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ABSTRACT

This dissertation provides advanced solutions related to the power management of Intel’s
microprocessors. The main solutions presented here focus on the controller design and

extremely fast transient compensation.

The analog controller described in this dissertation is a proportional ON-TIME system for
portable usage. No pre-stage is needed for powering the voltage regulator to achieve
better efficiency. It could be considered as improved hysteretic control with controllable

“ON-TIME” duration. It is also very easy to achieve current sharing.

The digital controller introduced here is a current senseless system. Based on adaptive
control theorem, it observes the instantaneous phase currents and load resistance. This is
the basis of a novel peak current control method for achieving current sharing. Combined
with hysteretic control, a simple and fast controller is built for next generation of voltage

regulator.

An extremely fast transient compensator is presented for the next generation of high
current slew rate microprocessors. It dramatically reduces the decoupling capacitors
mounted around the CPU by compensating the parasitic resistance and inductance at
traces, connections and sockets. For easy understanding, it can be considered a discrete
voltage regulator which only works at high di/dr transient and behaves as a linear

regulator.
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CHAPTER ONE

INTRODUCTION

1.1 Developing Tendency of Voltage Regulator Modules (VRMs) for New Generation of

Microprocessors

Recent microprocessor technology enables the new generation processors to operate
above 3GHz. The operation frequency will be further boosted in the near future. Due to
the thermal problems, the new generation of chips is developed based on low-voltage
operation. Furthermore, the semiconductor companies are targeting chips running below
1V for higher speeds. Meanwhile, the operating current for present Pentium 4
microprocessors already reaches the 704 level and it will be larger than /004 in the

coming years.

The Pentium® family [1-6] allows the processor to operate in active mode and sleep mode
(including three states, i.e., Stop-Grant, Sleep, and Deep Sleep) to reduce unnecessary
energy consumption and thermal generation. For example, the microprocessor draws a
high current (704) from the power supply known as Voltage Regulator Modules (VRMs)
during the “active-mode” state and low current (54 ~10A4) when it switches to the “sleep-

mode” state. The largest current slew rates during state shift might reach 5004/us level

1
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for Pentium 4 processors. Thanks to the contributions of huge decoupling capacitors
mounted beside the processor [3], the current slew rate at the VRM end is reduced
dramatically to /10 of the processor’s VCC output end, i.e. 504/us level when the
microprocessor switches from one state to the other [1-6]. However, it still causes voltage
spikes at the VRMSs’ output end and processors’ VCC end. Based on the design
guidelines, these transient spikes must be limited to a certain maximum value such as
1%~2%. Obviously, as the processors’ operating voltage becomes lower, the allowed

voltage deviation during the load transient becomes tighter.

What makes the challenge even more difficult is that the current drawn from the VRM by
the microprocessor is unknown and time varying, since it depends on the operation task
of the microprocessor. Furthermore, the VRM itself is a nonlinear system with switching
elements, inductors and capacitors. All of these make it complicated to design a high

performance controller [6-18].

Tables 1.1 shows the current and voltage specifications for Pentium® II, Pentium® III,
and Pentium® 4 processors, respectively to show the developing tendency [1-6]. Table
1.2, Table 1.3 and Figure 1-1 give the operating voltage and current requirement for
present Pentium 4 2.0GHz ~ 3GHz processors. Table 1.4 shows an estimated current and
voltage roadmap for future generation. It shows how low the required voltage will be and

how large the required current will be [1-6].
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1.2 Technical Challenges of Low-Voltage High-Current Fast-Transient VRMs

Unfortunately, it is difficult to provide a satisfactory solution for the traditional power

supply. Power management for the new and future generation computer systems is

challenging mainly due to the following issues:

1)

2)

3)

4)

3)

6)

The current drawn from the VRM increases dramatically, resulting in significant

power loss in components, causing difficulties in the thermal management.

Large load current changes and high current slew rate together with highly
restricted transient voltage tolerance severely challenges the dynamic response

performance of the VRM.

Noise and EMI immunity becomes dominant in such a low voltage system.

Lower static supply voltage tolerance 2% or less for future generation.

Because the output current of VRM is extremely high, the distinction between

normal operation and short circuit operation becomes vague, resulting in

difficulty in short circuit protection.

Due to the requirement of the high efficiency, current senseless topology is a

demand for the controller.
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7) Smaller size and lower cost are required for a high-integrated system board.

Hence, the "Driving Forces" for the future VRMs includes: reduced voltages, increased
currents, faster response, lower output voltage deviation, reduced cost, increased
reliability, increased efficiency, increased power density, improved electromagnetic
compatibility (EMC), and improved packaging (Mainly, thermal management and

surface-mount components).

In order to address the above technical challenges, the following research issues need to

be emphasized:

1) Development of advanced control schemes, which should be fast and smart
enough to react to the fast load change. Advanced Digital Signal Processing

(DSP) controlling schemes are the strongest candidates for this purpose.

2) Development of advanced power conversion circuit topologies with optimized
power system configurations and high efficiency to meet the even increase
stringent specifications. This option seems to be somewhat limited since the most

practical topologies until now are buck converter derived.
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3) Development of advanced power devices, including high current and high

frequency, low loss and high density magnetic components and low ESR and low

ESL capacitors.

4) Development of advanced packaging techniques.

1.3 Contributions of this Dissertation

This dissertation introduces three advanced solutions for powering Pentium series

n’liCI'Opl"OCCSSOI'SI

1) Active current compensation for compensating voltage drops during high current
slew rate load changes. This idea not only solves the problem of transient voltage
spikes it also dramatically reduces the size of the decoupling capacitors on the
system board. Therefore, it provides a fast transient, small voltage deviation,
small size (compared with tens of capacitors), and low cost solution (compared

with tens of capacitors).

2) Time-varying current observer with digital feedback control for achieving current
senseless control and realizing current sharing. This idea uses adaptive control
method to estimate the time-varying load resistance and calculates instantaneous
phase currents and load current. Based on those values, the digital controller can
execute a novel peak current control as well as voltage hysteretic control for

5
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multiphase VRMs. Therefore, it provides a low noise, low EMI, high efficiency

and high integration solution.

3) Multiphase proportional ON-TIME control for wide input voltage systems like
portable usage. This improves the defect of voltage hysteretic control in portable
systems that the frequency varies dramatically when input voltage changes. The
varying ON-TIME window based on the average phase current provides better
current sharing performance compared with hysteretic control. Therefore, it
provides a fast transient, good current sharing and low EMI solution for portable

usage.
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Table 1.1; Current and Voltage Specifications for Pentium Microprocessors

Ve (V) e (4)
(MHz) Max
C® 233 11.8
Pentium™ II 2.8 266 127
300 14.2
(MHz) Max
600/600B 17.8
L® 550 17.0
Pentium ™ III 5338 2.00 167
500 16.1
450 14.5
(GHz) | Min Max Max
L® 1.4 1.560 40.6
Pentium ™ 4 15 | 1.555 | 1.700 43.0
1.7 1.530 52.7
VID +50 my/ A
VID

V;c
Maximum

WVID -50 mVo

Vee (V)

VID 100 v/

VID -150 mv1

Vee
Mininmum
VID -200 mV
VID -250 mVv T T T T T T U
o] 10 20 K 40 5G 60 iy

Toe (A)

Figure 1-1: VCC static and transient tolerance
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Table 1.2: Voltage and Current Specifications for Present Pentium 4 Processors

Symbol Parameter Min Typ Max | Unit
VCC for CPU at VID=1.476
2.4GHz 1.285 1.375
2.6GHz 1.280 1.370
2.8GHz 1.268 1.368
3GHz 1.265 1.350
3.2GHz 1.260 1.345
VCC for CPU at VID=1.600
2.4GHz 1.320 1.400
2.6GHz 1.315 Refer to 1.395
2.8GHz 1.313 1.394
VCC Table 1.3
(800MHz FSB) 3GHz 1.290 and 1375V 'V
3.2GHz 1.285 Figure 1-1 1.370
VCC for CPU at VID=1.625
2.4GHz 1.345 1.425
2.6GHz 1.340 1.420
2.8GHz 1.338 1.418
3GHz 1.315 1.400
3.2GHz 1.310 1.395
VCC for CPU at VID=1.650
3GHz 1.340 1.425
3.2GHz 1.335 1.420
[CC for CPU with multiple VIDs
2.4GHz 52.4
ICC 2.6GHz 55.5 A
(800MHz FSB) 2.8GHz 55.8
3GHz 64.8
3.2GHz 67.4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table 1.3: VCC Static and Transient Tolerance

ICC | Voltage deviation from VID Setting (V)
(A) | Maximum Typical Minimum
0 0.000 -0.025 -0.050
5 -0.010 -0.036 -0.062
10 -0.019 -0.047 -0.075
15 -0.028 -0.058 -0.087
20 -0.038 -0.069 -0.099
25 -0.048 -0.079 -0.111
30 -0.057 -0.090 -0.124
35 -0.067 -0.101 -0.136
40 -0.076 -0.112 -0.148
45 -0.085 -0.123 -0.160
50 -0.095 -0.134 -0.173
55 -0.105 -0.145 -0.185
60 -0.114 -0.156 -0.197
65 -0.124 -0.186 -0.209
70 -0.133 -0.177 -0.222

Table 1.4: International Technology Roadmap for Semiconductors (ITRS-1999)

Year 2002 | 2003 | 2004 | 2005
Technology, um 0.13 0.1
Power Maximum s | s | 12 | 12
Supply (For best performance)
Minimum
voltage, V (For lowest power) 1.2 1.2 0.9 0.9
Maximum Power with heat sink, W 130 140 150 160
Current (for maximum performance), A 87 93 125 133
P-P tolerance (£3% Vyom), mV 90 90 72 72
Chip frequency, GHz 2.1 249 | 2.952 3.5
9
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CHAPTER TWO

TECHNICAL REVIEW

2.1 Review of multiphase VRMs

Most of today’s non-isolated Low-Voltage Regulator Modules (LVRMs) are buck
derived such as the conventional buck, the synchronous buck and the Quasi-Square-Wave
(QSW) buck [1-8]. While the isolated LVRMSs are those such as symmetrical and
asymmetrical half-bridge, active clamped forward, flyback forward and push-pull
structures [9-12]. The secondary side of the isolated topology can have different schemes

such as forward, center-tapped, or current-doubler as discussed in [12, 13].

The VRM and microprocessor systems are highly nonlinear and time varying. A high
performance control loop is essential and requires extensive knowledge of converter
behavior and load changes. In general, voltage PWM control, voltage hysteretic control,
peak current control, average current control, and V? control are the most popular control

methods [14].

Among the above-mentioned topologies and control methods, mainly the voltage

hysteresis based synchronous buck converter is adapted in this dissertation.
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2.1.1 Interleaved (Multiphase) Technique on a Buck Converter

It is well known, the current ripple depends on the inductor value, the larger the inductor,
the smaller the current ripple. However, a large inductor does not only mean greater
volume but also deteriorated dynamic response. The other method to reduce current
ripple is to increase the switching frequency, unfortunately this will lower the efficiency
due to switching loss. It must be also noted that adding large output capacitors to reduce

the output voltage ripple is not practical since it will reduce the VRM power density.

The interleaved technique was introduced to reduce output ripple while maintaining
transient performance and limiting inductor value [7, 14-18]. The essential principle of
interleaved technique is to parallel switches and inductors between input voltage and
output capacity. The reason for reducing the current ripple by interleaved technique is
phase shifting among the different switches and the current delay they generate
corresponding to the respective inductors. Obviously, output current is a summary of all
branches and the total current ripple can be cancelled due to the phase shifting of each
branch current. This is illustrated in Figure 2-1. In general, interleaved technique is
tantamount to increasing switching frequency while the effective output inductor is

reduced due to parallel.

There are many advantages for interleaved technology with N interleaved converters that

include:
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1) The output voltage ripple frequency is N times larger than switching frequency
fs of each individual converter in the interleaved VRM. Therefore, it reduces output ripple
while maintaining high efficiency. This is because the switching frequency for power

devices and inductors is only f;.

2) The effective output inductor is N times smaller than each individual phase

inductor which speeds the transient.

3) The total VRM output current is distributed into every individual phase which
makes the VRM current carrying capability larger and reduces the conducting losses in

power devices and inductors.

4) The dynamic performance is much better than the single-phase converter since
the 2, 3, ...N branches can be turned on simultaneously for providing large slew rate

current.

Interleaved technique is not limited in the buck converter, all the other converters like
boost, flyback, push-pull, half bridge, full bridge, can use the interleaving technology for
the same purpose. Actually, what need to do is duplicating switches, inductors or
transformers, putting them in parallel and having a phase shift. In this dissertation, the
adaptive digital controller is based on multiphase buck converters since this is the most

popular topology of microprocessors’ power supply in the industry.
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2.1.2 Single-Phase Hysteretic Voltage-Mode Control

For a specific converter, there are many different control techniques to meet the output
requirements. Choosing the most suitable one depends on the cost, physical size, logical
complication, noise immunity, steady-state performance and dynamic response. The most
popular control methods for interleaved converters are pulse width modification (PWM),

peak current control, and voltage hysteretic control.

To control the output voltage ripple and limit it within a specific band centered at a
reference voltage, the voltage hysteretic control is a good candidate [19]. It tracks the
output voltage and keeps it between a maximum voltage (V) and a minimum voltage

(V) as shown in Figure 2-2.(a).

Figure 2-2.(b) shows a simplified block diagram for a single-phase voltage-mode
hysteretic controlled buck converter. The controller will turn-on the high-side switch and
turn-off the low side switch if the output voltage drops below V, and it will turn-off the

high-side switch and turn-on the low side switch if the output voltage exceeds V.

The feedback delay of the control loop generates an actual output voltage overshoot as
shown in Figure 2-2.c. The extra small ripple caused by those delays must be considered

in the design.
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In addition to the advantage of controlling the ripple within a hysteretic window, it is also
good because there is no need to consider loop compensation and the output voltage
ripple becomes relatively independent of the output capacitor value. In fact, both the
capacitor and the inductor values can now be selected more freely to satisfy only the
transient requirements without taking into consideration the output voltage requirements
since the operation of the hysteretic control can take care of it automatically. Also, the
response of the controller is pretty fast since the switch control signals are derived
directly from the output voltage ripple which allow the controller to respond within one

switching cycle.

The digital controller in this dissertation is based on voltage hysteretic control. Due to the

high current carrying in each mode, an adaptive current observer is designed for

achieving current senseless control for high efficiency and small size purposes.

2.2 Review of Transient Improvement Circuits

For improving the dynamic performance of the VRM, two different kinds of methods
have been presented [20-22]. One is to add a redundant circuit in parallel with the VRM,
kicking in when load changes dramatically and kicking off at steady state; the other is

focusing on the VRM itself, and speeds the transient by improving the control method.

ALL-ON and ALL-OFF control is one of the ideas for improving the control method.

When it comes the fast transient, the load normally generates a voltage spike which is

18
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sensed by the controller. If the voltage drops significantly, the controller will turn on all
the high-side switches together to source more current. This is called ALL-ON control. If
the voltage increases significantly, the controller will turn on all the low-side switches
together to sink more current. This is so-called ALL-OFF control. This is a very popular

method used in industry.

The other kind of solution is the redundant control. It focuses on adding an extra stage at
the output of the VRM to improve the fast transient response. The typical structure is
shown in Figure 2-3. The transient compensation circuit normally only operates at fast

transient, not at steady state mode or slow transient mode.

There are two different dominant control methods as shown in Figure 2-4. The current
regulator type compensator is used to generate a high di/df current at transient to
compensate the high current slew rate load changes. It only works when the di/dt of the
load current is larger than the reference value. It stops after voltage recovery. The voltage
regulator type compensator works like a linear regulator with voltage hysteresis. When

the output voltage value is not in the hysteresis window, the linear regulator is triggered.

However, the main reasons of generating voltage drops at fast transient are caused by: 1)
propagation delay compared with the huge di/dr; 2) controller delay; 3) inductor response
delay. Therefore, transformer or inductor type compensators are not as effective as
voltage regulator type compensators. Even the latter is not fast enough to respond to the
microprocessor’s load changes due to the propagation delay of the system board.
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An active compensator proposed in this dissertation gives a voltage regulator type
compensator somehow similar to the one in Figure 2-4 (b). But it monitors the voltage
drop of the CPU core voltage rather than setting a hysteretic window for it. Also, it
provides enough voltage drop cross the socket inductance and trace inductance and
resistance, therefore it compensates the transient voltage spike by generating a large

transient compensation current.

2.3 Review of ON-TIME Control

ON-TIME control is widely used in rectifiers, converters and inverters. It is different
from PWM control since its switching frequency is not fixed like in PWM control. The
controller regulates the ON-TIME duration of the switching circlé with a specified rule,
and the OFF-TIME of the circle is normally decided on the output value like output
voltage [23-27]. Although it is variable frequency control, it is not the same as hysteretic
control. The latter only set rule for output variation, and it does not take the ON-TIME,
OFF-TIME duration and the switching frequency into account. Therefore, even the
designer himself can only give a wide range of the frequency variation, and hardly to tell
the ON-TIME duration. With the changes of the power switches, inductors, capacitors
and loads, the frequency and ON-TIME duration will deviate. In this dissertation, we can
see the advantage of the ON-TIME control, although it is variable frequency, the ON-
TIME duration is known and regulated. It does not shift with the component or load
changes.
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Figure 2-5 shows the comparison of the three different kinds of controls. Figure 2-5 (c)
shows a fixed ON-TIME control. However, the ON-TIME duration is not necessarily
constant. It could be proportional to some control parameters or some system variables
which is defined by the designer. Normal, the ON-TIME information is decided by the
system behaviors, for example, the input voltage, reference voltage, output current, load

current slew rate, temperature, phase difference, etc.

A buck converter with constant ON-TIME control is shown in Figure 2-6. When output
voltage is lower than pre-determined value, the high-side switch is turned on. It is turned
off after a preset period of Ton which can be achieved by a delay circuit. The output
ripple and switching frequency, therefore, is determined by the Ton delay. The longer the

Ton, the larger the output ripple and the lower the switching frequency.

ON-TIME control was used on VRM along with PWM control to improve efficiency
[15]. At regular operation, PWM is used for low EMI purposes, while constant ON-TIME
control is used for light load to improve efficiency. This kind of controller has a load
current sensor to switch between these two control methods. At ON-TIME control, the
output ripple is slightly larger than PWM control, while the switching frequency is

smaller, so it greatly reduces switching loss, especially for multiphase converters.

An average duty ratio model for DC-DC converters employing constant ON-TIME

control is derived in [25]. The conceptual circuit diagram for average duty ratio model is
21
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given in Figure 2-7. And the final model is given in Equation (2-1) where Ri is the DC

gain of the current sensing network and all the other variables are defined in Figure 2-7.

g d,+d,
2
. . y
d = v, —Ri, + \[(R/’L —v.) +(m+m,)m,
r m,+m,
v, = Ri, ++(Ri, = v,)* + (my+m, )(m, +26,)
dr = (2'1)
m,+m,
Ry, —v
1= ,( £ O)Tlm
L
RIV()
mZ =TT
L
&)L = 5‘)('[]—;)”

In this dissertation, the concept in Figure 2-6 is used and expended to multiphase VRMs
for laptop usage. For this usage, the input voltage is changing in a wide range and the
constant ON-TINE is expended to proportional ON-TIME with the definition of ON-

TIME is proportional to the input voltage.
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CHAPTER THREE

ACTIVE CURRENT COMPENSATION FOR LOW-VOLTAGE HIGH

CURRENT FAST TRANSIENT VRMS

3.1 Introduction

The recent generation of microprocessors work at a low operating voltage, high current,
and a high current slew rate. For example, Intel’s Pentium 4 2.8G processor operates
between [.34V~1.42V @ 55.94, and 3504/us of current slew rate [1, 2]. To achieve such
a high slew rate, a large capacitance is typically mounted on the microprocessor package
and system board to absorb the voltage spike in load-change transient. Figure 3-1 shows
an equivalent power delivery Pentium 4 model for transient response provided by Intel
[1]. Under any transients, this system design can guarantee to limit the voltage variation
within 4%. The stringent transients of full-load to sleep mode and sleep mode to full load

are shown in Figure 3-2. Here, Icpu is the total current flowing through the CPU.

The next generation of microprocessors will work at lower operating voltages, higher
current and higher current slew rate as mentioned in chapter one. Therefore, more
capacitance at VRM output is required. Unfortunately, the space in a microprocessor
package is very limited, making it difficult to add more capacitors. Furthermore,
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increased motherboard capacitance has little effect to limit the voltage spike in a fast
transient due to the current response delay of large socket inductance and the ESL, ESR
of capacitors. A simulation result is provided in Figure 3-3 to illustrate how voltage
spikes could potentially reach /0% above the nominal value. Even all the capacitances
are doubled, the total voltage variation still reaches /2% and cannot meet the stringent
requirement. It should be noted that the steady-state voltage difference in Figure 3-3 is
generated by voltage drops on interconnect resistance due to its high conduction current

because the simulation is done in open loop.

A novel dynamic current compensator is presented here to minimize the voltage spike
without additional capacitors. Instead, the capacitance on system board could reduce
down to 2/3 of the present level; and the capacitance in microprocessor package can be

decreased to approximate 3/4.

Another advantage of this compensator is its capability to compensate the transient

response delay caused by large socket inductance under high current slew rate. Therefore,

it provides for more freedom in package design.

Since this compensator works like a discrete linear regulator, by being active only during

large load-change transients; the average power dissipation is very low. Hence, efficiency

is reduced only a small amount.
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Upper: Microprocessor load change
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3.2 Transient Response Delay in a Fast Current Slew Rate System

High voltage spikes are caused during high slew rate load change because of the current
response delay of socket inductance and the voltage drop across ESR and ESL of the

capacitors.

For the high current slew rate model, the capacitor should be considered as a series of
RLC circuits whose total voltage can be expressed as,

di, ,
Vesoal = LEsL, — T TEsRle Ve (3-1)

where, Lgs; and rgsg are equivalent series inductance and resistance, and i. and v, are the
current and voltage of the ideal capacity. To provide a current slew rate at 24/ns, the
voltage drops across ESL and ESR of high-frequency capacitors will reach tens of
millivolt level while the voltage drops across ESL of bulk capacitors will be larger than
1V. Considering the operating voltage is /V, the actual current slew rate provided by
capacitors is much smaller than desired so the voltage spike is generated. Therefore, few

advantages can be achieved by paralleling more capacitors on system board.

Another reason for the transient response delay is the large connector and socket parasitic
inductance as shown in Figure 3-1. If 24/ns of current slew rate is assumed through
connection inductance, it can only by achieved by a /50mV voltage drop, as calculated in

Equation (3-2).

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



p
v, :Lsk,dL;=75pH><2A/ns=150mV (3-2)

The 150mV voltage drop compared for a /¥ nominal output is significant and exceeds the
required tolerance given in Figure 1-1. In Figure 3-1, the trace inductance is only
20~30pH, while the socket inductance is about 60~80pH. The challenge 1s that the socket
inductance is very difficult to decrease and the VRM and capacitors have already been

put as close as possible to the processor [3-6].

Based on the two reasons mentioned above, there is almost no effect on the voltage spike
during such a fast load-change transient by simply adding more capacitors on system
board. This is verified in simulation by doubling all the system capacitance mentioned

before.
Hence, a novel compensation circuit will be introduced to increase the voltage drop
across socket and trace inductances so that the current slew rate is not a limitation in fast

transient response.

3.3 Presented Active Transient Current Compensator

An active transient current compensator is presented here to speed the transient response.
The presented compensator is inserted between the microprocessor package and the on

board capacitors. The new model is illustrated in Figure 3-4. The trigger signal of the
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compensator comes from a built-in voltage monitor in the microprocessor package. Since
the output high slew rate current in the compensator only appears in load-change

transient, it does not influence VRM steady-state operation.

The details of the new topology are described in Figures 3-5 and Figure 3-6. The concept
of this topology is similar to electrical static discharge (ESD) protection technique [7, 8],
however the energy here is transferred bi-directionally. When the microprocessor
operation changes from sleep mode to full-load mode, the compensator provides high
slew rate current quickly. When the microprocessor operation changes from full-load
mode to sleep mode, the compensator will absorb the extra current provided by VRM.
Ideally, if energy flowing between VRM and the microprocessor is balanced, there will

be no voltage spike in load-change transient.

What distinguishes this topology from any other fast transient VRMs [9, 10] is its fast
response and the immunity to current delay caused by large socket inductance. That is
because this compensation is not mounted tightly at the output of the VRMs, instead the
voltage sensor is located at the Vec of the CPU side. Therefore the linear regulator can
provide sufficient voltage drops across the socket and trace inductance. Hence, it
generates large slew rate current to minimize voltage spikes during transient. For other
load-change corrections [9, 10], the compensators are combined with VRM and make the
compensation impossible since they did not catch the main reason causing the current

delay: the ESL and ESR of capacitors and the inductors of the socket and trace.
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Figure 3-4: The different power delivery models for VRMs

(a) Present power delivery model
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3.3.1. Voltage Monitor

The voltage monitor is mounted inside the socket cavity and very close to the
microprocessor’s Vec pin so it can monitor voltage variation in no time. The whole
monitor is composed of two parts as shown in Figure 3-5. One is for voltage undershoot;
the other is for voltage overshoot. These two parts have the same circuit but different

biasing values.

The function of the voltage monitor is to sense the core voltage change of the
microprocessor by R,, and C,, These two values with matching biasing Vs value of Q1
can set voltage sensitivity and output pulse duration. Q2 circuit transfers the Q1 output

into pulse output as shown in Figure 3-5 (b).

The input and output relationship of the voltage monitor is shown in Figure 3-5 (¢). When
the load changes from sleep mode to full-load mode, current increases and voltage

decreases so undershoot circuit has output and vice versa.

Another function of the voltage monitor is to inform the VRM controller that the load-

change transient has occurred so that the controller can make the interleaved VRM to

operate at “ALL-ON” or “ALL-OFF” mode. Since there is almost no time delay for this

monitor, it can improve VRM transient response as illustrated later.

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Vdd=+12/5V

A A
Vee N
i ]
Monitor for Monitor for
voltage voltage
undershoot overshoot
l » Undershoot output
» Qvershoot output
GND Voltage monitor
Microprocessor
(a)
Vdd=+12/5V
Vout_undershoot
Rbias1 Rbias3 .
4 Q2 '
Vee M
— Q1
Vout_overshoot
Rm Rbias4 [—‘ H
T Cm 1as.
Microprocessor ;
GND
(b)

Overshoot

|

|

Undershoot

()

Figure 3-5: Voltage monitor
(a) Block diagram of voltage monitor

(b) Voltage monitor schematics (different biasing for undershoot and overshoot)
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(c) Voltage monitor output

41



3.3.2 Active Transient Current Compensator

The transient current compensator is shown in Figure 3-6. The compensator is mounted
on the motherboard very close to the microprocessor package. The energy comes from
the +35V/12V power supply on the motherboard and low ESL and ESR capacity is

mounted beside it.

As shown in Figure 3-6(b), the compensator is composed of one P-type and one N-type
MOSFET. Reusrent 1imie is optional and can be used to adjust injection current. When the
load changes from sleep mode to full-load mode, P-FET is triggered by the undershoot
output so current flows through PFET, Reurrent timits Lpackage> Rpackage 10 microprocessor
package. Since the voltage drop across Lpacksee i large, current slew rate can be high
enough to meet the load requirement. Therefore, the current change in the load is

compensated so the voltage spike is minimized.
The current compensator works like a linear regulator. The regulation point is core
voltage of the CPU, other than the VRM output end. Also, if the voltage changes are not

large enough, the compensator circuit will not implement and no power is wasted during

the stead state operation
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Figure 3-6: Active transient current compensator

(a) Block diagram of active transient current compensator
(b) Schematics
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3.3.3 Complete Schematics for the Simulation

ASMC 0.8 micro CMOS process technology, CO8DPDM is used to design the voltage
monitor. The device specifications are listed in Table 3.1. Full schematics of the voltage

monitor, compensator and power stage are given in Figure 3-7.

A top view of the voltage monitor IC chip and a typical application circuit are given in
Figure 3-8 and Figure 3-9. Here, two input resistors and capacitors are moved out of the
IC chip to provide more flexibility for frequency response. A layout of the undershoot
circuit for the structure is shown in Figure 3-10. The overshoot circuit is symmetric with

difference W/L scale.
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Table 3.1: Device Specification of 0.8 micro CMOS Process

Specification
Device Parameter
Min. Average Max. Unit
Vto_ N 0.60 0.70 0.8 V
W/L 20/0.8 Isat N 300 400 500 uA/m
N-Channel BVdb N 9 10 - 14
Leff N 0.65 0.75 0.85 m
Vto P -0.8 -0.9 -1.0 V
W/L 20/0.8 Isat P -120 -160 -200 uAd/m
N-Channel BVdb P -9 -12 - V
Leff P -0.65 -0.75 -0.85 m
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46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Yot — — EN
Input_o Overshaot 1 Output_o
IN — — Ouiput_u
laput_u Undershoot L GND
Fin configuration (top siew)

Figure 3-8: Pin configuration of the voltage monitor

Overshoot Output
Undershoot Output

CPUWCLC pin

=" GND

Typical Application Circuit
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3.4 Simulation Results

Simulation results for transient current compensation are shown in Figure 3-12. It is
shown that the microprocessor operates at IV of V., 1004 of I, and 24/ns of current
slew rate. All parasitic component values are the same as those in Figure 3-1 except
package capacitance decreased to 3/4 of the present value and system capacitance
reduced down to 2/3 of the present level. The top waveform in Figure 3-11 is the
compensator’s output current. It generates only in load-change transient. The bottom
waveform is V.. voltage of microprocessor. The total voltage variation is limited to 2.3%

These values are much smaller than those in Figure 3-3.

More data when microprocessor operates from sleep mode to active mode and load
change within active modes are provided in Table 3-2 and Table 3-3 to illustrate the

behavior of the compensator.

From Tables 3.2 and 3.3 we can see that the total voltage variation could be limited to a
very small value, less than 4% of the nominal value. However, the smaller the transient
voltage variation is, the longer the transient duration will be. It also makes the

compensator operate more frequently and may cause instability.

When we decrease the values of capacitor C,, the voltage monitor will not be so sensitive

and it compensates less. Therefore, a tradeoff is always made by choosing the desired
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voltage variation and the compensator’s operating duration. Table 3.4 shows the
compensation response versus capacitor value C,,. It is clear that the transient duration

reduced (less compensation) when C,, decreased and the voltage variation increased.

Another consideration for the transient compensator is its stability, determined by the
compensation for all the current change frequencies. If the compensator operates
whenever the current changes, even when the voltage variation is very small, then the
system will be unstable. The design target of the compensator is to compensate high
current slew rate load changes not all load changes. Therefore, a minimum response
value of the current slew rate should be set so that the compensator does not work when

load change is slower than the critical value.

As discussed before, this can be adjusted by changing Cy,, the voltage ratio of the two-
stage amplifier. Table 3.5 is an example to show that the compensator only responds
when current slew rate is higher than the specific value. The operating area for this
compensator is above the curve. This is reasonable because the VRM could handle
30A/us current slew rate and the decoupling capacitors on system board can also provide
some extra di/dt currents. Obviously, the compensator is only on duty of high current

slew rate range.
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Table 3.2: Compensation Result when Microprocessor Operates from Sleep Mode to
Active Mode @ 24/ns Current Slew Rate and IV V.. (C\,=100n)

Load change Transient time
i(:omp (A) AVcc
(4) (us)

10100 88.1 2.55 3.2%
1090 83.2 2.36 3.1%
1070 58.2 1.5 2.4%
1050 384 0.93 1.9%
1030 18.8 0.4 1.8%

Table 3.3: Compensation result when Microprocessor Operates within Active Mode @

0.5A4/ns Current Slew Rate and /V V. (C,,=100n)

Load change Transient time
icomp (4) AV,
(4) (1)
5030 18.8 0.43 1.8%
5040 8.6 0.23 1.8%
5060 8.7 0.25 1.8%
50<>80 28.6 0.71 1.9%
5090 384 0.98 2.0%
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Table 3.4: Compensation Responses Versus Capacitor Cp

Capacitor Cp, (nF)

Table 3.5: Critical response value @ Cn=060nF

45

40

slew rate (Alus)

Minimum response value of current

10 20 30 40 50 60 70 80 90
Load current change Al (A)
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The output signal of the voltage monitor is shown in Figure 3-12. At steady state, the
signal is small enough and will not turn on compensator’s switches. During transient, it
has a high voltage output with different voltage values to generate corresponding
compensation currents. This is similar to a linear regulator. In general, one can say that
the compensator switches off at steady state while it works like a linear regulator at

transient.

A poorly designed compensator might have over compensation problems like those
shown in Figure 3-13. It may generate ringing in transient process. This is because the
first compensation is too big, and it causes the second spike to reverse trigger the
compensator. This is the stability problem mentioned before. It can be resolved by

decreasing the C,, value.

There is a large dynamic current flowing through the current compensator and it may
cause a system voltage drop on the system board. As mentioned before, the energy of the
compensator comes from the motherboard, hence capacitors should be mounted close to

the compensator to avoid large voltage drops.

The total charge the compensator needed for each transient can be calculated in Equation

(3-3),

AQ=Ce AV = ‘[i(t)dt (3-3)
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Using Equation (3-3), we can approximately obtain Equation (3-4) based on Figure 3-11.

1
AQ = 5><90><1.7 = 76.5(uq) (3-4)

Therefore, if the voltage drop in the power supply caused by the compensator current is

0.5V for a +5V power supply, the capacitance value for system voltage is

AQ 765

This value is very small compared with the bulk capacitance value and approximates the
high frequent capacitance value on the motherboard. Therefore, it should not be a

problem to mount such a capacitor beside the compensator.

3.5 Summary

A novel active transient current compensation is presented in this chapter to minimize the
voltage spike during load-change transient for future generation of microprocessors.
Therefore, the total voltage variation at V.. can be limited within 2% (with 240nF
capacitors) with the package and system capacitance both decreasing to a much smaller
value. Since the compensator has good immunity to large inductance, the layout of
system board can be designed more easily and the package inductance requirement will

be easier to fulfill.
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CHAPTER FOUR

DIGITAL TIME-VARYING CURRENT OBSERVER AND FEEDBACK

CONTROL FOR MULTIPHASE VRMS

4.1 Introduction

With the hardware development of the digital control technique, researchers get to think
of using DSP controllers for low voltage high current VRMs. Changing the analog
control methods to digital control methods can help to reduce the controller size, improve
the EMI immunity, and enable on-board programming. Furthermore, it has powerful

digital calculation capability, which is not comparable for analog controller.

For analog control systems, the PWM control and Hysteretic control methods are very
common as stated in chapter 2. To achieve better current sharing, phase current feedback
loop is also adapted like average phase current compensation and peak current control.
Much research has been conducted on current sharing issues in analog control systems,

which can be realized easily in a digital controller using methods presented here [1,2].

In this chapter, two different kind of time-varying current observers with parameter

estimation are presented. The simple one is designed for PWM control only while the
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other can be used for both PWM and hysteretic control methods. The former has fewer
voltage sensing points and corresponding A/D converters to cut cost. However, the later

is highly recommended due to its accurate and better parameter variation immunity.

4.2 Observer for PWM and hysteretic control

Voltage Regulator Modules (VRMs) for powering microprocessors require very low
supply voltage while drawing high current. Current sharing is very important in
multiphase VRMs to achieve low current stress and high efficiency. Therefore, different

kinds of current sensing methods are developed to meet different control requirements.

The most common method for current sensing is to sense the average voltage across the
low-side switches to obtain the average current [1]. However, this method does not show
the peak values. For a fast dynamic system (very low inductor value), the difference
between average and peak-to-peak value is significant due to inductance imbalance.
Another current sensing method is to use a sensing resistor for each phase. This method
generates large power losses and decreases efficiency in low voltage and high current
situations. The third method is to sense current by integrating the voltage across the
output inductor. However, this is an open-loop sensing without feedback correction, and
the ESR value of inductors can also cause a sensing error or integrator saturation, if an

error amplifier is used for current sensing [2].
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A current observer is designed in [3] for inductor current sensing. The main problem is
that the current sensor is still used to sense large load current because the load resistance
value is unknown and varying with the load demands. The resultant VRM is considered
to be a time-varying system. Thus, the time-varying load resistance have to be calculated

for estimating the inductor current.

A time-varying current observer with load resistance estimation is designed here to
estimate the instantaneous phase currents and load current in multiphase VRMs to
achieve current sharing. The adaptive control method is applied to estimate the load

changes and simplifies the time-varying system into a nonlinear time invariant system.

Another challenge of the switching power supply modeling is its nonlinear characteristic
due to the switch mode changes [3]. It causes the observer to be nonlinear and a

decoupling technique is designed to simplify this problem.

4.2.1 State Space Model for Power Stage

The power stage model of four phases buck converter is shown in Figure 4-1. The
challenge for modeling switching mode converters is that they have multiple different
operating modes. For example, a PWM controlled four phases buck converter as shown
in Figure 4-1 has five operating modes when duty ratio 0<D<0.25, four additional
operating modes when duty ratio 0.25<D<0.5, four additional operating modes when

duty ratio 0.5<D<0.75, and one additional operating mode when duty ratio 0.75<D</. It
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has a total of 14 modes making it difficult to model such a nonlinear system, not to

mention design a state observer for it

An instantaneous voltage sensing is used here to decouple the complicated relationship
caused by switching mode shift. In Figure 4-1, phase node v;~ v, at the crossing points of
the high-side and low-side switches are voltage-sensing points. It is similar to the average
current sensing method and requires no extra sensing points. Then, all the switching
information will react on the voltage waveforms of v;~ v,and there is no need to consider
the switching mode shift. Now, the inductor currents in the multiphase converter can be
decoupled as shown in Figure 4-2. Here, R, is the parasitic resistance of output capacitor
C, Ry, is the parasitic resistance of output inductor L;, and R, is the load resistance.
Another advantage of the instantaneous voltage sensing is that it avoids the influence of

the switch on resistance differences and input voltage variation.
Based on Figure 4-1 and Figure 4-2, the state-space model for the power stage can be
expressed in Equation (4-1). Here, v, is the output voltage of the converter, v, is the

capacitor voltage, and i;~i; are the corresponding inductor currents in the four phases.

Obviously, load resistance R, is an unknown and varying system parameter.
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Defining the state and input variable as X and V, we can re-write Equation (4-1) below.

X=liy iy iy iga vl X =AX + BV
V= [V] vV V3 V4]T Vo = CX + DV
—‘ h _ RcRr) _ RcRo _ RcRn _ RcRa - Ro |
Ll Ll (R‘, + Rn) Ll (Rc + Ro) Ll (Rc + Ra) Ll (Rr. + Rr)) LI (Rc + Ra)
RcRn _ _RA _ RcRo _ cRa _ RCR() - Rr)
LZ (Rc + Ra) LZ L2 (Rc + Rn) LZ (Rc + Ra) LZ (Rc + Ra) LZ (Rc + Rn)
A= _ Rc R() - RCR() - __Rié_ _ RcRo _ RcRa Ra
L3 (Rc + Ro) L3 (Rc + Ra) L3 L3 (RC + RO) L3 (Rc + R()) L3 (Rc + Rn)
- RcRo _ cRo _ cRo _ h _ RCRII _ Ru
L4 (RC + R()) L4 (Rc + Ro) L4 (Rc + Ru) L4 L4 (Rc + Rr)) L4 (RL + Ru)
14 U____ R{l R() _ l
| CR+R,) C(R.+R,) CR.+R,) C(R+R,) (&, +R)C |
_—1— -
L
1
L,
B= 1
L3
1
Ly
o 0o 0 0]
C= [ RcRu RcRn RcRa RcRo Ro
~ |R+R, R +R, R +R, R +R, R, +R,
D=0
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Figure 4-1: Multiphase VRM buck converter

4
Vv =l Ry

Figure 4-2: State space equation for phase one
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Considering the output capacitors are composed of tens of bulk and decoupling capacitors
in parallel, the parasitic resistance can be ignored for simplification. Therefore, all of the
following analysis is derived by assuming R,=0 and V.=V,. Hence, matrix A, B, and C

are simplified as follows:

_Ru _1
L L
Ry 0 1
L, L,
R
A= L3 1
Ly Ly
0 Ry 1
R R
c c C C R.C
L.
IR
Ly
1
Ly
b= L (4-2)
Ly
0 1
Ly
0o 0 0 0|

c=[o o 0 o 1
4.2.2 Observability

Before designing the current observer, it is necessary to tell what part of the system state

is detectable. Given

c(o)
c(0)4(6)
8(6)=| c0)4°(e)
c(6)4(0)
c)1(©)

(4-3)
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The definition of a system observability is [5]: The state x;#0 is said to be unobservable
if, given x(0)=xy and u(?)=0 (u is input matrix) for >0, then y(¢)=0 (y is output matrix)
for £20. The system is said to be completely observable if no nonzero initial state exist
that is unobservable. This statement is equal to the observability matrix 9 to be

completely observable if and only if ghas full column rank .

For here, when we substitute matrix A and C (in Equation (4-2)) into Equation (4-3)

C
CA
Rank(8)=| CA* | =5 (4-4)
cA’
CA*

for the whole load change range of R,. Therefore system is observable.

4.2.3 Adaptive Controller

For a time-varying system, the state space variables can be obtained by designing a state

observer with parameter estimation [4-6]. The diagram of the adaptive controller is
shown in Figure 4-3 [6]. The notation of A on symbols means it is an observed value, not

a measured value. 0 represents the time-varying parameter need to be estimated during

observation. The definition of the full order adaptive controller is,
= a8l + k.1y -l (4-5.a)

6=k, 1y-clék (4-5.6)
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where, y is the measured value of the output; K, is gain matrix for state variable and K, is
gain matrix for system output (4™ and 1% order for this case, respectively). The gain
matrices can be chosen by the requirement of dynamic response and steady state error.
Equation (4-5.a) is the state observing equation which is generally used in observer
design; Equation (4-5.b) is the parameter estimation equation which is used to estimate
the time-varying parameter O by considering its derivative proportional to the observing

crror.

4.2.4 Current Observer Design

In our system, parameter O represents load resistance R, that is the time-varying
parameter and is changing under the load’s demand. Therefore, we can obtain the
expression for the state observer and parameter estimator in Equation (4-6). By
appending R, as another state variable like i/, i2, i3, i4, vc, and appending the measured
value of output voltage v, as another input like v/, v2, v3, v4, these two equations can be
integrated in Equation (4-7). It is clear that Equation (4-7) is 6™ order which is one order

larger than Equation (4-6).

d’?m R 0 0 0 L M1 1
0 L L, — 0 0 0
di R, I - L b
L2 Q — 7 0 ¢ —'L— In 1 v K](V,,‘_VL)
i : N D R R T
di R, 1 2 2 v, R
= 0 o - i 0 “olisltle o Lo v | Ky(v, =vo) 4-6
ql ' R 13 ;LA Ly ’ Ko, -%,) ( ) )
dl | o o o -fm Lo [ SCE I PPN
7t L, L i fo 0 0 — s, =9,
v 1 1 1 1 1 4
e — — — - - 6 0 0 O
L dt | L C C C C R”C_ -
R=K, [, -5.]
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[ dfl,l 17 R, 1 ) r -
dqt L 0 0 0 - L Koo Ll 0 0 0 K
L2 0 Ry 0 L , Ofin I 1
at L, L, , 0 — 0 0 K|
diy5 R 1 gz L, v
9 0 0 -2 0 -—-K; 0f; 1 ?
= L, L, Bl 00— 0 Ky, 4-7)
f’i’i 0 0 0 RI4 1 K 0 iL4 L3 1 v
I . e ~ 4
;‘;l L4 L4 4 1:C 0 0 0 L— K4 \_V
uadsy 1 I 1 1 1 R 4 ¢
dt E '5 'E' "CT - —C— 5 Qe 0 0 0 0 KS
D R(I
Md;" o o o o k0 L0000 K
Ldt 1 -

This nonlinear 6™-order observer can be transferred to linear system by Jacobian matrix.
The Jacobian matrix A, for the closed-loop nonlinear observer is given in Equation (4-8),
where f{ ) and g( ) are state equations and output equations of the nonlinear system and K
is the gain matrix of the observer [4-6].

= Ya) (%)

i %= /() (4-8)
y=g(x.u)

Therefore, we can obtain the final state-space equation for the closed-loop current
observer with the parameter estimation in Equation (4-9). Here, v. and . are

equilibrium points of a Jacobian matrix which come from Equation (4-10).

Then, the corresponding characteristic polynomial of the observer is given in Equation

(4-11). And the stability can be guaranteed by limiting the gain matrix K’s range.
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Figure 4-3: Adaptive controller for state observing and parameter estimating
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X=AX+BU

X:[’Ll b s e Ve a]/

V:[v, Vo V3 W Va]T

ELTR 0 0 —l—m 0
L L
1
0 -fuooy 0 -—-K, 0
LZ L2
0 o -Ru ML—& 0
A, = L, L
0 0 0 -fu ——1-—1<4 0
L4 L4
b 111 g
C C C C RC ' R}
0 0 0 0 -K, 0
B, =
where
‘7‘.:‘)0
= v,
. VI~ VY, V7Y, V3=V, Vg =V,
Rll Rl2 RL} R14
Ry, 1 1 B 7]
e 0 0 0 —kal 0 10 0 o0 x
R, 1 7 b
RN T2y - 1 r
0 7 0 0 7 K, 0Ol 0 RS 0 0 K [w
2 2 i L
Ris Lk, o7, u "2
[T 0 — —— i
0 0 L3 ) 3 lTL3 + 0 0 _— 0 K3 12 =0
R4 1 0 L4 L 1 V4
° ° 0 Lk Tllo 00~ K|,
1 1 1 1 2 o o o x|
c ¢ ¢ T mMUT :
° 0 0 0 K
0 0 0 0 -K 0 L =
L r _
s/ - 4,
el g 0 0 —+K, 0
L |
0 LTS 0 0 —'—+1<2 0
L, L,
Ris L
_ 0 0 S+—L—3- 0 1+K1 0 -0
0 0 0 s+ Ras L+1<4 0
L, L, _
L L L - s+—_l—+K5 s
c ¢ ¢ ¢ R :
0 0 0 0 +K, s
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To converter an analog observer into a digital observer accurately, Equation (4-12) can be
used. However, for a 6™ order system, the calculation delay will be unacceptable.
Considering a fast sampling period 7§, an approximate method given in Equation (4-13)

is used for simplification.

AD = CD(TJ): e’

B, = L”(D(kT +T '—T)B“d‘[z f( (D(T _TVTBE (4_12)
A,=1+A4T +A,ZT‘—‘+A”£-+,,.

©2 3
L 4-13
B, ={T +AL.T—‘+ACZ—7—1—+...:IBL_ (4-13)
2! 3!
Defining

we have

X(K +1)= 4p X (K)+ BpU(K)

_ v(K)
R )
where 4_14
V.=V, (K) ( )
R ¥(K)
T 9 X 3 R 9 B I 3 B (O A S B )
Ry Rpy Ri3 R4

where, the input v;(K)~ v4(K) and v,(K) are measured value at moment of K7, and /, (x)
is the estimated value of load current. The complete matrix of Ap and Bp are given in
Appendix. The accuracy of Ap and Bp is acceptable due to the T, value is microsecond

level so the relative err is tiny for the forth term in Equation (4-13).
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4.3 Observer for PWM control

4.3.1 State Space Model for Power Stage

For single phase PWM control, the sampling frequency could be same as the switching
frequency [3]. This is a nonlinear model with two different modes depending on the
switching status of the two switches. this means that the duty ratio is the dominant control

signal of the whole system.

But for an interleaved case, there is a 90° (4-phase) phase shift in each phase and each
phase has two switching modes. Hence, in each switching period 7, there are many
different modes and different initial conditions. Moreover, the duty ratio changes with the
load changing, which makes it more complicated. If the duty ratio is smaller than 0.25,
no overlap happens; if the duty ratio is between 0.25 and 0.5, two phases overlap; if the
duty ratio is between 0. 5 and 0.75, three phases overlap; otherwise, four phases overlap.

In every case, the operating mode is different, and so are the initial conditions.

The simplest way to model the power stage is to set the sampling frequency as

fi=Nxf (4-15)
where f; is the sampling frequency, f'is the switching frequency and N is the number of
interleaved phases. Therefore, it eliminates the phase shift in modeling. In another word,

when one phase’s high-side switch turns on, it begins a new sampling period.
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Figure 4-4: Different types of driving signal
(a) D<0.25; (b) 0.25<D<0.5; (c) 0.5<D<0.75; (d) 0.75<D<1
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Mode 2: - v, =L, _d_tl +(R,, + R

Figure 4-5: State space equation for phase one
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Figure 4-4 shows the driving signal for the increased sampling frequency. D is the duty

ratio and T is switching period; D’ is the modified duty ratio corresponding to the

sampling period of Ts. In type (a), there is no signal overlapping in sampling period,

while in type (b), (c¢) and (d), there is two, three, or four signals overlapping in the

sampling period, respectively. Therefore, in each sampling period, only one phase will

change the switching status at moment of D’T. This simplifies the multiphase PWM

modeling, making it like a single phase.

The state space equation for one phase is given in Figure 4-5. Assuming all the switches

are chosen as the same model, the on resistance could be approximated to a fixed value

Ron=Ron1=Ren2. Now, we get the state space model in Equation (4-16).

o [ R, R, R.R, R.R,
diy, - - -
(7 Ly LR +R) L{(R. +R,)
di,, RR, R + R, R.R,
o LR +R) I, 1,(R_+R))
di,s RR, R.R,
a | LR +R,) L(R. +R))
diyg R.R, R.R,
dt LR +R,)) LR +R)
@ R, R,
L d R +R) k. +R,)
Lo 0 o
I‘I
! 5
0 — 0 018
+ - 1 %
/
0 N 0 5; v 12
I :
< e,
0 0 0 —
L,
i 0 0 0|
i
R,R, R.R, R.R, R.R, R, =
= i
R +R, R +R, R +R R +R R +R, | "

g
v(‘

74

R.R,

LR +R)
RR,

" LR +R)

R.R,
LR, +R))

R.R,

LR+ R,

R,

R,

LR +R)

(R, +R,)
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where, y is the output voltage of converter and matrix & is used to describe operating
mode of each phase. When high-side MOSFET is on, 6=1; when low side is on, 6=0.
Going back to Figure 4-4, there is only one phase on in every period in (a) so only one
element in matrix & is “1”. Correspondingly, there are 2,3,or 4 elements equaling to “1”
in (b), (¢), and (d) respectively. At moment D’7, one phase will turn off while others
remain unchanged. Then the corresponding element of matrix & changes to “0”.
Obviously, for PWM control, the system is non-linear and time varying because of matrix

0 and load resistance value.

Defining

X=lim ia iy e vl
’
V= [51 Vin 52Vin 63l/m 54Vin]

we get another format for Equation (4-16)

X=AX+BV
y=CA+ DV
[ Ry +R,  RR, __RR, __RR, ___RR, R,
I LR, +R,) Li(R.+R,) (R, +R,) LR, +R,)} LR+ R,)
Ra R, +R, RR, ___RR, ___RR, ___k
1,(R,+R,) L, L,(R.+R,) L,(R. +R,) LR, +R,) LR +R,)
4= _ RcRo _ ctlo RL3 + Run - RcRu - RcRa - Ru
I4(R, +R,) LR, +R,) I, Ly(R. +R,) (R, +R,)) I(R, +R,)
_RR, __R.R, ___RR, Ry tR,  RR, R
LR+ R,) Ly(R, +R,) Ly(R, +R,) Ly Li(Ro+R,) LR +R,)
R, R, o R, _ 1
| C(R, +R,) c(R,+R,) C(R, +R,) C(R, +R,) (R, + R |
o :
Iy
L
5= .
In
i
Ly
0 0 0o 0]
[ RR, RR, RR, RR, R,
UR.+R, R.+R, R.+R, R _+R, R +R,
D=0
(4.17)
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If we have the same simplification like before, R.=0, we can get

_Ry+ Ry

i
Ll
!
L
i
L
i
L,
L

o

R,C |

(4-18)

This is similar to Equation (4-2) except that the resistance in circuit loop includes the on-

resistance of switches. Another difference is the input voltage; the former input voltage is

sensed at the crossing point while there is no voltage sensor here for input voltage.

4.3.2 Design of Current Observer with Parameter Estimator

Using the same analysis procedure introduced before, we

Equation (4-19)

iy |
dt
diy,
at
djl‘ 3
dt
dil,4
dt
av,
dt
dR,

Ld ]

—_ Ry + Roy

Ll

<

o 0=
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where, vo is the measured output voltage of the converter and Vis is the input voltage. To
be noted, V;, could be a sensed voltage or a fixed voltage if you think its variation is

small enough to be neglected.

Defining

X=[’u ha fa e Ve Ror

U=lov, & 6, 6 wl
[ R+ Ry 0 1 K 0
L L
Ryt Roy —-1-—1(2 o
L, L,
Ry +Ryy LI
A= L, L,
0 Rt Roy __l__K4 0
L, L,
| 1 1 ) 1
- - — — ————Ks 0
¢ C C C R,C
0 -K, 0
L 0K,
A
|
— K2
L,
P Lk
- A !
i X,
L
0 Ky
K, ]

using Jacobian matrix again, we can get the final time invariant linear observer in

Equation (4-20).
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X=AX+BU

)A( = [;I.I ;LZ ;1.3 ;LA Qc 1%0}'
U= [alVin 6.V, 6V, OV, VO]T
F_ Ry + Roy 0 0 0
L
0 Ry + Ry 0 0
L,
0 0 R +Ryy 0
A4, = L,
0 0 0 B R, + Roy
L,
1 1 1 I
c C c c
| 0 0 0 0
B, =B
where
v, =v,
7 -
Ca, -y, &V, -y, + Vi =¥, 8, v,
Ry +Row Riy+Roy Ris+Roy R+ Roy

-—-K, 0
Ll
1
-——K, 0
L,
1
-—-K; 0
L, X
—L—K4 0
L,
| .
RC  RXC
-K 0

(4-20)

In this dissertation, the final discrete matrix is not given since the focus of this chapter is

the hysteretic control. However, the analog to digital transfer method is still given in the

following equations. Firstly, calculate the equilibrium points of the Jacobian matrix

below

=v,(K)

I

v, (K)

- O(K)E -v (K) . 6,(K)E -v,(K) N 5 (KYE -v (K) . 0,(K)E -v,(K)

R+ Roy

Ry + Row Ry5 + Roy

R, + Roy

where, &(K) is the operating mode state at moment of K7.

Defining

The discrete time equation of the observer can be calculated as follows
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~ A T+ Ty

X(KTy + Tg) = s X(KT) + J: AKT T B (P Y
7

- T+ DT, K1),
=" X(KT) + jj A KT T =0 g (K )G + £ AT+ T =0 g, U(K, DYE (4-22)
Ty Ty +D'Ty
~ DT s
=" X(KT) + f AT =0 y(KYE + Le"c(TN'OB,,U(K,D')dg

) ‘T

We can write Equation (4-22) to another format

XK + D) =e*PTx(K) + (e""”ir - I)A;‘BCU(K)
XK + D)= X(K) + (1 - g ADT. )AC"BCU(K) + (eAf( =0T, _ I)AC'IBCU(K,D‘)

(4-23)

Obviously, it is a nonlinear expression with respect to the duty circle D’. The definition

of D’ is shown in Figure (4-4).

Hence, the final digital observer is

X(K +1) = P X (K) + (2 = 1), BUK)

I(k+D)= ?(Y;-{%

4-24
X(K +T)w = e X(K)+ e (1 -2 )4 " BUK) + (77 = 1), BUK) (+-29)

i) -2

R,(K)

The first part is the estimated current value at moment of K75+D’T§; and the second part
is the estimated current value at the moment of K7;. It is almost impossible to solve

Equation (4-24) by hand. Readers could get those parameters by computer.

4.4 Design of Feedback Controller

The feedback controller designed here is a voltage hysteretic controller with peak current

sharing. For a voltage hysteretic control, the feedback controller is designed to,
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é,n zl&yr.l<y<yr,h or Cn=0&y<yr,/

1,
Snn =sB0ne) =t $o=1&y>y, 00l =0&y,, <y<y,,

(4-25)

where £, is the original driving signal coming from the voltage hysteretic window at low
limit of y,,and high limit of y,,. For the interleaved technique, the driving signal should
be distributed to each phase, i.c. each phase is turned on in turn as shown in Figure 4-6.

Unlike normal voltage hysteretic control, Figure 4-6 shows three different kinds of turn
on mode. This is used to provide a different choice of phase current slope and transient

speed. How many phases should turn on at a specific moment depends on the load current

and the demanded current slope.

The peak current control is designed to obey two rules. Firstly, always turning on the
current minimum phase or phases to prevent current run-away. Equation (4-26) is the
constraint condition for minimum current phase turn-on. The second condition for peak
current control is maximum current turn-off. If the running phase current is larger than
5% of the maximum phase current’s peak value, the controller will turn it off no matter

whether the output voltage hits the high limit or not. It is given in Equation (4-27).

Single phase turn on Two - phase turn on together Three - phase turn on together
— 1, zﬂ'“ < 1721,1?,43,17,44 n =1 I, f,‘, is smallest two =1 0, 1?,4, > 172,,17,43,1?,,4
0, otherwise 0, otherwise 1, otherwise
n = 1, f“ < le,f”,;'“ n = 1, sz is smallest two n =1 0, fLZ > ;21,;,‘3,;,(4
’ 0, otherwise 0, otherwise 1, otherwise
n, =1 1, 17,‘3 < 172,,17,,2,1?,‘4 7 =1 1, fL3 is smallest two 7, =1 0, zc,‘3 > 172,,;,‘2,?,‘4
0, otherwise 0, otherwise 1, otherwise
1, 1?,‘4 < fz‘,flz,fL3 1, f“ is smallest two 0, zﬂ'“ > z;,,lé,,z,f”
1, ={ . 7, ={ . =4 .
0, otherwise 0, otherwise 1, otherwise
(4-26)
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Figure 4-6: Driving signal for each phase
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A A A A
A= L, Iy > 105% x Max(1;5.1,5.114)
0, otherwise

A A ~ A
BN 112 >105% x Max({;,,1;3,114)

0 otherwise
’ A A e/\ A (4-27)
By =l 13> 105%x Max(113,115.114)
0, otherwise
A Py A A
Bo=b 14> 108% x Max(lyy,15.115)
0, otherwise

Hence, the final high-side driving signal, ¢, is given by

? m B

_ A . B _
o= s ¢ s Bs (4 28)

(4] Uk Ba

To be noted, Equation (4-28) is only the driving signal for high-side switch while the

low-side driving signal is complementary to the high-side ones.

At large load change transient, the output voltage reaches the overshoot value of
hysteretic window so all the phases should be turned on or turned off together to get the
fastest transient response. In this case, all of the control logic mentioned before is

cancelled and the high-side driving signal is set to be

R
1 :
@ 1 if y < vundershoot
1
@ 1
go = 3 = {L’O
o5 (4-29)
0
& 0 lf y 2 Vovershco!
10

This is the driving signal for AAL-ON or ALL-OFF cases to speed the transient process.

As mentioned before, current slope control is used to provide different dynamic choice.
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Therefore, the AAL-ON or ALL-OFF signal can also be regarded as maximum current

slope control.

An experiment was completed to prove this control idea with minimum current phase
turn-on and ALL-ON ALL-OFF control which is a combination of Equation (4-25), (4-
26) and (4-29). The maximum current turn-off control is not implemented in this
experiment. The experiment was designed by J. A. Abu-Qahouq and the DSP
implementation was completed by N. Pongratananukul. Please refer [8] for the

experiment setup and results.

4.5 MATLAB/SIMULINK Simulation Result and Experiment Verification for Observer

Matlab/simulink is used to simulate a two phases buck converter observer system. The
schematic is shown in Figure 4-7. VM, VM1 and VM2 are voltage sensors for output
voltage and crossing point voltages. The block called “cobserv” is the current observer
which fulfils the current estimation based on Equation (4-14) — (4-16). The program is
given in Appendix. The load resistance gp is 0.242 at the beginning and changes to 0.0/
at the moment of 0.0015s (up+upl!). The parameters for this simulation are listed in

Table 4.1.

The simulation results are shown in Figures 4-8 — Figure 4-13. In these figures, the

measured values are those obtained from power stage by current and voltage sensors
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shown in Figure 4-7. The observed values are those calculated from the observer (the

output of block “cobserv”™).

As mentioned before, this observer is designed as a full order observer system, so we
calculated the observed output capacitor voltage v,, in the observer. Figure 4-8 shows the
two waveforms of the measured value and the observed value. Since the whole
simulation system is an open-loop system, there is no voltage compensation for the load

changing; the output voltage at heavy load is lower than light load.

Figure 4-9 shows the waveforms of zoomed v,. Due to the neglecting of the ESR of the
output capacitors, there is a steady state error of 3 times the peak-to-peak value while the

average value is equal.

Figures 4-10 — Figure 4-12 show the waveforms of measured and observed phase current
value 7;;.and ir, Obviously, there is almost no observing error in either transient and in

steady state. To be noted, the two phase currents have 180° phase shift

Figure 4-13 shows the two phase currents in an imbalance phase inductor situation. The

phase 1 inductor value changes to L;=320nH and R;;=1.Im while phase 2 value keeps

unchanged. Therefore, both the average value and peak-to-peak value of phase 1 current

is smaller than phase 2.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.1: Parameter List

L, 300nH
Phase | Inductance

RLI ImQ

L, 300nH
Phase 2 Inductance

R/(z Img2

C 3.6mF
Output Capacitor

R. 2ms2
Low-side and high-side Switch On-Resistor R,, 10m£2
Light Load Resistance up 020
Heavy Load Resistance up+up! 0.0102
Switching Frequency f IMHz
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Figure 4-8: The waveforms of measured and observed output voltage v,

Observed ¥

Figure 4-9: The waveform of Zoomed v,
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Figure 4-11: The waveforms of Zoomed i,
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(b) light load

Figure 4-13: The waveforms of imbalanced phase inductor current
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An experimental setup was built in the laboratory to verify the analysis and simulation
results. The VRM power stage is:

e MOSFET: SI4410DY

o MOSFET driver: TPS2836

e Output cap: 3 SANYO OSCON 820uF, 4V

¢ Output inductor: 28A, 1uH, T68-8/90 core, 7 turns, 16AWG wire

An experiment result is given in Figure 4-14 to show the phase currents. This experiment
is based on a 2-phase buck converter working at /00kHz, 5V input, /V and 204 output.
The average current of each phase in Figure 4-14 is 10A, and the peak-to-peak current
ripple is 6.784. An observed result is given in Figure 4-15 by putting all the parameters in
the program given in Appendix.The average observed phase current value is 10A for each

phase and peak-to-peak current ripple is 74 which is 3.24% larger than 6.784.

4.6 Summary

A digital controller design for multiphase VRM is presented in this chapter. The feedback
control method is voltage hysteretic control with peak-to-peak current sharing. The time
varying current observer with load resistance estimation is introduced for sensing the
instant phase currents. Both the dynamic and steady state observed values are tightly
following the practical system. It is proven by the simulation results and experiment

verification.
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CHAPTER FIVE

PROPORTIONAL ON TIME VOLTAGE HYSTERETIC CONTROL
WITH CURRENT SHARING FOR WIDE RANGE INPUT VOLTAGE

VARIATION VRMS

5.1 Introduction

The advantages of fast feedback control loop and simple circuit configuration for voltage
hysteretic control make it very popular for single phase low voltage high current VRMs.
However, the current sharing difficulty for multiphase VRMs limits its usage. This is
because both the on time duration and off time duration of the switches are non-
controllable. It depends on the comparison of the output voltage and the hysteretic
window. Once the output voltage hits the high limit, the high-side switches should be
turned off. Once the output voltage hits the low limit, the high-side switches should be
turned on. This process is irrelevant to do with current sharing. The only way to solve this
problem is the variable hysteretic window for each phase,in other words the smaller
average current phase has a larger hysteretic window to achieve longer ON-TIME for

improving the phase current [1].
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Another difficulty for low voltage high current VRMs is the wide range input voltage
variation. This is not a problem for desktop PCs because their input voltage is fixed to
3.3V/5V/12V depending on the system configuration. However, in communication
systems and notebook systems, the input voltage of VRM has a wide range of variation.
For example, the power supply for a notebook comes from a battery so its voltage may
change from 6V to 30V which makes the duty ratio change significiently. If we still use
regular voltage hysteretic controller, the switching frequency will vary in wide range. It
seems that the voltage hysteretic control method is not a good candidate for wide range

input voltage cases.

The PWM control with average current sharing or peak current control is dominant in this
area for the above mentioned reasons. For N-phase VRMs, PWM controllers require N
phase-shifted controllers which makes the whole control circuit very complicated and
costly. The peak current control requires N-phase instantaneous current waveforms as
well as N phase-shifted PWM based controllers, which are more complicated than PWM

control.

In this chapter, a proportional ON-TIME voltage hysteretic control is used on multiphase
buck converters to solve frequency variation problems [2-10]. The variation decreases to
a very small range although the input voltage changes from 6} to 30V. A novel current
sharing is developed by ON-TIME duration compensation and average voltage sensing at
the phase nodes (crossing points of the high-side and low-side switches) is used for this

compensation.
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5.2 Control Method of the Proportional ON-TIME Voltage Hysteretic Control

As‘ we are mentioned before, the regular voltage hysteretic control has a hysteretic
window, which sets the high limit and low limit for the output voltage. While in this
control method, only the low limit is set for the output voltage. However, where does the
high limit come from? It does not come directly from the output voltage. Instead, it

comes from the input voltage.

The name of proportional ON-TIME comes from the high-side switch, which is turned on
when the output voltage hits the low limit, and its ON-TIME duration is reverse
proportional to the input voltage. If the input voltage is higher, the on time duration is
smaller. Therefore, the 30V input voltage has the smallest ON-TIME duration while the
6V input voltage has the largest ON-TIME duration. The advantage of this arrangement

is to keep the operating frequency variation in a minimum range.

If the input voltage is 6V~30V and the output voltage is 1V, the duty ratio variation is:

D3g = ¥44=0.033 5-1)
Dg = Y =0.167

Therefore, if we intend to make the ON-TIME duration like:

1
Ton 30 =0.033x = 66(ns)
500k (5-2)

I
Ton_6 = 0167 = 333(n5)

They will have the same switching frequency of 500kHz.
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Since the power stage has power dissipation at the switches, inductors, capacitors, and
connections, however, the actually duty ratio is always larger than the ideal ones. The
reason why the actual system has switching frequency variation in this system is that the
smaller the duty ratio is, the larger the duty ratio deviates. It is hardly to compensate for
this deviation since the system designers may choose different components and layout
structures. Still, the frequency variation is smaller than regular voltage hysteretic

controllers in the same situation.

The low output voltage limit setting is similar to ones in regular hysteretic control, as
shown in Figure 5-1. When output voltage is lower than the low limit, the circuit has an
output called Vuicomp setting at “1” to turn on the high-side switch of the power stage.

Otherwise, the output is “0”.

The controller design for the ON-TIME block is shown in Figure 5-2. When the Voyicomp
has output, the K1 switch is turned on, and the circuit begins to charge the capacitor Cgy,
via resistor Ry,. Since switches K1 and K2 are complimentary, K2 is turned off, and the
voltage on C,, starts to increase. When it is larger than the reference voltage Vo ref, the
output Voncomp has an output “1”. This signal is used to turn off the high-side switch of the
power stage. The charging time constant of C,nRoy is decided by the on time duration of
the power stage. The larger the time constant is, the slower the charging speed will be,
resulting in a longer ON-TIME duration. Normally the discharge resistor is chosen to be

smaller than Ry, to shorten the discharge duration.
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The timing for ON-TIME and OFF-TIME during one cycle is shown in Figure 5-3 (a).
When the output voltage is lower than the reference voltage, the Voucomp has output to
turn on the high-side switch. The on time block is triggered simultaneously so that the
capacitor starts charging. When V,, is larger than its reference voltage, the Voncomp has an
output to turn off the high-side switch. At the same time, the on time capacitor
discharges. The bottom waveform is the current waveform for the inductor. It is notable
taht the output voltage always has some response delay so it is not at the same phase as

inductor current.

The gate driver signal is shown in Figure 5-3 (b). The proportional ON-TIME control
logic circuit is shown in Figure 5-4. Two dual positive-edge-triggered D-type flip-flops
are used to hold and reset Voucomp and Voncomp. An exclusive OR logic and an inverter are
used to generate the gate driver signal. Pins of PRE and CLR are tied to high voltage to

make the D-type flip-flop work at positive-clock-trigger mode.
The gate driver signal here is the initial driving signal for multiphase voltage hysteretic
controller. The gate diver signal for each phase should be distributed as shown in Figure

5-5 (a). Figure 5-5 (b) is the logic of the gate driver signals. The four inverters are used to

match the D-type flip-flop’s timing.
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102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5-1: Simulation Parameter Values

Single Phase Two Phases
Inductor 1uH 500uH each phase
Connection resistance 0.5mQ 0.5m2 each phase
Switch on resistance 2 mQ 2 mQ
Output capacitor 220uF 220uF
Load resistance 10 mQ 10 mQ
Input voltage 9V~20V 9V~20V
Output voltage v v
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5.3 Simulation Results for Proportional ON-TIME Voltage Hysteretic Control

Simulations were done for both single phase and two phases VRMs using proportional on

time control method. The simulation parameter values are listed in Table 5-1.

Simulation results for single phase VRM are shown in Figure 5-6 - Figure 5-8. Figure 5-6
is with 9V input, Figure 5-7 is with 15V input and Figure 5-8 is with 20V input. The
bottom waveforms are the output voltage and its hysteretic window is at low limit. Since
the bandwidth of this system is not high enough, the output voltage has a undershoot, that

is, a little lower than the low limit.

The waveforms of Vo, and Vo, erare waveforms of the on time duration control signals.
When the high-side switch turns on, the capacitor C,y begins to charge until it hits the on
time reference voltage Vonrer. Then, the high-side switch turns off and the capacitor starts
to discharge. In this simulation, R,,=250k and C,,=4p. These two values make the
switching frequency around 500kHz. Improving these two values can decrease the

switching frequency while reducing those values can increasing the frequency.

The simulation shows that, the total frequency variation is between 500kHz to 540kHz,
less than 10%. This variation is generated by the power dissipation in the power stage,
such as switch on-resistance, component ESR and connection resistance. Those values
make the duty ratio nonlinear and they are never considered at design procedure since

they are random and discrete.
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Figure 5-9 shows the logic of the gate driving signal. The bottom waveforms are

waveforms of two D-type flip-flop outputs.

From Figures 5-6, 5-7, and 5-8, we can see the excellent advantage of the proportional on
time control, the advantage being that the output current ripple and voltage ripple are
almost the same regardless of the input voltage and the duty ratio is. This is very helpful

for choosing a output capacitance value.

A simulation result for two-phase VRM is shown in Figure 5-10. Figure 5-11 shows the
control logic of two-phase VRM. The first two waveforms are gate drivers for two high-
side switches. The third comes from the forth waveform via a frequency divider
mentioned previously (The frequency divider is the output of D-type flip-flop output in
Figure 5-5 (a)). And the forth one is the original gate driving signal coming from the
proportional on time and hysteretic control. They are exactly the same as in single-phase

controller.
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5.4 Current Sharing

Current sharing issues are a key point in multiphase VRM control. In proportional
control, this is easily achieved and only a small amount of extra circuitry is added for

average current sensing and ON-TIME reference voltage adjusting.

The goal of current sharing is to adjust the duty ratio in each phase. If the inductor current
is higher, the duty ratio will be reduced. The duty ratio depends on the reference voltage
and the capacitor charging speed, so it is easy to understand that adjusting the reference

voltage can change the on time duration.

This is why we use the RC network to sense the average phase current. As we know, this
voltage is proportional to the phase current. Therefore, we only need to feed it back to the
reference voltage as shown in Figure 5-1.2. The output of “compl” comes from V,, rer
minus V; and the output of “comp2” comes from V,, ,rminus V. Obviously, if phase 1
current is larger than phase 2, V; is also larger than V3, so V,,mp/ 1s smaller than V,op,. To
be noted, the switches “S1” and “Sonl” operate synchronously so do the “S3” and
“Son2”. Therefore, high-side on time duration of phase 1 is smaller than high-side on

time duration of phase 2 since the on time reference voltage of phase 1 is smaller.

The timing of all the switches is given in Figure 5-13. It is clear that no extra logic circuit

is needed.
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5.5 Simulation Results for Current Sharing

Simulation results for a two-phase VRM without current sharing are shown in Figure 5-
14. The total loop resistance in phase 1 is 0.2£2 while the total loop resistance in phase 2
is 0.542 All the rest of the components in these two phases remain the same. The current

difference is around 84 which is almost /6% of the average phase current.

The simulation result for current sharing is shown in Figure 5-15. These phase currents
are almost the same. Although in figures do not make it clear, it is noticeable that the
gate-driving signal of phase 1 is a little bit smaller than phase 2. The Vo, ¢ for the two
phases has a difference of about 0.3V. It is very clear that the peak voltage across the ON-
TIME charging capacitor is not equal in phase 1 and phase 2 ON-TIME. Therefore, it can

achieve the current sharing by adjusting the on time duration.

5.6 Block Diagram of the Proportional ON-TIME Hysteretic Control with Current

Sharing

The block diagram of the proportional on-time hysteretic control with current sharing is
shown in Figure 5-16. For simplification, it only shows two phases and the configuration

is similar for four phases.

The function of current sharing block is to set up the ON-TIME reference voltage for all

the phases. The function of Ton block is to set up the ON-TIME duration for different
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phases. The function of the hysteretic window block is to set up the output voltage
reference and the all-on and all-off control limits for fast transient. The function of the
Toff block is to set up the off-time duration which should have minimum off-time
limitation. The function of fast transient block is to set up the all-on and all-off signals if
the output voltage is overshoot or undershoot. The function of the logic block is to enable
or disable the gate driving signals for all phases at start process, fast transient, regular

condition as well as over-voltage, under-voltage, over-current protections.

5.7 Experiment Results

Experiments were completed for verifying this control method. The key components we
used are listed below

1.  COOPER BUSSMANN DR127-2R2 inductor: 2.2uH, 12.54 Iims, 25.54 Ia,
4m2DCR (for single phase)

2. COOPER BUSSMANN DR127-1R0 inductor: 1.0uH, 15.54 Lins, 404 s,
3m2 DCR (for two phases)

3. IRF7809 MOSFET: 30V Vps, 14.24 Ip, 8.5m2 Rps

4.  Panasonic SP series EEFUEOE 221R capacitor: 220ufF, 2.5V, 25m{2ESR

5. Semtech SC1205 high speed synchronous power MOSFET driver: /2ns t;

and tg, 34 peak drive current

The experiment instruments are Tektronix TDS360 two-channel scope, Tektronix

TMS502A current probe, and Chroma 63103 DC electronic load.
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5.7.1 Single Phase Experiment Results

Figure 5-17 ~ Figure 5-21 are waveforms of output voltage and high-side gate driving
signals for single phase VRM. The input voltage varies from 9V to 20V while the output
voltage is fixed at [.2V. The peak-to-peak output voltage ripple is 25 - 30mV.

Considering the small capacitor value, these are very satisfactory results.

To be noted, the magnitude of high-side driving signal in Figure 5-17 - Figure 5-21 is
different. This is because the scope ‘s ground is not channel-to-channel isolated and the
ground is taken at the power ground. Hence, the magnitude is not the actual magnitude
across high-side MOSFET’s gate and source and the high-side gate driving is floating

driving.

5.7.2 Frequency Comparison between ON-TIME Control and Hysteretic Control

The switching period and frequency variation of ON-TIME control can be obtained in
Table 5-2 and Table 5.3, respectively. The total switching frequency variation is 14%.
Compared with voltage hysteretic control of 20mV hysteretic window shown in Table
5.4, ON-TIME control has less frequency variation. TO be noted, the total switching
frequency variation of voltage hysteretic control is 23% which is based on average value

at a specific input voltage. The actual switching frequency at a fixed input voltage has
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large deviation, no less than 10%, so the switching frequency variation range for

hysteretic control is much wider.

5.7.3. Two Phase Experiment Results

Figure 5-22 - Figure 5-25 are waveforms of output voltage and output current for two-
phase VRM. All the current steps are form 84 to 204 and from 204 to 84, both at the
current slew rate of 2.54/us. This is the maximum dynamic current output of the Chroma
63103. Since the current slew rate is not large enough, the output voltage changes very

slowly, and no voltage spike is observed.

The total output voltage variation is 50mV. This value can be reduced if the load is put on
the same printed circuit board and close to the VRM output. The steady state voltage
ripple is /5 ~ 20mV which is smaller than the single-phase voltage ripple due to the

interleaving configuration.

The high-side driving signal during the transient is shown in Figure 5-26 - Figure 5-29.
Since the current slew rate is not high enough, the voltage transient is slow and no
voltage spike is observed. The transient process is still clear. The driving signal is high
density when the load changes from light to heavy and it becomes low density when the

load changes oppositely.
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There is a 50mV voltage drop with current increasing. This is long wires are used for
connecting the power stage and the electronic load. Since the feedback point is at the

output end of the power stage, the connection resistance is not compensated.

3.8 Summary

A proportional ON-TIME voltage hysteretic control is presented in this chapter. It can
provide simple solution to a wide range of input voltage variation and save a pre-stage
converter. This can minimize the physical size and cut cost. Compared with voltage
hysteretic control, it has less frequency deviation, i.e. low EMI issue while keeps the
identical fast transient. Compared with PWM control, it limits the minimum ON-TIME
duration, so it has higher efficiency. The Simulation results and experiment results prove

this idea.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 Vo

sy Vi L
T SR AR AN 2
Vin® ﬁz - C % Rioad

l
I

— E:V V2 L2
l—p 2
- 3
> 34 é
Turn-off signal
Von-refl -
vy von-ref2 — 1 and 2
Current Sharing »| Ton
4\
Von-ref ?
Y
VID ] Hysteretic Window Vout_ref' Toff Turn-on signal

Fast Transient limits

A A y

Fast Transient

All-on/All-off

Phase 1 and 2
Driving signal | |

Gate Driver [g Logic [«
A A -
EN
|
Soft Start ¥; > Protection [ vin

Figure 5-16: Block diagram
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Figure 5-17: Waveforms of Single-phase 15V input 1.2V output @ 10A output current
Upper: output voltage with 30mV peak-to-peak ripple
Lower: high-side gate driving signal
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Figure 5-19: Single-phase 12V/1.2V 10A output voltage waveform
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Figure 5-21: Single-phase 20V/1.2V 10A output voltage waveform
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Table 5.2: ON-TIME Control Input Voltage vs. Switching Frequency

Switching period (4S)

Input voltage )

Table 5.3: Input Voltage vs. Switching Frequency

Switching frequency

10 15
Input voltage

122

Reproduced with permissi [
permission of the copyright owner. Further reproduction prohibited without permissi
ission.



Table 5.4 Voltage Hysteretic Control Input Voltage vs. Average Switching Frequency

Switching frequency

0 5 10 15 20 25
Input voltage
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Figure 5-22: Two phases 10V input 1.2V output VRM @ 20A/8A
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Figure 5-23: Two phases 15V input 1.2V output VRM @ 20A/8A
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Figure 5-24: Two phases 20V input 1.2V output VRM @ 20A/8A
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Figure 5-25: Two phases 25V input 1.2V output VRM @ 20A/8A
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Figure 5-26: High-side driving signal @ /0V input
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Figure 5-27: High-side driving signal @ /2V input
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Figure 5-28: High-side driving signal @ /8V input
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Figure 5-29: High-side driving signal @ 20V input
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CHAPTER SIX

CONCLUSION

The development of microprocessor applications attracts lots of competition in the area of
controller design. It has become a large market for desktop and portable power
management IC chip manufacturers. Companies like Texas Instrument, Maxim Integrated
Products, Linear Technology, Intersil, Analog Devices, Semtech, and many others have
put lots of energy and research into developing control methods and improving power
stage topology. The focus is on development of a product with low cost, high flexibility,
easy application, high efficiency and high reliability while meeting all the requirements

from Intel and the pre-stage power supply manufacturers.

Meanwhile, not only the power management IC chip designers focus on the topology and
control method R&D area, even the Intel Corporation itself puts forth much effort in
finding advanced solutions for next generation Pentiums. This is because the power
supply requirements for extreme speed microprocessors has become much stricter due to
the very low VCC voltage and very high current. Biggest problem with those
requirements is the huge current slew rate of the CPUs. Creating positive and negative

1A/ns current slew rate at 1004 current level is an impossible mission for present VRMs.
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This throws a big burden on the system board and requires huge expensive capacitors to

be placed around the CPU for dynamic reasons only.

In this dissertation, advanced topologies and methods are presented to provide complete
system solutions. Those solutions include an analog controller and a digital controller for
VRMs used in popular buck-based topologies, and an active dynamic compensator for
the microprocessor’s dynamic features. Those are introduced in Chapter 3, 4 and 5

respectively. The complete system solution is presented in Figure 6-1.

The analog controller introduced in Chapter 5 has a unique advantage in portable
applications due to the wide input voltage variation ranges. It could be considered a
variable window voltage hysteretic control while the input parameter of the hysteretic
window is the system input voltage. To conquer the wide variable range of the system
input voltage, normally a two-stage topology is used to converter the system input
voltage to a fixed value before it powers the VRMs as shown in Figure 6-2. Otherwise,
the ON-TIME duration might be too short for a fixed frequency control like the PWM
control, or the frequency variation is too large for hysteretic control. The multiphase
proportional ON-TIME controller overcomes those shortages. Tt is also easy to get the

current sharing control by adjusting the ON-TIME duration for each phase.
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Figure 6-1: Advanced solutions for powering microprocessors
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BV ~ 30V) (12V or 15V)

Figure 6-2: Two stage solution
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The digital controller introduced in Chapter 4 is based on voltage hysteretic control with
simplified peak current control for current sharing. The key technique in this controller is
the time-varying current observer design since the load resistance is random. Adaptive
control method is used here to design a parameter estimator along with the time-varying
current observer. Therefore, current senseless control is achieved for high efficiency and
low cost purposes. Peak current control is achieved for current sharing using the

instantaneous phase current values.

The active current compensator introduced in Chapter 3 is a good candidate for powering
high current slew rate loads. One can regard it as a discrete linear regulator. A discrete
compensator does not work continuously. Actually, it only triggers at a pre-set current-
slew rate value and operates at high frequency. The maximum complete compensation
duration is only several microseconds. The best advantage of this compensator is the
reduction of the decoupling system capacitors which were used for dynamic reasons only.

It cuts overall costs while improving the VCC power supply performance.
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APPENDIX A

COMPLETE DIGITAL OBSERVER
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The complete digital observer is given below.
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APPENDIX B

MATLAB PROGRAM FOR THE OBSERVER
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The MATLAB program is given below for the observer. The line starting with “%” is a

description line for explaining the functions of the following commands.

% Define function of cobserv and parameters

function [sys,x0,str,ts]=cobserv(t,x,u,flag)

global eql;
global eq2;
global eq3;

global R;

% Enter RLC component values
RI1=7;
RI2=7;
L1=";

L2=7;

% Feedback constants
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K1=?; % Decide Vo response
K2=7?;
K3=?, % Decrease k3 to shorten DC gain

Kp=?; % Increase kp to shorten transient, decrease it to decrease spike

if (t>0)
eql=u(l);
eq2=u(2);

eq3=u(3);

% Calculate equilibrium point

R=eq3/((eql-eq3)/R11+(eq2-eq3)/RI12);

else
eql=0;
€q2=0;
€q3=0;
R=0.2;

end
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% Enter matrix A,B,C & D from equations given in Appendix

A=[all al2 al3 al4;
a2l a22 a23 a24,
a31 a32 a33 a34,

adl a42 a43 ad4];

B=[bl1 bl2 b13;

b21 b22 b23;

b31 b32 b33;

b41 b42 bd3];

C=[1100];

D=[00 0];

switch flag,

case 0
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[sys.x0,str,ts}=mdlInitializeSizes(A,B,C,D); %lInitialization

case 1
sys=mdlDerivatives(t,x,u,A,B,C,D); %Calculate derivatives
case 3

sys=mdloutputs(t,x,u,A,B,C,D); %Calculate output

case{2,4,9} %Unused flages

sys=[l;

otherwise

error(['Unhandled flag=",num?2str(flag)]); %Error handling

end

% System size and initial conditions

function [sys,x0,str,ts]=mdlInitializeSizes(A,B,C,D)
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sizes=simsizes;

sizes.NumContStates=4;
sizes.NumDiscStates=0;
sizes.NumOutputs=1;

sizes.NumInputs=3;

sizes.DirFeedthrough=0; %Matrix D is empty
sizes.NumSampleTimes=1;

sys=simsizes(sizes);

x0=zeros(4,1); %lnitial condition

str=[ ]; %str is empty

ts=[0 0]; %Both the sample time and the offset time are 0

% Return the derivatives for continuous states

function sys=mdlDerivatives(t,x,u,A,B,C,D)

sys=A*x+B*u;
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% Return the block output
function sys=mdloutputs(t,x,u,A,B,C,D)

sys=C*x+D*u;
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