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This paper focuses on the power management solutions for desktop 
and mobile CPUs, with special emphasis on the control aspects and 
the related control IC requirements and architectures for VRM 
applications. The paper discusses the following topics: power 
converter topologies, load transient response, the ADOPTTM voltage 
positioning technology, maintaining high efficiency over a wide load­
current range, current and thermal balancing, current-sense solutions, 
protection functions, functional block schematics ofVRM control ICs, 
and challenges for the IC designers. 

1. Introduction 

Designing apower supply (often called VRM for Voltage Regulator Module) for 
CPUs (Central Processor Units, or microprocessors) for desktop and mobile 
applications is achallenging task. The microprocessors are highly dynamic loads, 
switching between the minimum and maximum currents with a dildt that can exceed 
450AJ~s at the processor socket [1]. The supply voltages (at the time of writing this 
article) typically fall in the 0.8 to 1.6-V range, deterrnined by a five-to-eight bit VID 
(Voltage Identification) code [2] coming from the microprocessor. (Note: This means 
that the VRM controller has to include a five-to-eight bit DAC.) Dynamically 
programmed lower voltages down to about 0.5 V also begin to appear, especially in 
battery-powered mobile applications, where energy conservation is extremely 
important. Depending on the processor type, the current consumption in high-current 
active mode varies over a wide range, and can exceed 100 A for high-performance 
microprocessors. Further design difficulties arise from the requirement that the CPU 
supply voltage must be a tightly controlled linear function of the load current. This 
means that the power supply must have a specified resistive output impedance, from 
dc to several hundred kHz. Additional difficult-to-meet requirements include high 
voltage step-down ratio, high efficiency down to a fraction of a percentage of the full 
load (especially in mobile applications), differential remote sense, processor power 
sequencing, fast on-the-fly VID programming, and protection against sustained 
overload, overtemperature, output overvoltage, and output reverse voltage. It also 
goes without saying that the cost and size of the power supply should be minimized. 
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This paper presents an overview of the most widely employed power-converter 
topologies for CPU VRM applications, discusses the most important control and 
protection issues with relevance on the architecture of the PWM control ICs, and 
presents the functional block diagrams of two example control ICs for 
microprocessor VRMs. 

2. Power-converter topologies 

Most CPU power supplies are based on the synchronous buck converter (Fig. I). That 
circuit is capable of efficiently converting the voltage of the primary power source to 
the low output voltage demanded by the microprocessor, with the simplest possible 
topology. (The primary power source is either the + 12V or +5V output of the "silver 
box" - the line power supply in desktop computers -, or the battery in mobile 
applications. The battery voltage is typically between 8 and 19V including battery 
charger operation.) 

+ 

1 
Fig. 1. The synchronous buck converter. 

The basic synchronous buck converter has severallimitations: 

• It has a large input ripple current - this increases the cost of the input filter. 
• Due to the limited rate of change of current in the buck inductor, the load transient 

response will be sluggish - this increases the cost ofthe output filter capacitor. 
• The output current capability is limited by device availability. 
• The converter has a high hot-spot temperature due to the concentrated heat 

dissipation. 

The output current capability can be increased and the hot-spot temperature can be 
reduced either by paralleling power switches or by paralleling identical converters. 
The load transient response can be improved by reducing the inductance of the buck 
inductor, but that will lead to increased conduction losses and increased turn-off 
losses of the upper (control) FET. The conduction-Ioss increase caused by reduced 
inductance can be prevented by increasing the switching frequency, but that will lead 
to an increase in the switching losses. There is, however, a technique that can 
overcome all above limitations of the basic synchronous buck converter. That 
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technique combines the idea of paralleling converters with an even distribution of the 
switching instants of the individual converters over the switching period. This 
concept is called multiphase interleaved conversion, and it has been around since at 
least the early 70s [3]. Fig. 2 shows the topology of a three-phase interleaved 
synchronous buck converter. 

Control ~========~ 

Fig. 2. The three-phase interleaved synchronous buck converter. 

Perhaps the most important advantage of the multiphase converter is that the 
equivalent switching frequency increases in proportion to the number of phases, 
without increasing the switching losses. The higher equivalent switching frequency 
means that the equivalent inductance can be decreased without an efficiency penalty. 
Since the inductance is the major limiting factor for a fast load transient response, a 
multiphase converter is expected to produce a better response than its single-phase 
counterpart operating with the same switching frequency. 

Unfortunately, using a multiphase topology is not without its drawbacks. Those 
drawbacks are: 

• More FETs, drivers, and output inductors are needed. (Note, however, that the 
total FET size and inductor volume remain about the same.) 

• The control circuitry becomes more complex. 
• With voltage-mode control the current sharing among the phases is not 

guaranteed. 
• With current-mode control, more than one current sensor might be required. 

Although at present the single-phase or multiphase synchronous buck converter is by 
far the most popular choice for desktop and notebook computers, in multiprocessor 
server applications, where the total processor current can exceed several hundred 
amperes, often transformer-coupled converters are used. The main motivation for 
transformer coupling is to reduce distribution losses and parasitic voltage drops. The 
transformer coupling allows the input voltage for the converters to be raised to a 
higher level (typically 48V). Stepping down such a high voltage to the low voltage 
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required by the microprocessor with a buck converter is impractical due to the 
extremely narrow duty ratio and the related high switching and conduction losses. 
Ref. [4] presents a critical evaluation of six transformer-coupled topologies for such 
applications. Other recommendations for implementing high step-down ratios include 
the usage of high-frequency ac power distribution [5], multiphase tapped-inductor 
buck converters with active clamp [6], and cascade connection of the transformer­
coupled active-clamped inductorless forward converter and the multiphase 
synchronous buck converter [7]. 

3. The multiphase synchronous buck converter 

3.1. Input and output ripple currents 

A major benefit of the multiphase converters is the fact that both the input and output 
ripple currents are reduced. Fig. 3 shows the rms values of the ac input currents, for 
single-phase, two-phase, three-phase, and four-phase interleaved buck converters vs. 
the duty ratio of the high-side FET, for the case when the ripple currents in the 
inductors are negligible. (The base of normalization is the output current.) It can be 
seen that the rms current in the input filter capacitor of the multiphase converter is 
much smaller than that of the single-phase converter. Also, as the plots in Fig. 4 
indicate, the ripple current flowing in the output filter capacitor is substantially 
reduced. That figure shows the normalized ripple currents of the two-phase, three­
phase and four-phase buck converter, with the ripple current of the single-phase 
converter used as the basis of normalization. It is interesting to note that both the 
input and output ripple currents become zero at the duty ratios MIN, where M is an 
integer number between 1 and N -1 and N is the number of phases. 
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Fig. 3. Normalized rms ac input current 0/ the multiphase buck converter 
vs. the duty ratio (base 0/ normalization: output current). 
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Fig. 4. Normalized output ripple current oJthe multi phase buck converter vs. the duty 
ratio (base oJnormalization: output ripple current oJthe single-phase converter). 

3.2. Theoreticalload transient response limits 

The main dynamic requirement for a converter powering a microprocessor is that it 
responds rapidly to step changes in the load current. In this respect, a multiphase 
converter is essentially equivalent to its single-phase version operating at N times 
higher switching frequency and having an inductor with an inductance that is 1/N 
times smaller. 

Load current 
f 
I 

* 
Inductor current -------- ~ 
~m=VJL ~ 

Capacitor current I~ {I 

Capacitor voltage 
(sum of resislive 
and capacilive 
components) 

Fig.5. WaveJormsJor determining the theoreticalload transient response limits. (VL 
is the maximum vo/tage available 10 change the currenl in the inductor.) 
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The theoretical load transient response limit can be understood by considering the 
waveforms in Fig. 5. The assumptions are that (1) the only parasitic component to 
consider is the equivalent series resistance (ESR) of the output capacitor, and (2) the 
ripple component of the inductor current is negligible. (Note: While the second 
assumption is not always true for a single-phase converter, it is a good approximation 
for multiphase converters, where the individual inductor ripple currents tend to cancel 
each other.) 

It is straightforward to calculate the voltage deviation vs. time, for a step change in 
the load current and for a control that forces the inductor current to change towards 
the new steady-state value as fast as possible [7]. The result is: 

ilv (t)=t -+t mR -- -R ilI 2 m ( M) 
o 2C c C e 

(1) 

where C is the capacitance of the output capacitor, Re is the ESR of the output 
capacitor, M is the amplitude of the load step change, and m is the slope of the 
inductor current. In the case of an upward step in the load current 

(2) 

and in the case of a downward step in the load current, 

V 
m==-~ 

L 
(3) 

where L is the equivalent inductance of the converter, as defined at the beginning of 
this section. 

From (1) the peak deviation is either 

(4) 

or 

ilV = M 2 + mCR; 
2mC 2 

(5) 

depending on the time constant ReC of the output capacitor. When that time constant 
is larger than 'terit = ilIlm, (4) gives the peak deviation and when the time constant is 
smaller than 'teri!> (5) gives the peak deviation. Due to the fact that the rising slope 
tends to be much smaller than the falling slope, it is possible that the peak deviation 
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for a upward load step is detennined by (4) and for the downward load step it is 
detennined by (5). 

The significance ofthe capacitor time constant is that when it is relatively large (as in 
the case of electrolytic capacitors), the peak deviation is detennined only by the ESR, 
and does not depend on the inductor current slope. This means that compliance with 
the load transient specifications can be achieved even when the slopes are smalI, i.e. 
when the switching frequency is relatively low (and the inductance is large), using an 
output bulk capacitor whose size and cost are essentially independent from the 
frequency. On the other hand, when the capacitor time constant is small (as in the 
case of multilayer ceramic capacitors, or MLCCs), the peak deviation depends on the 
slope, and so there is a strong inverse correlation between the capacitor size/cost and 
the switching frequency. This means that MLCCs as bulk output capacitors can only 
be used cost-effectively at high switching frequencies. 

3.3. Duty-ratio considerations for multiphase converters 

Fig. 6. N-phase buck converter with a single pulse-width modulator 
([or non-overlapping conduction ofthe control FETs). 

Fig. 6 shows a typical control architecture for a multiphase interleaved buck 
converter. In that architecture there is a single pulse-width modulator (PWM), whose 
output pulses are sequentially sent to the control FETs ofthe individual phases. Fig. 7 
shows another architecture, where there are as many PWMs as phases, and each 
PWM output is sent only to one phase. In this case the PWM carrier wavefonns 
(usually sawtooth waves) are shifted from each other by 360o/N. The controller for 
the architecture in Fig. 6 is the less expensive one of the two versions due to its 
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simplicity (only one PWM and one PWM carrier waveforrn generator). Another 
advantage of that architecture is that in steady state the duty ratios of the control 
pulses for all phases are equal, while in the architecture of Fig. 7 the inevitable sm all 
differences in the PWM carrier waveforrns lead to duty-ratio differences. The duty­
ratio differences, in turn, can lead to unequal current sharing among the phases. The 
drawbacks of the architecture of Fig. 6 are: (1) It does not allow the maximum duty 
ratio to exceed l/N, so in applications with low input voltage the number of usable 
phases is limited. For example, with 5V input and 1.5V output, where the steady-state 
duty ratio is close to 0.3, the maximum number ofphases is limited to three. (2) Since 
overlapping conduction of the control FETs is not allowed, the maximum available 
slope of the inductor current for upward load steps is reduced, and actually becomes 
less than the availab1e slope for downward load steps in the input voltage range from 
NV out to 2NV out. In practice, this means that if the input voltage drops below 2NV out 

(e.g. below 9V for a three-phase configuration with 1.5V output), the cost of the 
output capacitors to meet the load transient specifications will be higher than for the 
architecture ofFig. 7. 

N­
phase 

sawtooth 
ge erator 

Fig. 7. N-phase buck converter with N pulse-width modulators 
(jor overlapping conduction 01 the contra I FETs). 

4. Control and protection considerations 

4.1. PWM control techniques 

The fundamental task of the controller for a CPU VRM is to ensure the regulation of 
the output voltage. Voltage regulation in a buck converter is implemented with duty­
ratio control. There are many different types of duty-ratio modulators (often called 
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pulse-width modulator or PWM), including constant-frequency and variable­
frequency types, with single-Ioop or multiple-loop feedbacklfeedforward control, and 
with or without voltage-error amplifier. Figs. 8 and 9 show the hierarchical charts of 
the various types used in, or considered for, epu buck converters. Many of those 
control techniques, including the single-Ioop control techniques with voltage-error 
amplifier, the hysteretic controller without error amplifier, and the various current­
mode controllers, are described in [9]. The Vsquare control is described in [10]. 

Recently, the idea of digital control of VRMs has received increased attention [11]­
[14], and at least one vendor released a chip set with digital control for such 
applications [15]. Whether digital control of VRMs is a more cost-effective way of 
achieving compliance with the required specifications than analog control still 
remains to be seen. 

4.2. Implementing the load line or voltage positioning 

The microprocessor specifications require that the output voltage be a well-defined 
linearly decreasing function of the load current (see, e.g. Figs. 1 and 2 of [1], or 
Section 2.2 of [2]). This requirement is equivalent to having a resistive output 
impedance over a wide frequency range. The resistive output impedance allows the 
output voltage to decrease, or droop, in proportion to the instantaneous processor 
current. The droop is often called "voltage positioning," due to the fact that heavy 
load positions the output voltage near the lowest voltage where the epu is still 
operational, and light load positions the output voltage near the maximum voltage 
acceptable for the epu. The optimized voltage positioning (the one where the bulk 
capacitor is selected to have an ESR to be equal to the resistance represented by the 
load line) provides two major advantages: (1) It allows the minimization of the bulk 
output capacitor by essentially reducing the maximum peak-to-peak voltage deviation 
to be equal to the product of the maximum load step magnitude and the ESR of the 
bulk capacitor, at any pulse width of the load current step. (2) By allowing the output 
voltage to sag to its specified minimum value at full load reduces the average 
dissipation in the microprocessor. 

There are several ways of implementing voltage positioning. The first, widely used, 
solution was adding a "droop" resistor with a resistance equal to the value 
represented by the required load line between the inductor and the bulk capacitor, and 
taking the voltage-regulating feedback from the junction of the inductor and the 
resistor (Fig. 10). Unfortunately this, traditional, approach has several drawbacks, 
including the cost of the high-current precision resistor, reduced efficiency, and most 
importantly the fact that the transient response to a step load change shows a spike­
back, which, in case of narrow load pulses, prevents the output voltage to remain 
between the upper and lower tolerance limits of the load line. (This issue will be 
discussed in more detail in the next subsection.) 



PWM 

controller 

L 

Vref 

R"p 

=Fe 

Fig. 10. Traditional implementation 0/ the voltage positioning using a resistor 
between the inductor and the bulk capacitor. 
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Fig. 11. Imp/ementing ADOPTfM voltage positioning in a current-mode controlled 
converter. 

The next three methods (collectively called ADOPTTM, for Analog Devices' Optimal 
Positioning Technology) are capable of alleviating or completely avoiding the 
drawbacks of the droop resistor technique. They are implemented by using either (1) 
a current-mode-controlled converter with an optimized compensation of the voltage­
error amplifier (Fig. 11, [8], [16], [18]), or (2) a converter with fast voltage regulation 
(e.g. a hysteretic regulator) complemented with a current sensor and an external Re 
network between the output, the reference voltage and the noninverting input of the 
PWM controller (Fig. 12, [16], [19], [25]), or (3) a voltage-mode-controlled 
converter, in which the total inductor current signal is subtracted from the reference 
voltage and the voltage-error amplifier is optimally compensated (Fig. 13, [17], [20]). 
All three ADOPTTM methods allow setting the output impedance of the converter to 
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be equal to the ESR of the bulk capacitor over a wide frequency range, thereby avoid 
the spike-back and pennit the minimization of the size and cost of that capacitor. 
These methods can also be used in the cases where the ESR is smaller than the 
specified load-line resistance or where a substantial amount of low-ESR capacitors 
(typically multilayer ceramic capacitors for local bypassing around the 
microprocessor) is placed in parallel with the bulk capacitor. 

L 

IlP 

=Fe 

Vref 

Fig. 12. 1mplementing ADOPTTM voltage positioning in a converter with hysteretic 
regulation. 

L Res 

=!=C 

Vau! 

Res = Re = Rvp(eq) 

A = v;nNs!(pp) 

C1 = AReC/(A - 1 )R1 

R2= L/(A - 1 )ReC1 - ReC/(A - 1 )C1 

Fig. 13. 1mplementing ADOPTTM voltage positioning in a voltage-mode controlled 
converter. 
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4.3. Load transient response 

The reason why the traditional voltage positioning technique discussed at the 
beginning of the previous subsection does not work weH with narrow load pulses can 
be understood with the help ofFigs. 14 and 15. Fig. 14 shows the details ofthe spike­
back for the case of load-current step-up. Initially the voltage drop is equal to the 
product of the current step Maut and the ESR of the bulk capacitor, but then the 
voltage-regulating feedback loop attempts to bring back the voltage rapidly to the 
value corresponding to the product of Maut and the parallel equivalent of the ESR, Re, 
and the droop resistance, Rvp. The speed of the voltage rise is limited by the available 
rate of inductor current change (diJdt), so the peak of the spike-back voltage is 
delayed by a time interval that depends on di/dt. Eventually the output voltage will 
settle at the new value determined by the product of LlIout and Rvp. 

dv/dt = (Vin - VouJR.,IL 

Fig. 14. Details 0/ the spike-back wave/orm. 

Load current-~ I .1'.1""1 
Wide pulse 

p Output voltage h. I 
V .. :tPP)l 

I 

Load current -~ n 
Narrow pulses 

u 

Output VOllage~ ~ 
f 

V ""QPl>I2 

Fig. 15. Wave/orms with traditional voltage positioning. 
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Fig. 15 shows what happens when the load current pulse is narrow and the peak or 
valley of the spike-back coincides with the termination of the pulse. Clearly, 
overshoot andJor undershoot appear, which increase the peak-to-peak deviation. The 
worst-case deviation can be almost twice the product of the current step amplitude 
and the voltage positioning resistance. 

In the case of ADOPTTM, the load transient response is an almost ideal step, as can be 
seen in Fig. 16, which shows the measured load-current step response of a CPU 
converter on two different time scales . 

• 1 

20. 0mYOlo 
«eIl 10 Dm loa.,u 

Fig. 16. Measured output voltage response 0/ an ADOPTfM converter 10 a 14A step 
change in the load current. Top time scale: 10 JlSldiv, bottom time scale: 100 JlSldiv. 

Voltage scale: 20 m Vldiv. 

4.4. Maintaining high efficieney over a wide range of load-eurrent variation 

In mobile applications it is important to maximize the battery lifetime. This effort is 
helped by the improved power management of the newer generations of mobile 
microprocessors (IMVP, QuickStart, DeepSleep, Enhanced SpeedStep, Thermal 
Throttling, see, e.g. [21]-[23]). It is also important that the los ses in the various power 
supplies of the computer (including the VRM for the CPU) be minimized. Those 
losses are around 10% of the total power consumption of the computer. Since in 
battery-powered operation the microprocessor spends most of the time in low-power 
mode, it is important for the VRM to maintain high efficiency down to a fraction of 
one percent of the full load. In addition to optimized design of the power section of 
the converter, the high efficiency at light load can be achieved by a combination of 
essentially two types of power-saving measures, (1) decreasing the switching losses, 
which tend to be dominant at light loads, and (2) eliminating the circulating current 
caused by the reverse conduction of the low-side, synchronous rectifier, FET when 
the load current drops below the value of critical conduction (i.e., when the inductor 
valley current reaches zero). 
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Above the load current corresponding to critical conduction, the switching-Ioss 
reduction can be achieved by phase shedding. Phase shedding means that out of the N 
phases of the multiphase converter one or more phases are turned off whenever the 
load current drops below a certain level. The drawback of phase shedding is that the 
output ripple voltage increases. 

If the load current drops below the critical conduction, the los ses caused by the 
circulating current can be reduced by tuming off the synchronous rectifier in the 
instant when the inductor current reaches zero. In this case the synchronous rectifier 
essentially emulates a true diode, i.e. it does not allow the current in it to reverse (see 
Fig. 17). With diode emulation below the load current corresponding to critical 
conduction, the converter operates in discontinuous inductor-current mode (DeM), 
and the rms currents in the inductor and also in the power FETs are reduced, and so 
the conduction losses are cut back. 

(a) synchronous operation: the low-side FET is always on 
when the controt FET is off 

I, LhmAh---A-m-L-., 
(b) asynchronous operation: the low-side FET emulates diode 

Fig. 17. Inductor current waveforms at light load. 

In DeM the switching los ses can be reduced by frequency modulation, without the 
penalty of increasing output ripple. By making the switching frequency proportional 
to the load current, the efficiency can be made essentially independent from the load 
current, at least until the bias power consumptions of the controller and driver les 
become comparable to the output power. 

Fig. 18 shows the calculated efficiency of a typica1300kHz four-phase converter with 
diode emulation, in four-phase operation and in single-phase operation (i.e. after 
three phases were shed). Fig. 19 shows the calculated efficiency of a typical 300kHz 
single-phase converter in three cases, (1) without diode emulation, (2) with diode 
emulation but without frequency modulation in DeM, and (3) with both diode 
emulation and frequency modulation in DeM. In the last case the switching 
frequency is proportional to the load current. 
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Fig. 18. Calculated efficiency oj a 300kHz 
jour-phase converter with diode 

emulation, in jour-phase operation and 
after three phases were shed, (i.e. in 
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Fig. 19. Calculated efficiency oj a 
300kHz single-phase converter without 
diode emulation, with diode emulation, 
and with diode emulation and jrequency 

modulation in DCM ifsw ~ IuuJ. 

4.5. Current/thermal balance in multiphase converters 

Imbalanced operation in multiphase converters can manifest itself in uneven current 
sharing andlor in uneven junction temperatures of the power FETs. The causes of 
imbalances can be (a) duty-ratio differences caused by either unequal PWM sawtooth 
amplitudes or uneven propagation delays, (b) differences in the channel resistances of 
the power FETs, or (c) thermal-resistance differences. Duty-ratio differences lead to 
unequal current sharing among the phases. Employing current-mode control or 
adding the current information to the PWM sawtooth in voltage-mode control are 
effective ways to balance the currents. The problem with these approaches is, 
however, that if there is a difference in the RIs(on) values or in the thermal resistances 
among the phases, then current balancing will exacerbate the temperature differences. 
The temperature differences caused by the RIs(on) or thermal-resistance differences 
can bc reduccd by allowing the positive temperature coefficients of the FET channel 
resistances (about O.4%/°C) equalize them. The higher the temperature of a FET is, 
the higher its resistance will be, which will reduce the current flowing in it. The 
optimal solution seems to combine the two balancing techniques, i.e. to trade some 
current balance for thermal balance by using voltage-mode control with a small 
amount of current signal added to the PWM sawtooth. The best thermal balance is 
obtained if the voltage drops across the conducting FETs are used as current signals. 
The drawback of a good thermal balance is, however, that it forces uneven phase 
currents, therefore the inductor sizes must be increased in order to be able to handle 
the highest possible current without entering in saturation. 

4.6. Current-sense solutions 

The load-line specification requires thc controller to receive accurate information 
about the total inductor current. A straightforward way of generating the current 



217 

signal is to use a current-sense resistor between the commonjunction ofthe inductors 
and the output bulk capacitor. The drawbacks of that solution are cost, extra 
dissipation, and layout difficulties. A more practical approach is to use the winding 
resistances of the inductors. The current signal information can be extracted by using 
an RC filter across the inductor with a time constant that matches the LlRwinding time 
constant of the inductor [24]. Fig. 20 shows the implementation of the idea in a two­
phase converter. Unfortunately, sensing the voltage drop across the winding 
resistances introduces a positive temperature coefficient, and tbis makes it difficult to 
meet the accuracy requirements. Fig. 21 shows an economical way of canceling the 
temperature coefficient of the winding resistances with a single NTC resistor in the 
feedback network ofthe current-sense amplifier [17J, [20]. 
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Fig. 20. Sensing the total inductor current in a two-phase converter, using the 
winding resistances of the inductors. Two RC circuits with a shared C recover the 

total inductor current signal. 

4.7. Optimal tri-Ioop control for multiphase converters 

Fig. 22 shows a tri-Ioop control architecture for multiphase voltage-mode converters 
[17]. The three control loops are (l) a common feedback loop for output voltage 
regulation, (2) individual phase current loops for currentlthermal balancing, and (3) a 
common impedance loop to implement the required load line. 
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Fig. 21. Sensing the total inductor current in a !wo-phase converter, using the 
winding resistances of the inductors. A single NTC resistor cancels the temperature 

dependence of the winding resistances. 

The voltage-regulating feedback loop has high dc gain for accurate tracking of the 
difference between the reference voltage and the total inductor current signal, and is 
compensated for ADOPTTM load transient response according to the equations in Fig. 
13. The phase current loops are using the voltage drops across the synchronous 
rectifier FETs, thus providing the best trade-off between current and thermal balance. 
The common impedance loop is implemented by subtracting the total inductor current 
signal from the reference voltage. That current signal can be generated either by a 
sense resistor between thc junction of the inductors and the bulk capacitor or by using 
the winding resistances ofthe inductors, as per Fig. 21. The tri-Ioop control ofFig. 22 
represents the optimal solution for multiphase voltage-mode converters for VRM 
applications, and is implemented in the ADP3168 Ie from Analog Devices. 

4.8. Protection considerations 

It is expected that the VRM is (a) protected against sustained overload at the output, 
and (b) designed such that under no circumstances does an overvoltage or reverse 
voltage appear on the output. 
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Fig. 22. Optimal tri-loop contral 01 multiphase converters in VRM applications. 

The overload protection can be continuous (cycle-by-cycle) type, hiccup-type, or 
latch-off type. Each type has its set of advantages and disadvantages. The continuous 
protection provides safe start-up with any output capacitance, and if the overload is 
removed the output recovers without the need for recycling the input supply. On the 
other hand, the continuous operation during sustained overload leads to hot spots and 
a complete battery discharge. Also, the VRM can overheat if the output current limit 
is not well controlled. (Note: Foldback current limit helps preventing the 
overheating.) The hiccup protection reduces the average current by the hiccup on/off 
ratio, so hot spots and overheating are avoided. Also, if the overload is removed the 
output recovers without recycling the input supply. The drawbacks of the hiccup 
protection include the danger of start-up difficulty with large output capacitances and 
the additional complexity. The latch-off type protection completely eliminates the 
power consumption after the latch-off, but can fail to start with a large output 
capacitance; also, it does not provide automatie recovery after the overload is 
removed. 

The most likely causes of an output overvoItage are sudden load removal (note: this 
should never happen in a VRM that complies with the voltage regulation 
specifications) or a drain-source short ofthe high-side FET. The VRM specifications 
expect that if the output is above the maximum VID level by a certain margin 
(usually 200 mV), or above a set absolute voItage specified for the CPU, the VRM 
shuts off the supply to the processor. This should be done by an output overvoltage 
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protection (OVP) circuit with a path separate from the voltage sense path used for 
voltage regulation. The concern here is to avoid false tripping due to external noise or 
an inaccurate threshold. Also, the protection circuit should enable a low-resistance 
path (a crowbar) to ground with a sufficiently fast response time such that ifthe high­
side FET shorts to the input power source then the output voltage will not exceed the 
maximum specified voltage for the processor. The crowbar is usuaHy the low-side, 
synchronous rectifier, FET. When the overvoltage happens due to the failure of the 
high-side FET, the crowbar is turned on by the OVP circuit and blows a fuse. A 
potential problem is that if the fuse is replaced without replacing the high-side FET 
and the system is turned on again, the supply voltage for the controlle comes up 
slowly and the processor sees the fuH input voltage through the shorted high-side 
FET before the crowbar could activate again, and this destroys the processor. A fail­
safe solution is to use a dedicated crowbar FET directly across the output that runs 
from an "always-on" rail and is tumed on by default when the system comes up. The 
dedicated crowbar FET is also effective against reverse voltage caused by the current 
reversal in the inductor when the low-side FET is shorted. In that case the reverse 
current leads to a voltage reversal across the output capacitor and possibly to the 
destruction of the processor. Fig. 23 shows the combined implementation of 
overvoltage and reverse-voltage protection with a dedicated crowbar FET in a single­
phase converter with hysteretic ripple-current control and ADOPTTM. 
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Fig. 23. Combined implementation olovervoltage and reverse-voltage protection 
with a dedicated output crowbar FET. 
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Fig. 24. Functional block diagram ofthe ADP3205 JC 
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Fig. 24 shows the functional block schematic of a dc-dc controller IC, the ADP3205 
from Analog Devices [25] developed for notebook computer applications. The device 
utilizes hysteretic ripple current control, which is a combination of the hysteretic 
regulator principle with ADOPFM voltage positioning. Its features include the 
following: 

• Pin-programmable one-, two-, or three-phase operation 
• Compliance with Intel IMVP-IV specifications 
• Inherent static and dynamic current sharing 
• ADOPFM voltage positioning 
• Noise blanking after a leading edge to avoid false switching due to noise pickup 
• Diode-emulation control ofthe low-side FET for optimized light-load efficiency 
• Six-bit VID DAC 
• Soft DAC output voltage transition for dynamic VID change 
• Masked Power Good during output voltage transients 
• Cycle-by-cycle current limiting with latched or hiccup overload protection 
• Soft start-up 
• Two-Ievel overvoltage and reverse-voltage protection 
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Fig. 25. Functional blockdiagram oftheADP3168 JC 

Fig. 25 shows the functional block schematic of the ADP3168, also from Analog 
Devices [20]. The device was developed for desktop dc-dc converter applications, 
and utilizes the optimal tri-loop control architecture discussed in Seetion 4.7. lts 
features include the following: 

• Pin-programmable two-, three-, or four-phase operation 
• Compliance with Intel VRD-l 0 specifications 
• IMHz per phase switching frequency 
• Active current/temperature balancing 
• Temperature-compensated current sensing, using the inductor winding resistances 

as sense resistors 



• ADOPTfM voltage positioning 
• Six-bit VID DAC 
• Built-in Power-Good and crowbar blanking to support on-the-fly VID code 

changes 
• Programmable overload protection with programmable latch-off delay 

6. Challenges for the designers ofVRM control Ies 

223 

The design of control ICs for VRM applications is achallenging task. The challenges 
include, but are not restricted to, the following: 

• Low cost and extremely short development schedule 
• High-accuracy band-gap reference [less than ±I % error over wide temperature 

range (0 to 100 CO) and over process variations], with good rejection ofthe input 
ripple voltage (40 dB or better) at the effective switching frequency, and with 
floating ground arrangement to comply with the remote sensing requirements 

• VID DAC with aresolution up to eight bits, with monotonicity and good linearity, 
and with controlled slew rate to comply with VID on-the-fly specification 

• Voltage-error and current-sense amplifiers with low offset (less than ±1-2 mV) 
• In mobile applications: Low supply voltage (3.3V nominal), with fuH functionality 

down to around 2.7 V 
• Complex system interface (PowerGood signal, power-saving control features, 

VID on-the-fly control, soft transition between active and power-saving modes for 
low acoustic noise) 

7. Summary 

This paper discussed the converters used for notebook and desktop CPU VRM 
applications, with emphasis on the control aspects having re1evance on the 
architecture of PWM control ICs. The discussion included the review of power 
converter topologies, some of the important characteristics of the multiphase buck 
converter, the various PWM control techniques, the implementation of the load-line 
specification, the load transient response and the re1ated ADOPTTM voltage 
positioning technology, the techniques to maintain high efficiency over a wide range 
of load-current variation, current and thermal balancing, current-sense solutions, and 
protection against overload, output overvoltage and output reverse voltage events. 
The paper concluded with the presentation of the functional block schematics of two 
control ICs for microprocessor VRMs and with a summary of control IC design 
chaHenges. 
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