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Design Considerations for VRM Transient Response
Based on the Output Impedance

Kaiwei Yag Student Member, IEEBMing Xu, Member, IEEEYu Meng, and Fred C. Leé&ellow, IEEE

Abstract—This paper discusses the transient response of voltage
regulator modules (VRMs) based on the small-signal models. The
concept of constant resistive output impedance design for the VRM o
is proposed, and its limitations in applications are analyzed. The
impacts of the output filter and the feedback control bandwidth V.. v
show that there is an optimal design that allows the VRM to achieve . o
fast transient response, small size and good efficiency. Simulations (Without AVP)
and experimental results prove the theoretical analysis.
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I. INTRODUCTION Vo
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S THE clock speed of microprocessors is developed to

faster than 1 GHz, a lower operation voltage is better fiy__
data processing efficiency. Currently, the supply voltage level
about 1.5V, and it will decrease further in the future. For such a
low value, the allowable difference between the maximum and
minimum voltages is very small. For example, a Pentium I'* - i
allows only a tolerance of about 130 mV [1]. Conversely, th iO Ai R= AWD 0
microprocessor is more power-hungry because of the high-de -
sity semiconductor integration. The supply current is alreac
more than 50 A for a Pentium IV, and it will be even larger fo -2 Ct) Vinax o C»l)
the next generation of microprocessors. The large supply ci Vo A
rent not only poses a stringent challenge on efficiency, but al (Ideal AVP) Vo -
heavily burdens the transient response. One reason for these VRM CPU
ficulties is the large current step; another is the very fast ct Vamin
rent slew rate (50 A/s now, and much higher in the future). (a) (b)
Simply put, as a special power supply for the microprocessgrg_ 2
the voltage regulator module (VRM) must maintain a low output

voltage within a tight toIerance_range during operation Wit,?)ad, the whole voltage tolerance range can be used for the
large current step change and high slew rate. voltage jump or drop during the transient. This is the concept
To meet such tr_anS|ent _req_uwement;, th_e VRM must u61-“adaptive voltage position (AVP) design [2], [3]. Fig. 1 shows
many output capacitors, which increase its size and cost. At e, ;o ncient comparison between non-AVP and AVP designs.
beginning when the VRM emerged, the feedback control keptis yery clear that the AVP design allows the use of fewer
the output voltage at the same level for the entire load ran%tput capacitors, and hence reduces the VRM cost. Another
As a result, the output voltage spike during the transient Myst, it of the AVP design is that the VRM output power at full
be smaller than half_ of the vo!tage tolerance v_v|r_1dow. If thRad is reduced, which greatly facilitates the thermal design.
output voltage level is a little higher than the minimum value 1o AP is related to the steady-state operation of the VRM.
at full load and a little lower than the maximum value at Iighﬁ the transients between the two steady-state stages have no
spikes and no oscillations, as is the situation shown in Fig. 2(a),
o e . St 0 b v s AL e AV desin i opimal. The ransiont can take advantage o
y : Pbling e entire voltage tolerance window. The comparison between
Struments, Natonal Semiconduciors, Inersi TOK, Ltachi, Hpro, Power-Onie current and the related output voltage waveforms reveals that
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Fig. 3. Output impedance analysis using a buck converter.
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Fig. 4. Output impedance with open and closed loops.

Now it is very clear that the constant resistive output
impedance design for the VRM is an optimal design for the

converter based on the output impedance consideration isigedance. At high frequencieBSRc: determines the output
old concept [4]-[7]. However, not every converter can achiey@pedance. No matter how the closed-loop gain T(s) is de-
constant resistive outputimpedance. Additionally, itis not cleajgned, .. has the same value & beyond the bandwidth.
how to design the feedback control loop. This paper clarifig¢edback control can attenuate the output impedance only in
these issues. Section Il proposes a simple method for realizifg |ow-frequency range. As a result, the ESR the only

the constant output impedance. Both the voltage-mode afgye that is able to achieve constant output impedance.
current-mode controls are discussed. Section Ill investigatesrhe design method is simple. First, the closed-loop output
the limitation of the constant output impedance design basgghedance.. is derived, which is a function of the compen-
on the small-signal analysis method. Finally, Section IV showstor transfer fUNCLIOKE con (3). Then,Geon(s) can be derived

an example of optimal design. by solving the equatioi,. = ESR(. Finally, the compensator
can be designed to be as close as possible to the ideal transfer
[l. CONSTANT OUTPUT IMPEDANCE DESIGN function G.o,(s). Thus, some simple compensator designs can

Currently, the multiphase synchronous buck converter aehieve approximately constant resistive output impedance.
widely used for VRMs. The small-signal model can be sinoth the voltage-mode and current-mode controls are discussed
plified as a single-phase buck converter in continuous-currdfitthe following sections.
mode [8]. As a result, a simple buck converter, shown in Fig. 3,
is used to analyze the output impedance with an open loop dird Voltage-Mode Control
with a closed loop. The equivalent series inductor (ESL) of For voltage-mode control, the closed-loop output impedance
the output capacitor is ignored here since the high-frequensy
ceramic capacitors in parallel greatly reduce its effect. Zo(5) Zo(5)

Based on the small-signal analysis method [9]-[11], it is  Zoc(s) = —— = 2
easy to derive the open-loop output impedafgeand the L+T(s) 1 Fin - Gra(s) - Geon(s)
closed-loop output impedan@g,. whereF,, is the comparator gain, and,q(s) is the transfer
(14 s/we) - (1+ s/wr) function of the output voltage Vo to the duty cycle d. Fig. 5

®)

Zo(s) = Ry, 1 IR (2) shows the ideal compensator transfer function necessary to
+5/(Q-wo) +52/wg achieveZ,. = ESRc. Since the small-signal model is no
Zoe(s) = Zo_(s)7 and (3) longer effective beyor}d the half switching frequency, the
1+1T(s) real compensator design only needs to be accurate for the
w. — 1 wr — L low-frequency range. A single pole and zero compensator can
" C-ESR¢’ L Ry’ satisfy this requirement, such that
1 \L/C
Wo ~ s Q%i/ . (4) G - K 1+s/wZV 6
JO L Rr, + ESR¢ con(8) = VT sfwp (6)

Here R;, includes the dc resistance of the inductor L, the con-
duction resistanc®g4s_ o, 0f the MOSFETQT andQg, and
the parasitic resistance of the traces. F#R ¢ is the equiva-
lent series resistance (ESR) of the output capacitor C..the K- Rp — ESRc¢ 7
is the power stage double pole, and the T(s) is the closed-loop " ESR¢ - Vin - Fpy
gain. Wpv = We (8)

Further mathematical analysis shows the detailed values of
the dc gain, pole and zero, as
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k) | \ ‘ | | ol . 3 \ 1 B. Current-Mode Control
‘ RERHICEREEN{ SR L
2 . + I I }_ .1-1 “ 7‘5 *‘ 1 | For current-mode control, the analysis is slightly more com-
E -50 T \ ‘ || ‘ LS S plicated. Fig. 8 shows the dual-loop feedback control system.
E T \ Z 1 | The peak-current-mode control is used as an example for this
= | I 3 j analysis. Since the current loop design is normally fixed ac-
o i | \ | 3‘? } cording to the applied control chip, the major issue is how to
~60 3 4 5 ¢ design the voltage loop compensator.
1 10 100 1:10 1-10 1-10 1-10 . . .
f (Hz) With the current loop closed, the output impedance with the
open voltage loop is
Fig. 6. Output impedance with voltage-mode control. e G G
Zoi(s) — ZO(S) + 1(8) ) vd(s) . 11(8) (11)
5 1+ Ti(s) Gid(s)
b—vb?>—4-a-c ©)
wZV = . . . .
2-a whereT;(s) is the current loop gairti;(s) is the inductor cur-
a = Ry ESRC’ rent to the load current transfer function, adg, (s) is the in-
WL - We w? ductor current to the duty cycle transfer function.
bR, (L n 1Y\ ESRc¢ The output impedance with the both loops closed is
Flor ") w-@
¢ = R — ESRc. (10)  7,.(s) = Zail®) __ (1 +Ti(s)) - Zoi(s)
14+ To(s) 14Ti(s)+ Fr - Goya(s) - Geon(s)
Fig. 6 shows the closed-loop output impedance using this (12)

compensator design. It is almost constant. Simulation results
given in Fig. 7 show the nearly perfect transient response witthereT(s) is the outer loop gain, which determines the system
AVP control.

bandwidth and phase margin.
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Fig. 10. Output impedance with current-mode control.
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2 lIl. LIMITATION OF THE CONSTANT OUTPUT
Py IMPEDANCE DESIGN
g 20
= The previous section gives a simple design guideline for the
8 w0 compensator to achieve constant output impedance. However,
§ the entire process is based on mathematical derivation. For a
é P practical circuit design, there are many limitations.
=]
© % A. Limitation of the Voltage-Mode Control

10 100 For voltage-mode control, i1, < ESR, which is possible
f(Hz) for VRM design, the dc gain will be negative, according to (7).
() This is impossible for a real design. Even with, > ESR(,

the dc gain is too low to attenuate the switching noise. Both
the line and load regulations will have problems. Also, it is not
easy to achieve current sharing between several channels with
Fig. 9 shows the ideal compensator transfer function necesitage-mode control.

sary to achiev&,. = ESR¢. As is the case for voltage-mode The current-mode control is different. The closed current
control, a real compensator with one pole and one zero contesp makes the converter operate like a current source, which
sufficiently close to the ideal design, as has very high output impedance at low frequencies. ZThe

in Fig. 10 shows this clearly. As a result, the outer I6bp
requires a high dc gain to attenuate the output impedance at
low frequencies. The high dc gain eliminates all the problems
that existed in the voltage-mode control. For practical designs,

Further mathematical analysis shows the detailed valuescpifrent-mode control is the only way to achieve constant output

Fig. 9. Compensator design for current mode-control.

Gc0n<s) - K 1 + s/wzi

Ty (13)

the dc gain, pole and zero, as impedance.
R (14) B. Limitation Related to the Switching Frequency
‘7 ESRc¢ Even with a current-mode control, there is a special require-
Wpi = We, and (15)  ment for the bandwidth to achieve constant output impedance.
Wy = T+ fs (16) Mathematical analysis shows that the bandwidth is exactly on
the ESR zero of the output capacitor, as
whereR; is the current-sensing gain afids the switching fre- 1 1
quency. There is more physical meaning for the compensator foe=r— =55 a7
2.t C-ESR¢

design than existed in the case for voltage-mode control. A pole

compensates the output capacitor ESR zero, and a zero compeithis is easy to understand, since the open-loop output
sates the double right-half-plane zero introduced by the currémipedanceZ,; (voltage loop open, but current loop closed)
sample and hold effect. has a zero exactly on that point. Fig. 12 shows the relationship

Fig. 10 shows the closed-loop output impedance with thitearly.

compensator design. It is almost constant. Simulation resultdHowever, the bandwidth design is limited by the switching
given in Fig. 11 show the nearly perfect transient response witlequency. Normally, the bandwidth can be designed only within
AVP control. 1/6 of the switching-frequency range. Fig. 12 shows that if the
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Fig. 11. Simulation results with current-mode control.

40— TABLE |
Gain T ESR ZR0S FORDIFFERENTKINDS OF CAPACITORS
\ 1 fc Cap Type Capacitance ESR ESR Zero
—~ i / Oscon (SanYo) 820uF 12mQ 16KHz
20 1 \ 0.5, ESRE (CDE) 270uF 15mQ 40KHz
= . , 2. 2.7-C- ESRC ! " | Ceramic (TDK) 100uF 1.4mQ 1.1IMHz
§ 20| e, L2 l
© T ! 0.3 -
-40 e H § 028
--------- %O-G---- --4'!s-::.-‘-‘-:¥'o-w B e e @ e | g 02
I =
-60 ! §' 0.15
o
10 T BT BT S ST BT A
f(Hz) | 506
O 4 L
(a) Conduction Loss Switching Related Loss Drive Loss

bilier; its size is much smaller than that of the Oscon. However,
oL a higher switching frequency is required to achieve the 40 KHz
h:‘h""‘ ' bandwidth. For the ceramic capacitor, a switching frequency of
' | about 10 MHz is required to achieve the 1.1 MHz bandwidth.
However, the efficiency of VRMs limits the continuous in-
-150 crease of the switching frequency. Fig. 13 shows the loss anal-
ysis results for a 12 V-to-1.5 V/12.5 A synchronous buck con-
~180 1 6 verter, according to the method discussed in L. Spaziani’'s work
10 100 110° 1-10 110 1-10°  [13]. The results can be scalable to multiphase higher output
f (Hz) current conditions, for example, a four-phase 50 A VRM. The
(b) power devices are based on Siliconix’s Si4842 (for top switch)
and Si4442 (for bottom switch). Fig. 13 compares the conduc-
tion loss, switching-related loss and gate-drive loss at three dif-
o o ferent switching frequencies. To simplify the analysis, the in-
bandwidth is too near to half of the switching frequency, thg,cior current ripples remain the same (25% of the load cur-
system will not have sufficient phase margins and will becomgny) ¢ different switching frequencies. As a result, at different
unstable. As aresult, there is a special requirement forSW'tCh!é\Eitching frequencies, the conduction losses are the same, but

frequency in order to achieve constant outputimpedance desigp, inductance values are different, as shown in the following:
The ESR zeros of different kinds of output capacitors are dif-

ferent. Table | lists the ESR zeros of three major kinds of output L= L .

capacitors for the VRM application. For the Oscon capacitor, 2-Air, - fe

there is no difficulty in achieving 16 KHz crossover frequency 5 V-drive voltage level is used in the loss analysis. Although

with 200-300 KHz switching frequency. The ESRE is a spéhe drive loss is proportional to the switching frequency, it is still

1
0 | i Fig. 13. Loss analysis for a synchronous buck converter.
Phase !
-30 ; : i
T, ' cial kind of electrical film capacitor produced by Cornell Du-

i
1
1
1

120

Phase (Degree)
&
(e}

Fig. 12. Required outer-loop gain.

(1- D). (18)
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not significant at 2 MHz switching frequency because of the lo\ 10 100 110 110t 110 11
drive voltage level. But the switching-related loss is totally dif- f (Hz)

ferent. This portion of the loss includes power devices’ turn-on
and turn-off losses, bottom-switch body diode recovery loggg. 15.  Inductor current transfer function of current-mode control.
dead-time MOSFET body diode conduction loss, and MOSFET
drain-source capacitor charging and discharging losses. All (g 12 SL ~Ai
these losses are proportional to switching frequency. At high fre g
quencies, the switching-related loss dominates the entire pow =
loss and causes a significant drop in efficiency. Fig. 14 show
this trend clearly. S
The preceding analysis shows that in practical designs, the§
is a trade-off between the transient response and the efficienc;
Designing for constant output impedance is the best way t
achieve AVP control with the minimum number of the output'ﬁ
capacitors. Only the ESR of the output capacitor determines tt § 0.2 /
0

L
S
~—

|
i

transient voltage spikes. However, for certain kinds of capaciz :
tors, such as ceramic capacitors, it is difficult to apply this con: 4-10 8-10"5 1210
cept for AVP design because of the limitation of switching fre- t(s)

quency. There are other design methods for achieving AVP, but

they require more output capacitors. Further discussion will bg. 16. Step-response of the inductor current.
published in the future.

4 4

1610

in which the time constant is simply the bandwidth. The average
C. Limitation Related to the Inductor Design inductor current during the transient is approximated as

The analysis in Section Il is based on the small-signal ip(t) = AL - (1 — e b2 e (20)
model. If the duty cycle is saturated, the closed-loop output ,
impedance can no longer be used for transient analysis. YHi€refc is the crossover frequency. _
stead, the open-loop output impedance is effective. Since theThe _mductor _current slew rate with average small-signal
open-loop output impedance is much larger than that of tH&de! is approximated as

closed loop, the transient response of the former will be worse. SL;, ) ~ AL, -2 -7 - fo-e "2 T, 1)
To guarantee a good transient voltage waveform, the duty cycle
should not become saturated. However, the maximum inductor current slew rate cannot

The critical inductance concept [8], [12] reveals the point &xceed the Faraday Law limitation, in whidh/dt = V,/L
which the duty cycle will go to saturation in a voltage-modefor step-down andli/dt = (Vi, — V,)/L for step-up. The
controlled VRM. The crossover frequency determines the crlarger value from (21) means the duty cycle is saturated and the
ical inductance value, above which the duty cycle will go to sa¢mall-signal model is no longer effective. The equivalent points

uration, as give the critical inductance value
V
_ Vi . Li=——"——  min(D,1- D). (22)
L., = T AL T min(D,1 — D). (19) 2.1-AL - f.

As aresult, in order to avoid duty-cycle saturation, the output
In the same way, a critical inductance value can be also digterinductor should be designed such that its value is not higher
rived for the current-mode control. Fig. 15 shows the curretitan the critical inductance. Since a larger inductance value can
transfer functiorG;;(s), and Fig. 16 shows the step-response inmprove efficiency by reducing the current ripple, the critical
ductor current (normalized to the load curréxit,) with peak- inductance value is a good design point for both transient and
current-mode control. The inductor current with a closed loggfficiency considerations. The critical inductance is not an ac-
responds to the step-load current change as a first-order systemmate value, but it can help the engineer design process. For
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. it i initial i A: T/B (dB)B: 6 0 MKR 16_595.869 Hz
current-mode control, it is related only to the initial _|nduct0|A MAY CE0 00" dB  GAIN 2773503 mdB
current response speed. After that, the duty cycle will not seB MAX 180.0  deg PHASE ~  72.1587  deg

designed according to the critical inductance value, it will nci_[f Outer-Loop Gain

have too great impacts on the transient response even therj Mgy
slight duty-cycle saturation when the transient begins. ] il

urate even with a larger inductance. As long as the inductor Wj

£,=16.6KHz

IV. DESIGN EXAMPLE

Based on the understanding of the constant output impedar
design and its related limitations, an optimal designforcerta . |z 4 se: 2 4 se: 2 4 &s5:
i i i i A/DIV  10.00 dB START 100.000 Mz

o.utput capac@ors can pe achleved_, WhICh smul?aneously ccg/BLy 49-99 38, Siagd . 000 Ogg 990
siders VRM size, transient and efficiency. A design process Is
shown here for a 12 V-to-1.6 V/25 A VRM using the Oscon caig. 18. Tested outer-loop gain and phase.

pacitor, which is listed in Table I. The required voltage tolerance

N

is 100 mV.
With the constant output impedance design, the ESR of tt
output capacitor limits the transient voltage spike. In order tt .88 g 880,
meet the 100 mV transient voltage spike requirement with
25 A load current transient, the ESR of the output capacitol.8 B * -

should be less than 4 mW. Although three capacitors in parallé S
can realize 4 mW output impedance, four are selected due = 1
considerations given to the ESR tolerance and some solderi .82 - e
and trace impedance.
A commercial peak-current controller (SIL6560) for 0.8 ‘ ‘ ‘ ‘
two-phase interleaving is selected for the VRM design. It ca 0 5 10 15 20 25 30
automatically achieve current-sharing, and the compensat Load Current (A)
can be designed (according to the discussion in Section Il) to o
achieve constant output impedance. The outer-loop bandwidtf 19 Tested efficiency.
is at exactly 16 KHz, which is the ESR zero of the Oscon
capacitor. Two MOSFETs with SO-8 packages are used in each channel;
Then, the output filter inductance can be determined basede for the top switclQ+ and another for the bottom switch
on the critical inductance value. 500 nH is selected according@g. Si4842 is selected fat because of its low gate charge,
(22) so that the inductance of each channeligil This induc- and Si4442 is selected fé@)p because of its loWRys on. The
tance value can guarantee that the duty cycle will not becomate driver LM2726 is selected for its fast driving capability
saturated during the transient. and very small dead time. Vishay's surface-mounted inductor
Finally, the switching frequency is selected according tHelLP-5050CE is used for its small size and low profile.
bandwidth and the inductor current ripple. Here, a 250 KHz Fig. 17(a) shows the tested transient response waveform
switching frequency is selected, which easily achieves 16 Khidgth the constant output impedance design. Perfect AVP is
crossover frequency with a stable system, and which is goachieved. Figs. 17(b) and (c) show the extended transient
enough to limit the inductor current ripple to 21% of thevaveforms during the step-up and step-down periods. With
inductor dc current. Also, the switching frequency is not sthe critical inductance design, the duty cycle is not saturated
high that the switching loss remains relatively small. during the transient response. The tested outer-loop bandwidth
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in Fig. 18 shows that the crossover frequency is exactly «
the ESR zero of the output capacitor. Fig. 19 shows the hi
efficiency achieved by using only four SO-8 MOSFETS, base
on the optimal design process.

This paper discusses the constant output impedance de
method utilized to achieve perfect AVP for the VRM transie
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V. CONCLUSION

response Both the voItage-mode and current-mode Contr&gplies, modeling and control for converters, design for distribute-power

can achieve constant output impedance. The limitation

salfstems, and power-factor-correction techniques.

voltage-mode control is discussed. For current-mode control,

the bandwidth is on the ESR zero of the output capaciter
such that the output capacitor determines the feasibility of t
constant output impedance design method. Also, the limitati
of the small-signal model shows the design guideline for tt
output filter inductance. Finally, an optimal design process
proposed, and a design example is given that achieves sr
size,
and experimental results prove that the use of the const
output impedance is a good design method.
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