load line.

Fig.3.5.5 shows the improved 3-Ch VR transient waveforms with ATVC @ 5~50A,
550A/ps. The voltage drop is reduced to 64mV (1.42mQ load line) in step-up load, and the
voltage spike is reduced to 60mV (1.33mQ load line) in step-down load, which accounts for
about 64.5 percent of expected AC load line improvement in step-up load and 80.6 percent of
expected AC load line improvement in step-down load.

Fig.3.5.6 shows the baseline 3-Ch VR waveforms without ATVC @ 5~80A, 550A/us
with 6 Oscons on the north side and 4 Oscons on the east side. It has 125mV voltage drop with
34mV AC voltage drop, and its load line is 1.67mQ2 in step-up load. Also, it has about 113mV

(1.59mQ load line) voltage spikes in step-down load with 29mV AC voltage spike.
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Fig.3.5.7 shows the improved 3-Ch VR transient waveforms with ATVC @ 5~80A,
550A/us. The voltage drop in step-up load is reduced to 107mV, and 107mV (1.43m(2 load line)
is in step-down load, which accounts for about 75 percent of expected AC load line improvement
in step-up load and 64 percent of expected AC load line improvement in step-down load.

Fig.3.5.8 shows the baseline 3-Ch VR waveforms without ATVC @ 5~100A, 550A/us
with 6 Oscons on the north side and 4 Oscons on the east side. It has about 155mV voltage drop
with 39mV AC voltage drop, and its load line is 1.63mQ in step-up load. Also, it has about
152mV (1.60mQ load line) voltage spikes in step-down load with 38mV AC voltage spike.

Fig.3.5.9 shows the ATVC improved transient waveforms with @ 5~100A, 550A/us. The
voltage drop in step-up load is reduced to 138mV (1.45m(2 load line) and 140mV (1.47m<2 load
line) in step-down load, about 58.1 percent of expected AC load line improvement in step-up
load and 44.8 percent of expected AC load line improvement in step-down load.

Table 3.5.1 Tested experimental results of 6x4 Oscons with 1.15mQ DC load line

VR10.1, VTT Tools, Vo=1.5V, R}, 5c=1.15mQ, ATVC for 2nd voltage spike R, | .o¢ improvement
ATVC: ER11, 1:1, 5Vin, 1.5MHz, 6*560uF in north, 4*560uF in east, Intel MB D915Gev

5~50A 5A~80A 5A~100A

Slew rate

Base ATVC Alac Base ATVC Alac Base ATVC Alac

180A/us 1.58mQ | 1.33mQ | 80.6% | 1.63mQ | 1.33mQ | 93.7% | 1.57mQ | 1.32mQ | 80.6%

Step
up 250A/us 1.58mQ | 1.35mQ | 74.2% | 1.63mQ | 1.39mQ 75% 1.60mQ | 1.37mQ 74.2%
load

550A/us 1.62mQ | 1.42mQ | 64.5% | 1.67mQ | 1.43mQ 75% 1.63mQ | 1.45mQ | 58.1%

Step 180A/us 1.53mQ [ 1.30mQ | 74.2% | 1.51mQ | 1.35mQ 64% 1.54mQ | 1.39mQ 51.7%
down
load

250A/us 1.55mQ | 1.32mQ | 74.2% | 1.53mQ | 1.36mQ 68% 1.56mQ | 1.41mQ | 51.7%

550A/us 1.58mQ | 1.33mQ | 80.6% | 1.59mQ | 1.43mQ 64% 1.60mQ | 1.47mQ | 44.8%

Expected LL,.

. 14mV 0.31mQ 24mV 0.32mQ 29mV 0.31mQ
in step up

Expected LL,.

) 12mV 0.27mQ 19mV 0.25mQ 28mV 0.29mQ
in step down
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Table 3.5.1 shows the VR socket transient load line [17] improvement at different load
current step and different slew rate 180A/us, 250A/us and 550A/ps. The DC load line is 1.15mQ
with 6 Oscons on the north side and 4 Oscons on the east side with ATVC @ 5Vin and 1:1
transformer on the Intel motherboard D915Gev. The AC load line improvements account for 64
percent of the expected AC load line improvement in step-up loads, and the AC load line
improvements are up to 80.6 percent of expected AC load line improvement in step-up loads.

The AC load line improvement is about 0.2~0.25mQ in 5~50A step-up load (expected
0.31mQ AC improvement) and 0.18~0.25mQ in 50~5A step-down load (expected 0.27mQ AC
improvement). The tested AC load line achievement in other different slew rate transient loads
takes up most of expected AC load line improvement because 10~15 mV voltage difference is in
ATVC controllers in Fig.3.4.17.

Generally, the AC load line improvement in step load is better than that in step-down
load because higher slew rate current is injected in step-up load. Also, ATVC has better AC load
line improvement at slower slew rate load than in higher slew rate, because the propagation delay
time of controller and driver has less impact on ATVC controller response time. Table 3.5.2
shows the 3-Ch VR socket load line improvement with reduced Oscons. The main 3-Ch VR has
1.2mQ DC load line with 4 Oscons (2 Oscons removed) on the north side and 4 Oscons on the
east side. The AC load line improvement is still up to 94.5 percent of the expected AC load line
improvement in step-up load, and the AC load line improvements are up to 90.3 percent of the
expected AC load line improvement in step-down load.

The AC load line achievement is about 0.27mQ in 5~50A step-up load (expected

0.36mQ AC load line improvement) and 0.21~0.28mQ in 50~5A step-down load (expected
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0.31mQ as load line improvement). Also, the tested AC load line achievement in different slew

rate step step currents account for most of the expected AC load line improvement despite the
10~15mV voltage difference in ATVC controller in Fig.3.4.17.

Table 3.5.2 Tested experimental results of 4x4 Oscons with 1.2 mQ DC load line

VR10.1, VTT Tools, Vo=1.5V, R pc=1.2mQ, ATVC for 2nd voltage spike RLL-ac improvement
ATVC: ER11, 1:1, 5Vin, 1.5MHz, 4*560uF in north, 4*560uF in east, Intel MB D915Gev
5~50A 5A~80A 5A~100A
Base ATVC Alac Base ATVC Alac Base ATVC Alac
180A/us | 1.69mQ | 1.42mQ 75% 1.73mQ | 1.41mQ 80% 1.75mQ | 1.45mQ | 76.9%
Step 250A/us | 1.71mQ | 1.44mQ 75% 1.77TmQ | 1.44mQ | 82.5% | 1.79mQ | 1.42mQ | 94.5%
|0u:d 550A/us | 1.76mQ | 1.48mQ | 77.8% | 1.81mQ | 1.53mQ 70% 1.83mQ | 1.56mQ | 69.2%
10A/ns 1.8mQ | 1.51mQ | 80.5% | 1.84mQ | 1.59mQ | 62.5% | 1.87mQ | 1.64mQ 59%
Step 180A/us 1.6mQ | 1.39mQ | 67.7% | 1.64mQ | 1.41mQ | 95.8% | 1.63mQ | 1.46mQ | 73.9%
down 250A/us | 1.65mQ | 1.37TmQ | 90.3% | 1.68mQ | 1.45mQ | 95.8% | 1.68mQ | 1.52mQ | 69.6%
load 550A/us | 1.67mQ | 1.41mQ | 83.9% | 1.71mQ | 1.52mQ | 79.1% | 1.74mQ | 1.58mQ | 69.6%
10A/ns 1.69mQ | 1.48mQ | 67.7% | 1.75mQ | 1.57mQ 75% 1.77mQ | 1.65mQ | 47.8%

Slew rate

LLac Maxi 26mV 0.58mQ 40mV 0.53mQ 46mV 0.48mQ
in j’t)ep Expected 16mV 0.36mQ 30mV 0.4mQ 36mV 0.39mQ
LLac Maxi 24mV 0.53mQ 24mV 0.32mQ 32mV 0.34mQ
irc;:\}venp Expected 14mV 0.31mQ 18mV 0.24mQ 22mV 0.23mQ

Table 3.5.3 shows 3-Ch socket load line tested results with ATVC: 2:1 transformer. 3-Ch
VR has 1.44mQ DC load line with 4 Oscons on the north side and 4 Oscons on the east side. 2:1
turn ratio transformer has large leakage inductance and resistance, which reduce ATVC injected
voltage source and deteriorate the AC load line improvement. From the tested results, it is clear
that the AC load line improvement is around 0.2mQ in 7~50A, 0.15m<2 in 7~80A and 0.12m<Q
in 7~100A, which is not good compared with 1:1 transformer. With the increasing input voltage
from 5V to 10V, the AC load line improvement can achieve 0.3mQ, over 80 percent of the
expected AC load line improvement, but it will increase the ATVC power loss, so there is a trade

off between transformer turn ratio and transient response.
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Table 3.5.3 Tested experimental results of 4x4 Oscons with 1.44mQ DC load line

VR10.1, VTT Tools, Vo=1.5V, R, ;=1.44mQ, ATVC for 2nd voltage spike R, . improvement
ATVC: ER11, 2:1, 5Vin, 1.5MHz, 4*560uF in north, 4*560uF in east
7~50A 7A~80A 7A~100A
Slew rate
Base ATVC A Base ATVC A Base ATVC A
250A/us 1.81mQ 1.62mQ | 40.4% | 1.79mQ 1.64mQ 34% 1.81mQ | 1.63mQ 46%
Slif)p 550A/us | 1.84mQ | 1.64mQ | 425% | 189mQ | 1.71mQ | 41% | 186mQ | 1L.74mQ | 30%
10A/ns 1.86mQ 1.67mQ | 40.4% 1.9mQ 1.73mQ | 38.6% | 1.89mQ | 1.78mQ 28%
250A/us | 1.69mQ | 1.51mQ 78% 1.73mQ | 1.56mQ 74% 1.72mQ | 1.59mQ | 50%
dsc:m 550A/us | 1.70mQ | 1.56mQ | 60.8% | 1.74mQ | 1.64mQ | 435% | 1.73mQ | 1.68mQ | 19%
10A/ns 1.73mQ | 1.63mQ | 43.4% | 1.77mQ | 1.67mQ | 435% | 1.75mQ | 1.70mQ | 19%
Expected LL ¢ 20mv 32mv 36mV
in step up 0.47mQ 0.44mQ 0.39mQ
Expected LL,. 9.6mv 16.8mV 24mv
in step down 0.23mQ 0.23mQ 0.26mQ
7A~100A step up load Base ATVC A
250A/us | 1.81mQ | 1.48mQ 85%
ER11, 2:1,
10V 550A/us | 1.86mQ | 1.55mQ | 80%
in 10A/ns | 1.88mQ | 1.58mQ 7%
Watt
7 Tested ATVC Input Power
5 no Il
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2 - o
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Fig.3.5.10 Tested ATVC input power

Fig.3.5.10 shows tested ATVC input power at different load current step and transient
load frequency fyan. From the tested results, the ATVC input power is almost independent on the

slew rate, but on the transient load frequency fian, it is about 7W @ 5~100A, fyan=1 MHZ.
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ATVC continuously provides the current to the load when the transient load frequency fyan IS
higher than 300 kHz.

The main 3-Ch VR in Fig.3.2.7 can achieve around 86~88 percent efficiency in steady
state, and it achieves better socket transient load line with very small increased power losses by

using ATVC as shown in Fig.3.5.10.
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Measured High Cunent 435924
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N\

Improved VR socket load
line W/ ATVC: up to 20%
@ 300k~1MHZ

42,391
uOhms  JO0Hz 5 5000 MHz

Fig.3.5.11 Tested socket load line improvement of Intel motherboard

Fig.3.5.11 shows the tested socket load line improvement of Intel motherboard D915Gev.
It is clear that socket load line is improved by 20% between 300 kHz and 1 MHZ.

Fig.3.5.12 shows the average injected transient voltage by ATVC transformer. The
obvious first voltage pulse in transient waveforms is due to the adaptive nonlinear control with
small delay time.

Fig.3.5.13 shows that ATVC in CCM has 245 kHz bandwidth with 50°C phase margin

with 1.5MHZ, 2:1 transformer.
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Fig.3.5.13 Tested ATVC bode-plot in CCM
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3.6 ATVC Summary

There are two voltage spikes that occur in high slew rate CPU current. The first voltage
spike is related with ESR, ESL of filter capacitor and socket and PCB layout. The only way to
suppress the first voltage spike is to optimize the combination of different types of parallel
capacitors and with careful PCB layout. But motherboard space limits the possibility of adding
more capacitors. Fortunately, the second voltage spike that is related to the energy stored in VR
filter inductance and close loop design will dominate under 800A/us. Higher bandwidth
contributes to the smaller second voltage spikes. High switching operation in main VR helps to
reduce filter inductance for high bandwidth and fast transient response, but it deteriorates the
efficiency. The big challenge is to reduce the second voltage spike with small extra power loss in
a simple way.

The conventional active current compensator only injects high slew rate current in step-
up load and absorbs the voltage overshoot in step-down load by linear mode or switching mode.
The problem in current compensators is the high current stresses resulting in high conduction
loss in linear mode current compensator or high switching loss in switching mode current
compensator, and also, it is very difficult to eliminate the impact of resistance and inductance of
PCB layout and socket on voltage spikes.

The two-stage approach regulates the intermediate bus voltage by the first stage converter
operating in relative low switching frequency, and the second stage converter operates in several
MHZ with small filter inductance to achieve high bandwidth for fast transient response. The

challenge for two-stage approach is how to improve the efficiency because it is a cascade system.
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Active transient voltage compensator is proposed to reduce the power loss and inject
higher slew rate current in step-up load and recover energy in step-down load. ATVC only
activates to handle the AC current in transient periods with several MHZ operations to reduce the
filter inductance for fast transient response, and the main VR can operate in low switching
frequency for better efficiency. With introduction of N: 1 turn ratio transformer, ATVC reduces
the current stresses by the factor of 1+N and injects 1+N times higher slew rate than that in
conventional current compensators with the same inductance. At the same time, ATVC can
eliminate the influence of PCB layout and socket on the output voltage spikes because of its
injected voltage source. Furthermore, ATVC can reduce the number of main VR bulk capacitors;
because the close loop output impedance of main VR is the internal impedance of ATVC, which
can be largely reduced by close loop control.

ATVC transformer design is very important for ATVC performance. The transformer
leakage inductance and turn ratio determines the injected current slew rate and the ATVC power
losses. Also, the resistance of winding will reduce ATVC injected voltage source due to its
voltage drop on the resistance. Maxwell 3D magnetic simulation has been carried out to optimize
the transformer design from the power loss, leakage inductance and core size.

Linear compensation network has a large delay time, because it requires enough phase
and gain margin for the converter stability, so the transient response is not good as expected. A
large delay time in the compensation network and propagation delay will degrade or even kill the
ATVC performance. Combined linear and adaptive nonlinear control is proposed to reduce the
delay time for fast transient. Adaptive nonlinear control only activates in transient periods to
inject one pulse nonlinear signal by one shot circuit with very small delay time, and there is no

stability problem in nonlinear control due to one pulse injection. Finally, it simplifies the design
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of the linear compensation network design. In VRM9.0 experimental tested results, adaptive
nonlinear control reduces the response time from 2.4ps in linear compensation network to 0.2us
with combined linear and adaptive nonlinear control.

In ATVC experimental prototype, it achieves about 0.3mQ AC load line improvement,
which accounts for up to 90 percent of expected AC load line improvement with a small extra
power loss in ATVC, which has 1:1 transformer and 5Vin. Generally, the AC load line
improvement in step load is better than that in step-down load at load condition, because higher
injected current slew rate occurs in step-up load rather than in step-down load. Also, ATVC has
better improvement at slower slew rate load because the propagation delay time of the controller
and the driver has less impact on the ATVC controller than on higher slew rate condition.

High turn ratio transformer can reduce ATVC current stress, but it has large leakage
inductance and resistance, which decrease the injected transient voltage source leading to bad
performance. Increasing ATVC input voltage helps to increase the injected transient voltage
source; in other words, trade offs are between the ATVC input voltage V1 and different turn

ratio transformers.
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CHAPTER FOUR: TRASIENT IMPROVEMENT IN ISOLATED DC-DC CONVERTER

As we all know, the converter current slew rate is determined by its equivalent
inductance and the applied voltage. The unbalanced current between load and inductor will be
provided by filter capacitors. As discussed in Chapter 1, ESR and ESL of filter capacitors play a
very important role in the voltage spikes at high slew rate load [53]. Higher output current slew
rate results in higher first output voltage spikes, and the second voltage is mainly determined by
the energy stored in filter inductor and is limited by control close-loop bandwidth. High
switching frequency operation is a very common way to reduce the filter and extend the close-
loop bandwidth for higher slew rate current; however, it deteriorates the efficiency sharply.

The first voltage spike is mainly determined by output current slew rate, ESR of filter
capacitors and is almost independent on controller design. The simple, direct way to reduce the
first transient voltage spike is to parallel more bulk capacitors or combine different capacitors to
reduce its ESR, but it is constrained by the size and increasing cost.

In recent years, many efforts have been put into transient improvement [14-51] [63-69],
mainly focusing on VRM. Few works are put into wide input range isolated DC-DC converter.
For most isolated DC-DC converter commercial products, their current slew rate is always less
than 10A/us so the dominant voltage spike is the second voltage spike, which relates to the
bandwidth of the isolated DC-DC converter and is mainly limited by filter LC delay time,
compensation network delay time and propagation delay time that includes gate driving delay
time, signal sampling delay time and control IC propagation time. Generally, the filter LC and
compensation network delay times are the key delay time, and how to reduce those two delay

times for fast transient while keeping high efficiency is the main topic in this chapter.
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4.1 Proposed Current Injection in Isolated DC-DC Converter

The galvanic isolation is required in isolated DC-DC converter. Usually the power
transformer is used for power isolation, and optocoupler is used for signal isolation in the
primary side control or signal transformer is used for primary side driving signals isolated from
the secondary side control.

Fig.4.1.1 is the general schematics of isolated DC-DC converter with primary side
control. The primary topology can be half-bridge, full-bridge, forward, or flyback converters,

and secondary rectifier can be current doubler, full-wave rectifier or single-wave rectifier.
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Fig. 4.1.1 Isolated DC-DC converter with primary side control

Fig.4.1.2 shows the performance characteristics of optocoupler. From its frequency
characteristic curves, it is clear that it has a low frequency pole, which commonly occurrs around
10~30 kHz. This low frequency pole not only complicates the feedback control loop design, but
also slows down the transient response. Moreover, the performance of optocoupler varies with

ambient temperature and load current, and enough phase and gain margins should be considered
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in different operating environments for converter stability, which deteriorates the transient

response.
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Fig.4.1.2 Optocoupler performance characteristics

Secondary side control can remove the optocoupler, allowing for fast transient response.
Unfortunately, it needs an extra startup circuit to power the secondary side controller; otherwise
there will be no operation. Startup circuit design is complex and costly [42].

High frequency operation in the main converter usually benefits higher bandwidth for
better transient response, but it deteriorates the efficiency. At the same time, leakage inductance
of the power transformer causes large duty loss and long current commutation time, especially in
high frequency and in wide range input voltage applications. So simply increasing the switching
frequency is not a suitable way to improve isolated DC-DC converter transient response.

A switching mode current injection circuit is presented in this section, which is only
activated in transient periods by injecting high slew rate current in step-up load and recovering
energy in step-down load. The switching mode current injection circuit mainly handles the

transient current. Thus, the main converter can be optimized in low switching frequency for
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better efficiency. Furthermore, no optocoupler is on the secondary side control for the current

injection circuit, which benefits the transient response and close loop design.

4.1.1 Proposed Switching Mode Current Injection Circuit

There are two current injection circuits available on the secondary side to improve
transient response: linear mode and switching mode current injection. Fig.4.1.3 shows the power
loss estimation of linear mode and switching mode current injection circuit. Linear mode current
injection circuit has large conduction loss because of high voltage drop across switches, so it is

not suitable for low output voltage or high output current conditions.
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Fig.4.1.3 Linear and switching mode current injection power loss estimation

The proposed isolated DC-DC converter with switching mode current injection circuit as
shown in Fig.4.1.4 is composed of a main converter and an extra switching mode current
injection circuit operating at several MHZ for small filter inductance.

The voltage mode controller combined with logic circuit is used to keep the switching

mode current injection circuit off in steady state and activate only in transient loads. Fig.4.1.5
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shows the operation waveforms with switching mode current injection circuit. Vit is the lower

threshold voltage in step-up load and Vyr is the upper threshold voltage in step-down load.
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Fig.4.1.4 Isolated DC-DC converter with switching mode current injection circuit
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Fig.4.1.5 Operation waveforms with current injection circuit
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Fig.4.1.6 Three types of circuits for Va in current injection circuit

There are three main modes in the switching mode current injection circuit: step-up load
mode, steady-state mode and step-down load mode. Detailed operating waveforms are shown in
Fig.4.1.5. In steady-state mode, the switching mode current injection circuit stands by because it
blocks the driver signal when logic circuit is V,=V=0. In step-up load mode, the current
injection circuit activates as a buck converter by controlling Sal to supply higher slew rate
current to load until output voltage Vo is back into Vi 1. Sa2 can be operated in synchronous
rectifier for small conduction loss.

di,, Va-Vo
dt La

(4-1-1)

In step-down load mode, current injection circuit serves as a boost converter by
controlling Sa2 to recover energy to its input voltage Va until output voltage Vo returns back
below Vyr. Also, Sal can be operated in synchronous rectifier for small conduction loss.

diLaZ _ &

4-1-2
dt La ( )
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From the above equations, it is clear that the current slew rate of the switching mode
current injection circuit is determined by its filter inductance. Lower filter inductance in several
MHZ operations lead to high current slew rate injection.

In switching mode current injection circuit, input voltage Va can be generated with a
secondary side winding or extra winding as shown in Fig.4.1.6 (a). Snubber circuits for full-wave
rectifier or current doubler also can used to generate voltage source Va while clamping the
voltage of diode rectifiers or synchronous rectifiers in Fig.4.1.6 (b) and (c); it can also come

from other kinds of snubbers or circuits on the secondary side.

4.1.2 Experimental Verification

An experimental prototype was carried out to verify the theoretic analysis. The main
converter topology is resonant reset forward, 36~75V input, 1.5V/15A output, 300 kHz and
output filter inductance, of 1puH.

Fig.4.1.7 shows the Vds and Vgs waveforms of resonant reset forward converter.
Switching mode current injection circuit has IMHZ operation with 100nH filter inductance, and
its input voltage Va is shown in Fig.4.1.6 (a), which is about 4V~8V at full range input
conditions.

Fig.4.1.8 shows the main converter transient waveforms without current injection circuit
@1~10A, 10A/us, which has 1.23V voltage drop in step-up load and 0.56V voltage spike in

step-down load.
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Fig.4.1.8 Output transient response waveform of the isolated DC-DC converter
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Fig.4.1.10 Main converter close-loop bode-plot
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Fig.4.1.11 Close-loop bode-plot of switching mode current injection circuit

Fig.4.1.9 shows the improved transient waveforms in step-up load at the same transient
condition, which reduces the voltage from 1.23V to 0.42V in step-up load and from 0.56V to
0.3V in step-down load by using the switching mode current injection circuit.

Fig.4.1.10 shows the close loop bandwidth of the main converter without current
injection circuit is around 6.5 kHz with 70° phase margin, and low bandwidth results in bad
transient response.

Fig.4.1.11 shows the close loop bandwidth of switching mode current injection circuit in
CCM is around 102 kHz with 40° phase margin, which leads to improved transient response.

In the main isolated DC-DC converter, its close loop bandwidth is mainly limited by
filter LC, the controller and the optocoupler, and the transient response can improve by
optimizing the unity gain bandwidth but has limitations such as optocouple and converter
stability requirements. Switching mode current injection circuit in MHZ operation is proposed
mainly to handle the transient current in secondary side for better transient response without

optocouple in feedback control. At the same time, the main converter can be optimized at
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relatively low frequency operation, which only needs to handle the DC current and benefits from

efficiency improvement.

4.2 Proposed Novel Control for Isolated Two-Stage Converter

4.2.1 Limitation in Conventional Two-Stage Converter

Fig.4.2.1 shows the conventional isolated two-stage converter with 0.5 duty cycle [74-75].
The first stage synchronous buck converter regulates a constant voltage bus Vy, and the second
stage half-bridge converter with fixed 0.5 duty cycle operates just as a DC transformer, which
has the following features:

1) Easy ZVS in primary side in second stage due to 0.5 duty cycle operation;

2) Optimized synchronous rectification design with low voltage stress and better FETs;

3) Relatively low frequency operation in first stage for better efficiency.

However, the two-stage converter transient response mainly depends on the close loop
bandwidth of the first stage synchronous buck, because the second stage has no capability of
voltage regulation. High switching frequency operation in the first stage reduces the output filter
for better transient response, but it decreases the total efficiency. There is a tradeoff with
efficiency and transient response in a two-stage converter.

The DC gain of conventional two-stage converter with 0.5 duty cycle in CCM is obtained:

M =22 _025nD (4-2-1)
Vi
M _ 25 (4-2-2)
dD
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D is the duty cycle in the first stage converter and n is transformer turn ratio in the second
stage converter with 0.5 duty cycle. From Equation (4-2-2), it is clear that the gain slew rate is
only related to the transformer turn ratio, which means that fast dynamic response needs a large
duty cycle margin. In other words, fast dynamic response requirement in common 36~75V input
converters requires a converter operating in small duty ratio, so it has enough duty cycle margin
to response the transient load, causing low total efficiency due to increased switching and

conduction losses related to small duty cycle [74].

""" SR-buck 1 1 VbHB converter with Ds=0.5 !
N ! YYN —
141

Fig.4.2.1 Synchronous buck and 0.5 duty cycle HB converter
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Fig.4.2.2 Synchronous buck and AHB converter

Fig.4.2.2 shows the conventional two-stage DC-DC converter with asymmetrical half-
bridge converter (AHB) in second stage [78]. The first stage operates in low switching frequency
to roughly regulate the intermediate bus voltage V,, with low bandwidth controller 1. Generally,
Vy 1s selected around 20V so that 30V FETs and small turn ratio transformer can be used in the
second stage for simple layout. High switching frequency in second stage AHB converter is used
to precisely regulate output voltage Vo with higher bandwidth controller 2. However, the AHB
converter operates in large duty cycle, which easily achieves natural ZVS in primary side by
using the energy stored in the transformer leakage inductance and parasitic inductance, and it
also reduces the output filter.

The DC gain of conventional two-stage DC-DC converter with AHB in CCM is obtained,

M =$=D1D2(1—D2)n (4-2-1)

m
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dM
dD,

=D,(1-2D,)n (4-2-2)

D is the duty cycle of the first stage synchronous buck converter and D, is the duty cycle
of the second stage AHB converter. The transient response mainly depends on the bandwidth of
the second stage AHB converter because the first stage synchronous buck converter operates at
low switching frequency for better efficiency. However, the AHB converter has to operate in
large duty cycle for better efficiency, which deteriorates the transient response.

From Equations (4-2-1) and (4-2-2), it is clear that the transient response in a
conventional two-stage converter with AHB is also limited by the efficiency, which is the same

as with the conventional two-stage converter with 0.5 duty cycle.

4.2.2 Novel Control for Two-Stage DC-DC Converter

AHB converter

1
1
! -
1
i 1%
"
1
| J
Vin T
1
1
1
1
SR-buck
AHB
converter

Fig.4.2.3 Proposed novel control for a two-stage DC-DC converter
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Unlike conventional control methods in two-stage converters, the novel control has the
same driver signal for synchronous buck converter and half-bridge converter, as shown in
Fig.4.2.3. Qp; and Q; have the same driving signal and Qy; and Q; have the same driving signal.
Only one simple controller is required for the two-stage DC-DC converter.

The DC gain of the two-stage converter with novel control in CCM is obtained with:

Vo

M = e nD*(1— D) (4-2-3)
am

——=nD(2-3D 4-2-4
D" ( ) ( )

We also can easily obtain the maximum duty cycle and DC gain as follows:

D_. =0.66 (4-2-5)
4

M, . =-—n~0.151 (4-2-6)
27

Normalized DC gain of two-stage DC-DC converter with novel control is shown in
Fig.4.2.4. The two-stage isolated DC-DC converter with novel control can operate at maximum
duty cycle Dpax, up to 0.66. Therefore, it is suitable for low voltage, high current conditions

because of large voltage step-down ratio.
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Fig.4.2.4 Normalized gain of a two-stage converter with novel control
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Fig.4.2.5 Normalized gain slew rate of the two-stage converter with novel control

Normalized DC gain slew rate of the two-stage DC-DC converter with novel control
method is shown in Fig.4.2.5. It is clear that the slew rate of gain in novel control is greater than
in conventional control within D=0.12~0.5, which means that novel control has faster dynamic

response than in conventional control at the same switching frequency.
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Table 4.2 Two design cases for the two-stage DC-DC converter

36~75V input, 1V/20A output
Conventional control Same control
Transforinet: turn ratio 5:1 4-1
(n=ns:np)
Bus voltage Vb 20V 19~22V
. Buck:0.27~0.55
Duty ratio HB:0.5 0.31~0.54
Gain 0.25nD nD2(1-D)
Slew rate of gain 0.25n n(2-3D)
Maximum SR voltage oV 35V
stress

Table 4.2 shows the comparison of two-stage DC-DC converter with different controls.
Conventional control method has 20V intermediate voltage bus and around 2V maximum
voltage stress on the secondary side synchronous rectifier in second stage converter. Novel
control has an unfixed intermediate bus voltage, which is about 19~22V at 0.3~0.54 duty cycle.
In both cases, 12V FETs can be used for synchronous rectifier in second stage converter.

Fig.4.2.6 shows the experimental topology, AHB converter with two air-gap transformers
[82, 83] instead of current doubler, which helps to simplify interconnections between the

secondary winding with synchronous rectifier and reduces the conduction loss.

TP

C1
. =
!
Vin H

Q1]

Fig.4.2.6 Two-stage DC-DC converter with two-transformer topology
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Fig.4.2.7 Key waveforms analysis of experimental prototype

The two-stage DC-DC converter with two-transformers has two main operation modes
shown in Fig.4.2.8. In mode 1, Q; and Q; are both on. SR, conducts full load current and clamps
T, primary voltage to Vo/n, while magnetizing inductance Lmlof T, acts as a filter inductor to
limit the slew rate of input current with half of the output power and irm> shares the other half of

output power. Their corresponding current slew rates are:

At _ (D (1- DY, ~ V)L, @27)
di
#2 =-V,/nL,, (4-2-8)
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During mode 2, SR; conducts when Q, and Qp are on, which clamps T; primary
voltage to Vo/n. The magnetizing inductance L., of T, acts as a filter inductor to limit the slew

rate of input current.

L= (nD*V, ~V,)/nL,, (4-2-9)
dlé;wl == VO/an] (4_2-10)

From the above analysis, the two-transformer topology operation is the same as the
current-doubler rectification. Due to DC bias current in the transformer, an air gap is required in

the transformers to prevent transformer core saturation.

Vin

(b) I"dee 2 |

Fig.4.2.8 Operations analysis of experimental prototype
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4.2.3 Experimental Prototype

A 36~75V input and output 1V/20A two-stage converter with novel control has been
built, and its switching frequency is 150 kHz. Two transformers (EI18, ng:np= 4:1) are integrated

into one core using integrated magnetic techniques [84]. And the control IC is UC3842.
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I
Fig.4.2.9 Output ripple in step-down load @10A/us
(CHI: 50mV/div, CH2:10A/div, Sus/div)
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Fig.4.2.10 Output ripple in step-up load @10A/us

(CHI: 50mV/div, CH2:10A/div, 5ps /div)
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About 102mV voltage spike is in step-up load 0~20A and is only 102mV and 95mV in
step-down load @10A/ps. The response time in the two-stage converter with novel control is
about 15us, which is much faster compared with 100us response time in Fig.4.1.8.

Fig.4.2.15 shows the novel control in the second-stage converter used in high input
voltage applications. The best advantage here is that two diodes are in place of the two switches
discussed in the previous first stage converter, which will reduce switching loss in high
frequency operation and simply the first stage converter design. Also, it is a low cost solution,

but it increases the voltage stress across Q; in second stage converter.

Fig.4.2.15 High voltage application with novel control

A simple novel control method is given to investigate the dynamic response relationship
with nonlinear gain instead of conventional linear relationship in the two-stage DC-DC
converter, and it has a large voltage step-down ratio, a high gain slew rate and fast dynamic
response without pushing the converter into higher frequency operation. Furthermore, proposed
novel control in a two-stage converter simplifies the control design and improves transient
response. Furthermore, novel control can also be used in high voltage two-stage converter to

simplify the circuit.
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4.3 Proposed Balancing Winding Network for Complementary Control Converter

Complementary control topologies, including asymmetrical half-bridge converter (AHB),
active clamp forward converter (ACF), boost half-bridge converter (BHB) [95] and TTBHB [96]
are very attractive in high frequency, high-efficiency converters because of ZVS in the primary
side by utilizing the energy stored in leakage inductance by simple control as shown in Fig.4.3.2
and Fig.4.3.3. Also, the output filter can be reduced due to perfect filtered voltage waveforms.
Furthermore, self-driven methods also can be easily used for the synchronous rectifier.

Fig.4.3.1 shows the topology of the half-bridge converter with complementary control
(HBCC) [87-93]. There is a DC bias magnetizing current Iy in transformer based on the voltage-
second balance.

I, =(1-D)-1,,-nl-D-I,, -n2 (4-3-1)

It is clear that magnetizing current Iy; changes with duty ratio D, which shows the double
pole-zero effect in HBCC with its corresponding input capacitors, Cl1 and C2. This is the
byproduct of complementary control, double pole-zero effect, which is made up of magnetizing
inductance and the corresponding blocking capacitors.

In other topologies, such as ACF, BHB and TTBHB, the principle of double pole-zero
effect is the same as HBCC. Therefore HBCC converter is carried out here as an example to
analyze double pole-zero effect.

The double pole-zero effect of HBCC converter complicates the design of compensation

network and deteriorates the dynamic response. Mitigation of the double pole-zero effect will be

helpful to the improvement of HBCC converter transient response.
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Fig.4.3.1 HBCC converter topology
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Fig.4.3.2 S1 ZVS in HBCC converter
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Fig.4.3.3 S2 ZVS waveforms in HBCC converter
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4.3.1 Double Pole-Zero Effect in Complementary Controlled Converter

Small signal modeling of HBCC converter has already been done [91] [94]. Fig.4.3.4
shows the equivalent small signal model of the HBCC converter. It is clear that there are two
pairs of LC networks in the HBCC converter:

1) An LC network of output filter: L¢ and Cy, and its resonant frequency fr;

2) Another LC network of transformer magnetizing inductance Ly, its corresponding

capacitors (C1+C2), and its transformer-capacitive resonant frequency frp.

A A A
(-D)-¥g Ve-d A+ N2/ND-V, -d (n+n2)-D-(1—-D)-Ve Lf

UfYW\

® 3 T 1

A
(m+n2)-1,-d

1:N1
Nl=n,-D—n,-(1-D) N2=n,-D—n,-(1-D)

Fig.4.3.4 Small signal modeling of HBCC converter

Table.4.3 Pole and zero of HBCC converter

fe-pole frp-zero frp-pole Gain
1 1 N1+ N2 |
fe>fro Zﬁ\/IE m - \/ile—CP (N1+N2)-Vin
st : \/NZZLLMHF \/ S R
F~Io Zﬂm 272'\/[,:[—CP L LJZ F
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Fig.4.3.5 Bode plot of VA o / c;' in the HBCC converter (frp>fF)

There are two typical cases in HBCC converter design based on the relationship between
the output filter resonant frequency fr and transformer-capacitive resonant frequency frp, shown
in Table 4.3. In most high frequency converters, the transformer-capacitive resonant frequency is

always higher than output filter resonant frequency, (frp>fr).
Fig.4.3.5 shows this phenomenon in bode plot of VAO / aAi of the HBCC converter

(fro>fr). At the frequency of frp, we can see a sharp change in phase and gain, which results in
loop instability and poor dynamic response and complicates the compensation network design.
One feed-forward method is used to reduce the effect of double pole-zero effect [92],
which reduces the effect of double pole-zero by sensing the middle-point capacitive-divider
voltage of the half-bridge converter.
Here, a balancing winding network is proposed to compensate the different voltage
between C1 and C2 for mitigation of the double pole-zero effect. And the balancing winding

network also can be used in other complementary control converters.

146



4.3.2 Proposed Balancing Winding Network

As for transient response in HBCC converter, a HBCC converter has to increase duty
cycle D to keep tight regulation via close loop control in step-up load, and finally, the voltage
across CI1 (Vcl) increases and the voltage across C2 (Vc2) decreases into the steady state.
However, because of delay times in compensation network and IC propagation time, the duty
cycle D cannot immediately catch up with the transient load current, which forces Vclto
decrease and Vc2 to increase; thus, output voltage drops more. After delay times, output voltage
starts to go up. Vice versa, output voltage increases in step-up load due to double pole-zero effect.

For example, a small variation of AV, under duty ratio D occurrs in Vcl, and then it will
cause corresponding output voltage variation AV, because of the double pole-zero effect as
following equation:

AV, =AV. -[D-nl—(1-D)-n2] (4-3-2)

Fig.4.3.6 shows the proposed balancing winding network, which is composed of a small

gauge winding in the transformer, Ty, having the same number of turns as the primary winding,

Ta, two small diodes and one capacitor Cb.
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Fig.4.3.6 HBCC converter with balancing winding network
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Fig.4.3.7 Operation analysis of HBCC with balancing winding network

Two operating modes of HBCC converter with balancing winding network are shown in
Fig.4.3.7. The voltage across C, is assumed to be a constant voltage source because of small
power handling in balancing winding network in steady state. When S1 is on, the unbalanced
voltage between C1 and C2 is mitigated through Tjp, C, and D,. A similar operation exists in
mode 2, where unbalanced voltage is mitigated by balancing winding network Ty, Cp, and Dyp.

In step-up load, the energy stored in capacitor C, discharges immediately to load through
the balancing winding network to compensate the voltage drop caused by the delay times in
controller. In step-down load, the extra energy caused by the delay times is absorbed by Cb
through the balancing network so that the over voltage spike drops. In other word, capacitor Cb
acts as an energy buffer in transient load without any delay times, therefore the double pole-zero
effect is mitigated by balancing winding network. Moreover, the audiosusceptibility of the
HBCC converter, the effect of input voltage to output voltage, also can be reduced by using

balancing winding network.
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4.3.3 Simulation and Experiment with Balancing Winding Network

As for HBCC converter with balancing winding network, it is conplicated to carry out
small signal modeling analysis because the currents through balancing winding network are
discontinuous. Software Simplis is the simplest way to simulate the small signal performance of

HBCC with balancing winding network.
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Fig.4.3.8 Comparison of bode plot of VAO / J in the HBCC converter

From the simulation of HBCC converter with balancing winding network, it is clear that
a very slight double pole-zero effect exists in HBCC with balancing winding network, which can
be negligible compared to this effect without a balancing winding network as shown in Fig.4.3.8.
Reduced double pole-zero effect of HBCC converter increases the bandwidth and
simplifies compensation network design, resulting in good loop stability and good transient

response, as the tested bode plot of VAO / c;, in experimental prototype in Fig.4.3.9.
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Fig.4.3.9 Experimental Bode Plot with balancing winding network

Balancing winding network is proposed to mitigate the effect of double pole-zero effect
in complementary control converters with the following features:
1) It mitigates the double pole-zero effects;

2) It reduces transient voltage spikes;

3) It simplifies the compensation network design and improves dynamic response;

4) Small rating components are needed.

The balancing winding network also can be applied in other complementary control
converters, such as BHB converter shown in Fig.4.3.10. The principle of balancing winding

network in these converters is the same as in HBCC converter and benefits the transient response

and simplifies the compensation network design.
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4.4 Proposed Parallel Post Regulator for Wide Range Input Converter

Wide input range DC-DC converter is widely used in the distributed power systems
(DPS) and server power supplies, which require 20ms hold up time to provide output voltage
within regulation after input AC line dropout at full load conditions. Fig.4.4.1 shows the general
front-end DC-DC converter design procedure: design at the minimal input voltage Viymin and
operation at the maximum input voltage Vinmax With very small duty cycle, which makes it very
difficult to achieve soft switching in primary side and causes higher voltage stresses in the
secondary rectifier. Therefore, bad efficiency is in normal operation in high voltage input. Range
winding topology [97] only activates to increase the transformer turn ratio for hold up time when
the input DC voltage drops to a certain value. Thus, the converter cab be designed and operates
in narrow input voltage range, which leads to better efficiency. Because of the limitation of the

close-loop bandwidth, a transient problem appears during range winding activation [98] [106].
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Different types of secondary side post regulators (SSPR) [99-101] are shown in Fig.4.4.2,
which regulate the output voltage using secondary side control. The primary side can easily
achieve ZVS in full range load due to 0.5 duty cycle operation. Main rectifiers are composed of
D;, Dy, Lrand Co, and post regulators are composed of D3, D4, Qs, and Qu. In topology (b), Q3
and Q4 are connected in series with the main rectifiers to control the pulse width for tight output
regulation with ZCS, but it introduces large conduction losses, especially in low voltage
applications. In topology (c), Qs also can achieve ZVS if it turns on or turns off at the intervals of
the main rectifiers’ current commutation. However, this is a cascade system, and therefore total
efficiency is the big challenge. Topology (d) is the combination of topology (a) and (b), and it
can reduce the output filter inductance [102] but increases a lot of conduction losses in primary
side switches and post regulator due to high current rating when post regulator is activated.

The half bridge converter is commonly-used in low or medium power applications due to
its simplicity and small transformer turn ratio. But in wide range input DC-DC converters, the
conventional half-bridge converter cannot achieve ZVS in primary side, resulting in high
switching losses. Recently, many efforts have been put into a half-bridge converter for soft
switching in the primary side [103-105], but it still very difficult to achieve ZVS in full range
load and wide range input cases. How to improve the efficiency in high input is very crucial for
DPS and server power supplies because they always operate in high input voltage. As previous
discussed, secondary side post regulator with half bridge can easily achieve ZVS in primary side
in full range loads, but it introduces large extra conduction losses in the series post regulator.

A parallel post regulator (PPR) is proposed to improve efficiency. The concept of parallel
post regulator is shown in Fig.4.4.3. Primary side switches operate in D=0.5 so they easily can

achieve ZVS in full range load. Most of the power, such as 90 percent, is delivered to the load by

153



unregulated output voltage Vo, that is less than output voltage Vo with very high efficiency n;.
The parallel post regulator only delivers small parts of the power, such as 10 percent, with
efficiency n, and regulates the output voltage. PPR input voltage Vo, is higher than the converter

output voltage Vo, and finally, we can get high total efficiency.
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Fig.4.4.3 Concept of parallel post regulator
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Fig.4.4.4 Implementation circuit of parallel post regulator
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Fig.4.4.5 Key waveforms of parallel post regulator

4.4.1 Proposed Topology: Parallel Post Regulator

Fig.4.4.4 shows the implementation circuit of parallel post regulator with half-bridge
converter that simplifies input capacitor into one blocking capacitor Cyp, and it operates in D=0.5

with small dead time t4, resulting in easy ZVS in primary side at full range load. The parallel post
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regulator is composed of Ds, D4, L, C; and Q3. Only very small inductance L and capacitance
C, are required because of D=0.5 operation in primary side. The current through D; and D, are
the average current of parallel post regulator. It is clear that parallel post regulator utilizes the
main rectifier D; and D; as its freewheeling diode. The key operation waveforms of parallel post

regulator are shown in Fig.4.4.5. Vg is the secondary transformer winding voltage.
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Fig.4.4.6 Detailed PPR operation analysis
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4.4.2 PPR Operation Principle Analysis

According to the key waveforms in Fig.4.4.5, there are three main modes of PPR in a half
switching period. During to~t;, Q; and Qs all turn on, main rectifier D; and D, are in off state.

PPR provides the output load current as shown in Fig.4.4.6. D is the duty cycle of Qs.

I,=2D-1,/n (4-4-1)
V.

Vo =— (4-4-2)
2n
R4

Vi, =—" (4-4-3)
2n

At the interval t;, PPR turns off, so the inductor current commutates from Q; to D;. D,

conducts all the load current within t;~t,.

I,=1,/n (4-4-4)
V.

v,, = - (4-4-5)
n
Vi

Vo =52 (4-4-6)

During t,~t3, Q; turns off, the energy stored in transformer leakage inductor starts to
discharge the parasitic capacitors of Q; and Q; until the body diode of Q, conducts, and then Q,

achieves ZVS. Secondary side rectifiers conduct together to free-wheel the inductor current.

V.
Vos = I;n (4-4-7)

From the volt-second balance in Ly, DC voltage gain in CCM can be obtained:

V.
V,=—"1+D) (4-4-8)
2n
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From the curve in Fig.4.4.7, it is clear that PPR can operate in two-times the wide range
input voltage converters with tight regulated output voltage. Furthermore, the input and output
filter requirements are significantly reduced due to perfect filtered waveforms, shown in

Fig.4.4.5, suitable for power density improvement.

4.4.3 Flexible Secondary Side Control for PPR

Leading or trailing edge modulation in synchronization with primary side switching
frequency can be used in secondary side control to control the pulse width in a post regulator
controller [99] [109-110]. Fig.4.4.8 shows the current commutation between half-bridge main
rectifiers with Qs in PPR. Lik; is the secondary leakage inductance of half-bridge converter,
including inductance of PCB trace and transformer, and Ryk; is the total resistance. Lig, and
Rik» are the total parasitic inductances and resistances in parallel post regulator. We can obtain

the current slew rate during current commutations through:
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diy

VOI - VSec = (LLKZ _LLKI) dt + (RLK2 _RLKl)iz +RLK1]O (4-4-9)

From (4-4-9), it is clear that shortest current commutation time occurs when secondary
voltage Vs is equal to zero during the dead time td, resulting in smaller turn-on switching loss in

PPR, so trailing edge modulation is adopted in the experiments.

Fig.4.4.8 Current commutation between HB and PPR

A
Vda Vaq, VQq; VOq,
)
Va3 <> g
(a) fsy3=2fs,
A
VgQ1 VgQZ VgQ1 VgQZ
>
<> Vg, >

(b) fsq3=fsq,
Fig.4.4.9 Flexible control for PPR
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Fig.4.4.9 shows two different control methods with trailing edge modulation at different
switching frequencies in PPR: fsq3=2fsq; and f5q3=2fsq:. fsqi1 1s the switching frequency in half-
bridge converter, and fsq;3 is the switching frequency in PPR.

PPR utilizes the main rectifiers D; and D, as its freewheeling diodes. Reduced
conduction losses are in primary and secondary diode D; and D4 due to small average current
handled by PPR, so PPR efficiency m; is higher than any of previous post regulators. n; is the
efficiency of unregulated output voltage in half-bridge converter with main rectifiers. The total

efficiency of half-bridge and PPR is as follows:

min,
y = (4-4-10)
(1 _D)772 + D771

Table 4.4 Comparison between conventional HB and PPR

Vin=250~400Vdc, 12Vo, half-bridge topology

Turn ratio: | Maximum Duty cycle
n:1:1 Vo1, Vi 250V 400V
Convflgt'ona' 9:1:1 44.4V | Doy qp= 0.43 | Doy gp= 0.245
D =0. D =0.
PPR 18:1:1:1:1 33.3V a1,q2= 05 at.a2= 0-5
DQ3= 073 DQ3= 008

HB: Vo=Dgq,Vin/n, PPR: Vo0=0.5Vin(1+Dg3)/n

Table 4.3 shows the comparison between conventional half-bridge converter and PPR. It
is clear that PPR has large transformer turn ratio resulting in reduced primary current and

reduced voltage stresses across secondary main rectifiers, all of which lead to high efficiency.
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4.4.4 Experimental Verification

Based on the previous analysis of PPR, one prototype has been built according to the
following specifications and parameters:

Input voltage: 250Vdc~400Vdc;

Output voltage: 12V/40A,;

Switching frequency for Q; and Q,: 140 kHz;

Two carried out switching frequencies for Qs: 140 kHz and 280 kHz;

Primary side Q; and Q,: STP12NM50, 12A/550V, Ron=0.3Q;

Blocking capacitor Cy: 0.27uF/630V;

Transformer: 18:1:1:1:1, PQ32/30, 3F3;

Main rectifiers D1 and D2: 40CPQO045 each of them, Vi=0.49V;

PPR rectifier D3 and D4: one MUR1020, V=1.12V;

Qs in PPR: STPSONF06, 80A/60V, Ron=6.5mQ);

Lg in PPR: 2uH;

Ly in half-bridge converter: SuH.

Fig.4.4.10 shows primary-side switch ZVS of Q; under no load condition and Fig.4.4.11
shows ZVS of Q; under 40A load condition. Because of nearly D=0.5 in primary side, it is very
easy to achieve ZVS for two switches: Q; and Q..

Fig.4.4.12 shows the primary transformer voltage and current waveforms. It is clear that
the primary current is much smaller in PPR turn-on than that in the main rectifier conduction.

Fig.4.4.13 shows voltage stresses across the main rectifiers D; and D,. The maximum

voltage across D; occurs when PPR turns on, three times of the secondary transformer voltage.
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Fig.4.4.14 shows drive signal and V45 of Qs in PPR and the filter current Iy with
12V/20A. Very small current ripple exists in the current I; ¢ because of D=0.5 operation in the
primary side. Maximum Vg, occurs at intervals of current commutations.

Fig.4.4.15 shows rectified voltage waveforms and filter inductor current with fsq3=fsq,
12V/20A. Fig.4.4.16 shows secondary side rectified voltage and transformer primary voltage and
current waveforms with fsq3=2fsq1, 12V/20A.

Fig.4.4.17 shows the experimental efficiency of half-bridge converter with PPR tested at
400Vdc input. Effl is the efficiency of unregulated output voltage without PPR; Eff2 is the
efficiency of half-bridge converter and PPR with fsq3=fsq;; Eff3 is the efficiency of half-bridge
converter and PPR with fsq3=2fsq; and Eff4 is the baseline efficiency of half-bridge converter
with regulated 12V output voltage. Efficiency of the half-bridge converter and PPR with
fsg3=fsqi is higher than 90.5 percent from 10A to 40A load current, about 7 percent ~ 8 percent

higher than a conventional half-bridge converter.

Vds-Q1

Fig.4.4.10 Q, ZVS waveforms @ no load
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Fig.4.4.12 Primary transformer voltage and current waveforms
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Fig.4.4.14 Voltage waveforms of Qs and current Iy 5
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Fig.4.4.16 Current and voltage waveforms @ fo3=21q)
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Fig.4.4.18 Synchronous rectifiers with PPR

Parallel post regulator with synchronous rectifier in secondary side in the half-bridge
converter is shown in Fig.4.4.18.

A high-efficiency PPR for wide range input DC-DC converter has been proposed. The
primary side switches in the half-bridge converter can achieve ZVS in full range load due to
D=0.5 in primary side. Trailing edge modulation in secondary side control has been presented

for fast current commutation between half-bridge converter and PPR, resulting in smaller
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switching loss of Q3. The main rectifiers D1 and D2 have lower voltage stresses than the
conventional half-bridge converter. PPR has higher efficiency than in the previous post
regulators because of low conduction losses in the rectifiers D3 and D4 and primary side
switches. Also, small input and output filters are required due to the perfect filtered waveforms.

The PPR is very suitable for DPS and server power supplies for holdup time requirement.

4.5 Summary

An isolated DC-DC converter also has two main voltage spikes at high slew rate load
with the same scenario as VR. The first voltage spike is mainly determined by ESR and ESL of
filter capacitors and is almost independent of the close-loop bandwidth. The second voltage spike
is determined by the energy stored in the filter inductor related to the close-loop bandwidth that
is determined by three main delay times: filter LC, compensation network and propagation delay
time. Fortunately, in isolated DC-DC converter the slew rate is only up to 10A/us, and thus, the
second voltage spike dominates, not the first voltage spike. How to optimize the close-loop
bandwidth or reduce three main delay times is an effective way for fast transient response in the
isolated DC-DC converter.

High switching frequency operation reduces the filter LC for high bandwidth and fast
transient response. But high switching frequency causes high switching losses and large duty
cycle loss due to the transformer leakage inductance, resulting in low efficiency. Therefore, high
switching frequency operation for fast transient response is not an effective way from the point

of converter efficiency.
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Primary side control is commonly-used in the isolated DC-DC converter, but the close-
loop bandwidth is limited by the 10~30 kHz pole of the optocoupler in the feedback loop. A
switching mode current injection circuit is presented to inject high slew rate current in step-up
load and to recover energy in step-down load to improve isolated DC-DC transient response. The
switching mode current injection circuit has high bandwidth with small filter inductance with
several MHZ and no optocoupler, which only activates in the transient period handling the AC
current. The main converter can operate in low switching frequency handling the DC current.

A two-stage converter regulates the bus voltage in the first stage converter at low
switching frequency, and the second stage converter operates in high frequency with large duty
cycle, resulting in improved transient response and good efficiency. But the bandwidth of the
two-stage converter is limited by the first stage converter with low switching frequency. A novel
control method is proposed to improve the transient without pushing the converter into high
switching frequency operation.

The complementary control converter can easily achieve ZVS in primary side and reduce
the filter inductance for good transient response. But it introduces the double pole-zero effect,
which complicates the compensation network design and decreases the stability and transient
response. A balancing winding network is proposed to mitigate the double pole—zero effect,
which will simplify the compensation network design and also improve the transient response.
Moreover, the balancing winding network can be applied in other complementary control
converters.

Conventional secondary side post regulators have attractive features such as ZVS in
primary side and secondary side control without optocoupler in feedback loop. But conventional

post regulators have large increased conduction losses because the post regulators are in series
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structure, and also, it increases voltage stresses on the main rectifier, especially in a wide range
input converter. A parallel post regulator is proposed to reduce the conduction loss and voltage
stress of the main rectifier for better efficiency. Also, it reduces the input and output filters due to
a perfect filtered waveforms. At the same time, a parallel post regulator has good transient

response due to a flexible secondary side control and a small filter inductance.
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CHAPTER FIVE: SUMMARY AND FUTURE WORK

5.1 Summary of High Slew Rate VR

The interleaved multiphase VR is commonly used in desktop and laptop computer
systems to supply the microprocessor because of smaller input and output current ripples and
good thermal capability. The new generations of microprocessors demand even lower core
voltage, about 0.8375~1.6V with tighter regulation, while drawing substantially higher current
up to 120A and high slew rate up to 10A/ns. Because the VR current slew rate cannot catch up
with the load current slew rate, the unbalanced current between them will be provided by the
filter and decoupling capacitors, and then two voltage spikes occur at high slew rate transient
load. The first voltage spike is determined by ESR, ESL of capacitors, the parasitic resistance
and inductance of PCB traces and socket as well. The second voltage spike is mainly determined
by energy stored in filter inductors related with the unity gain bandwidth of the controller. How
to design VR with good efficiency, fast transient response and small ripple is the big challenge.

The effective way to reduce their ESRs and ESLs is to parallel more capacitors. By
combining different types of capacitors, the output impedance or load line can be optimized
within certain frequency between the Oscon resonant frequency and the ceramic capacitor
resonant frequency. Below the Oscon capacitor resonant frequency, it is easy to achieve the
constant output impedance by active voltage position method. But for future higher slew rate and
lower load line requirement, paralleling more capacitors close to the microprocessor is not a
suitable solution due to the limitation of available space on the motherboard and the influence of

parasitic resistance and inductance of PCB traces and socket.
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The second voltage spike is caused by discharging the energy stored in filter inductors to
output filter capacitors. More energy stored in filter inductors leads to a higher second voltage
spike. Delay times of LC filters, compensation network and propagation delay time in actual
controller increase the second voltage spike a lot. The effective way to reduce the second voltage
spike is to reduce the filter inductance and the three main delay times in an actual controller.
High switching frequency operation results in low filter inductance for high VR current slew rate.
Also, it helps reduce delay times of LC filters and the compensation network for fast transient
response, but high switching operation also causes low efficiency due to high switching losses.

A two-stage approach is reported in the literature for fast transient response. The first
stage converter composed of two interleaved VR operates in relatively low switching frequency
to generate 5V intermediate voltage bus with increased duty cycle, which has about 95 percent ~
97 percent high efficiency at full load. The second stage converter with 4 interleaved VR
operates in several MHZ with 100nH filter inductance per channel and ceramic capacitors.
Because of low input voltage, better FOM lateral FETs can be used with about 0.2 duty cycle.
This stage efficiency still can be up to 84 percent and the unity gain bandwidth is about 320 kHz
for fast transient response. Total efficiency is the obstacle, because the two-stage approach is a
cascade system. Improving the VR transient response and keeping high efficiency is the big
challenge in the VR design.

AVP is a good solution to make full use of the output voltage tolerance as much as two
times as conventional control methods, and thus, the number of bulk capacitors required to meet
the output voltage regulation can be reduced. AVP can achieve constant output impedance within
the close loop bandwidth, which means no voltage spikes will occur in transient load. In fact,

AVP cannot get constant output impedance because of inaccurate current sensing and delay
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times in the controller. In most VR designs, the AC load line is always higher than the DC load
line. The transient response only can be optimized by improving the unity gain bandwidth, but it
is impossible to reduce delay times in the controller due to the stability requirement.

Current compensator or current injection method is another reported way to improve
transient response, which only activates in transient to inject high slew rate current in step-up
load and absorb extra energy in step-down load by an extra converter. In other words, the current
compensator mainly handles the AC current, and the main converter mainly handles DC current.
Therefore, it is possible to optimize the efficiency and transient separately. There are two main
circuits to implement current compensators: linear mode and switching mode current
compensators, which should provide the whole unbalanced current between the VR current and
load current, leading to high current stress in the extra converter. Thus, the linear mode current
compensator has a large conduction loss, and the switching mode current compensator has a
large switching loss. Low efficiency in the extra converter is the main barrier for applications.

Active transient voltage compensator (ATVC) is proposed to inject voltage source
instead of current source in current compensator methods. ATVC also activates only in transient
periods to inject high slew rate current in step-up load and recover energy in step-down load. It
mainly handles the AC current, and main VR mainly handles the DC current same as do the
current compensators. The difference between ATVC and the current compensators is the
introduction of an ATVC transformer used to inject a voltage source. Thus, the current handled
by ATVC is only 1/(1+N) of that in the current compensators, which significantly decreases
ATVC switching and conduction losses. Also, ATVC has (1+N) higher slew rate current than
that in the current compensator based on the same filter inductance. Furthermore, it reduces the

VR output impedance impact on the output voltage because main VR is the internal loop of
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ATVC circuit, so that VR output impedance can easily be suppressed by close loop control,
which means that less Oscon capacitors are needed for certain transient requirements.

The delay times in a conventional linear controller based on small signal model are very
difficult to eliminate due to the requirement of gain and phase margins for converter stability. A
novel control method has been proposed and carried out: combined linear control and adaptive
nonlinear control. Adaptive nonlinear control only activates in transient with a very small delay
time generated by a hysteretic comparator. There are only 10~15mV difference at two input
terminals of the hysteretic comparator. The nonlinear signal generated by hysteretic comparator
is injected into conventional linear control by one shot circuit so that no stability problem exists
in adaptive nonlinear control. The experimental VRM9.0 tested results show that it reduces the
delay time from 2.4pus to 0.2us.

ATVC prototype has been carried out on the Intel motherboard, which has a size of about
25x25mm?* with customer control IC. By utilization of ATVC and combined linear and adaptive
nonlinear control, the VR AC load line improvement is up to 90 percent of the expected AC load
line improvement, and up to 25 percent of the total load line including AC and DC load line.

With the development of CPU, VR design changes from simple objective high efficiency
in the beginning to multiple requirements, such as high efficiency, fast transient response, high
power density and low cost. Some of them are contradictive to each other, such as high
efficiency and fast transient response. How to optimize VR design with both high efficiency and
fast transient response is the challenge and is also a good opportunity for us. ATVC is a good

solution in this direction.
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5.2 Summary of Transient Improvement in Isolated DC-DC Converter

Many efforts have been put into VR transient response improvement, but few efforts have
been put into isolated DC-DC converter. Although many technologies developed in VR can be
used directly into isolated DC-DC converter, special requirements on the isolated DC-DC
converter are the galvanic isolation and less than 10A/us output current slew rate. Thus, many
opportunities can be explored to optimize the transient response in the isolated DC-DC converter.

First, in a DC-DC converter, primary side control is the most popular way to use an
optocoupler to isolate the feedback signal. Unfortunately, the optocoupler has around 10~30 kHz
low bandwidth limitation, which deteriorates the transient response. Switching mode current
injection circuit has been studied in the secondary side of the converter, which has fast transient
response because of low filter inductance in high frequency and no optocoupler in control loop.
In an experimental prototype, switching mode current injection circuit has up to 250 kHz
bandwidth and has great transient response. In fact, this approach is suitable for low current, not
for high current because of high current stress.

Second, a simple novel control is proposed for a two-stage isolated DC-DC converter to
improve the transient response. In the conventional control for a two-stage converter, the first
stage converter generates an intermediate voltage bus at relatively low switching frequency and
the second stage converter can operate at large duty cycle or 0.5 duty cycle for good efficiency
and small magnetic size by using two independent controllers. Therefore, the transient response
is mainly determined by a low bandwidth converter, such as the first stage converter, which has a
unity gain bandwidth that is limited by the large LC and low switching frequency. There are

always tradeoffs between the efficiency and transient response. The novel control method
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utilizes only one control IC to regulate both the first stage and the second stage converter, which
increases the total DC gain and extends the maximum duty cycle to 0.66 in second stage
converter, thus it can benefit both the transient response and efficiency.

Third, complementary controlled converter can easily achieve soft switching in primary
side by utilizing the energy stored in the leakage inductance, leading to high efficiency and high
frequency operation. But it introduces the double pole-zero effect composed of the magnetizing
inductance and the equivalent blocking capacitor in the converter. Double pole-zero effect harms
the stability, complicates the design of the linear controller design and deteriorates the transient
response. A balancing winding network has been proposed to eliminate the double pole-zero
effect, which is composed of one winding same turn as primary winding, two small diodes and
one blocking capacitor. In steady state, the unbalanced voltage between two input capacitors in
HBCC converter can be balanced by the balancing winding network. In transient loads, the
blocking capacitor in the balancing winding network acts as an energy buffer to provide or
absorb unbalanced energy between the converter and load without any delay time. Therefore, it
can reduce the delay time effect in the actual controller and mitigate the double pole-zero effect,
which simplifies the compensation network design and improves the transient response.

Fourth, a parallel post regulator is proposed for high efficiency and high transient
response isolated DC-DC converter with secondary side control, which has advantages, such as
no optocoupler and fast transient response. Most of the conventional post regulators have soft
switching capability in primary side due to 0.5 duty cycle operation, but they are in series with
the secondary side main rectifier causing large conduction loss, especially in wide range input
applications such as server power for hold up time requirement. This is because the converter

operates at high input voltage at low efficiency with low input voltage design, which leads to
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difficult ZVS in primary side and high voltage rating both in the main rectifier and the post
regulator. Parallel post regulator only handles a small portion of output power; most of them are
handled by the unregulated main rectifier with very high efficiency, so it is easy to achieve high
efficiency for the total system. It also can reduce the secondary side voltage rating in the rectifier
and post regulator due to high turn ratio transformer. In an experimental prototype, parallel post

regulator has up to 8 percent improvement compared with a conventional half-bridge converter.
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