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Abstract— A correlation is made between the shape of the closed loopoptimize the load transient response of a synchronous buck
output impedance of a buck converter and its load transient response. converter designed to meet the Pentium I VRM
This correlation is used to design the voltage mode feedback loop thatspecifications
achieves an optimum load transient response for VRM applications. ’
Additionally, a formula that predicts the peak output voltage

deviation as a function of the loop gain crossover frequency is TABLE |
derived. The design approach was validated on a prototype that VOLTAGE AND CURRENT SPECIFICATIONSFOR 2.0V

meets Intel Pentium Ill transient response specs. PENTIUM Il (K) PROCESSORS
|. INTRODUCTION b
Symbol Parameter | " (Ir\jﬂlze)ncy Min Typ Max Unit
The demand for faster, more powerful computers keeps
pushing ‘microprocessor manufacturers to pack morg. Voc for P 20 v
computational power and more features into each new Statc
generation of microprocessors. As a result, the power yg&agf:sagn (K) 450-500 | -0.060 0.070 v
requirements of a microprocessor, as well as the on-ghip system board
power dissipation, have steadily been increasing. As this oansent
; ; . -0.130 0.130 v
trend continued, adequate cooling of the processor, and the \Sfmngg
entire system, became an issue. In order to deal with tie Current for (K) 450 145 A
on-chip power dissipation, the processor core logic supply™® | Votoe (K) 500 16.1
. . Icc for Stop-
voltage had to be lowered. A lower core logic operatindfSot | Grant Ve, 0.8 A
voltage reduces the processor power requirements.
providing the clock frequency remains unchanged. h% loc slew rate 20 | As
other words, for a given power dissipation, a proces sor™

with a lower core logic operating voltage can run at a

. LS . In [4] the authors propose the use of constant off-time
higher clock frequency. Hence, it is quite clear that future . :
. . . . . rrent mode control. This control method inherently
high performance microprocessors will continue to migra : : : X
ers attractive features like the relative ease of closing

to lower core supply voltages and higher operating currepts . :
making power distribution and delivery increasinglg e loop and the.lnformanqn about the Ioagl current that can
difficult. e used to achieve the ideal load transient response by

As the processor core logic supply voltage is reduc%&fsdett'cnu%r;?ﬁ no'X'nnoatlhgruwélétnt\r/glltag;tﬁggetﬂirt]gblzn ftgre
more precise signal voltage levels are required to insuré ' . . .
[licroprocessor  power applications is summing mode

error-free  operation. Under the circumstance . : NPT
ntrol proposed in [5]. Summing mode control is similar

microprocessor manufacturers have had to impose v%.? . . .
P P ypical current mode control methods, but is claimed to

stringent requirements on both the static and the tranSIhz!l]ve a much higher bandwidth, and thus a better transient
output voltage regulation of the point-of-load modules

powering the CPU. A portion of the latest Pentium [[ESponse. While current mode control schemes advocated

VRM electrical specifications is given in Table | [1]!n [Zt]e,s[4a]uatnhcza [Se]xggnms(;ns;;ai dgu(z:(:a(ii tr;gi:i?}::;%pggs?; It

Meeting these specs requires careful optimization of b " ) ot il red the effic ¢ th
the power stage and the control loop. This paper will foc‘f}ér(rjerl1 Eegsgg (rje5|s Oé_w' rethuce ; ete :;nency of the
on the design and optimization of the voltage mode cont ule by 2-5%0 depending on the oulput voltage.

£In this paper, we will demonstrate how to use the closed

loop. An optimized control loop can save microfarads Ut | q ¢ a buck ter to desi d
output capacitance, thus reducing the size and the co gp output impedance ot a buck converter 1o design an
optimize a voltage mode control loop that will achieve a

the point-of-load module. ) S .
One way to approach the loop design of a point-of-lo nsient response _S|m|lar to the ones rgported n [4.] and
without sacrificing efficiency. This loop design

module is to use SPICE to simulate the entire circu . : - . .
However, this process is time consuming, and yields Iitﬂ%ethod eliminates the need for time-consuming simulation

insight into which circuit parameters need to be changeqo 0the entlt[(_e C|rcu||t anddoffers dlrectdn:s%ht |Into v(\j/htere trr:_e
improve the transient response of the converter. gmpensation poles and zeros need 1o be placed 1o achieve
alternative to “brute force” simulation, as it was point

etale desired transient response. In addition, we will be able

out in [2], [3] and [4], is the design oriented approach tr,Egtderive a simple formula that accurately predicts the peak

uses the output impedance of the converter to predictoﬁgpm voltage deviation due to a load current transient as a

transient response. This approach was used in [4]f1{8ction of the output capacitance and the loop gain

crossover frequency.
" This work was supported by a grant from Lucent Technologies,
Carlsbad, California, USA.




The voltage mode control loop will be optimized for a 1
12V to 2.0V synchronous buck converter intended to meet Alou
the specifications set forth in [1]. An overview of the buck
converter transient response is given in Section Il. Section
Il examines the conventional voltage mode loop design. Tdvl
Section IV introduces the concept of optimum transient
response, and Section V explains how to achieve it with  av, AV ,

. 2
voltage mode control. Sections VI and VII are devoted to ¢ AV,
transient response simulation and peak output voltage s

L ) . 4 AV,
determination, respectively. Experimental results are . °
. . . . . 2
presented in Section VIII, and conclusions in Section IX. ot
P :
II. OVERVIEW OF THEBUCK CONVERTERLOAD TRANSIENT 1112 13 14

RESPONSE

. Fig. 2. Typical transient response of a synchronous buck converter to a
A closed loop buck regulator with voltage mode contr¢ load current step occurring at =t

is shown in Fig. 1. The output of the regulator is . . ]
connected to a dynamic (microprocessor) load. The loagiélden change in the load current in an open loop fashion.

current requirements can change from almost zero”A® @ result, during,) the control loop can simply be
12.5A in a fraction of the regulator’s switching period. Amitted, and the circuit of Fig. 1 can be modeled as shown
typical regulator response to a load current change witHaig- 3. In Fig. 3, the buck inductor is modeled by a
slew rate of 20A/ps (Fig. 2a) occurring at t=t, is sketched constant current source; _the _equwalent series resistance
in Fig. 2b. Fig. 2b shows that after a load current transigifid the equivalent series inductance of the output
the output voltage begins to droop because of the pow@Pacitors ESR and ESL, respectively) have also been
supply’s inherent inability to instantly change its operatm@cluded, as they contribute to the output voltage deviation.
point. The controller senses the output voltage error and he output voltage deviation durinif;, AV, can be
attempts to correct it. Eventually, integral action of ti@lculated using the following expression:
control loop eliminat_es any stee}dy state error in the _out[_M;,o1 =z.0,, 1)
voltage and returns it to its nominal value, as shown in Fig.
2b. Between the time when the load current transievitere Z, is the open loop output impedance of the
occurs and when the regulator output voltage returns tocitsverter, and, is the ramping load current.
nominal value, four distinct response intervalsthrough From Fig. 3, it can, by inspection, be determined Hyat
l4, can be identified. is the impedance of the output capacitors. At the
The first interval, {, coincides with the rise-time of thefrequency of the load current slew rafg,is dominated by
load current; 4 represents the time needed by the contthle ESRandESL of the output capacitors, but the discharge
loop to react to the disturbancg;i the time it takes the of the output capacitor has been included for completeness.
average inductor current to become equal to the ld@adnsequently, the resulting peak output voltage drop
current, and 4 is the interval during which the outputduring | can be calculated using (2).
voltage recovers to its nominal value after reaching its

2
minimum value at=ts. AV, = AV, +AV, = ESLC;I: +ESRA, +1 CAISI 2)
o dt

A. Interval |y
Since At;=t;-t, is much shorter than the switching-rom (2), it is clear thaAV,, depends on the number and
period, the control loop cannot immediately react to tHize quality of output capacitors, and the magnitude and the
disturbance. Thus, the converter initially responds to tlew rate of the load current ste¥/,; does nodepend on

any feedback loop parameters.

< B. Interval |,
[o} v, b v, At t=t; the load current had ramped up to its final value,
1YT - and the controller still had not had time to respond. Since

: we are primarily interested in the maximum output voltage
deviation, let us assume that the controller turns the main
. switch @Qy) on att=t,, after the worst case delay, given
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Fig. 1. Closed loop buck regulator with voltage mode control Fig. 3. Equivalent model of the buck regulator output dusing |
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by: impedance of the convertefy,. The closed loop output
t, =D'T, +t, =t, -t, =At,, 3) impedance can be expressed as:
ZO

whereD' is the duty ratio of the synchronous rectifieyjs  Zm = Zo = , (5)

L 4 : . 1+T
the switching period, and, is the propagation delay . .
through the PWM comparator and the MOSFET driverhere Z, is the open Ioop_ output lmpe_dance of t.he
During At,, the full load current discharges the outp@onverter, and' is the loop gain, both of which can easily
capacitors causing the worst case output voltage drof?® calculated using standard small signal modeling

be: methods.
Al, D. Interval ,
av, = C AL, ) At t=t;, the average inductor current becomes equal to

[¢]

the load current. Consequently, aftert; the output
where C, is the total output capacitance. Equation (4ppacitors will start to recharge to their nominal voltage.
shows thatAV, is determined by the value of the output During I, the converter remains in the normal mode of
capacitor, the magnitude of the load current step, and dperation dictated by the control loop. Therefore, the
worst case delayfy, which, in turn, depends on theThevenin equivalent model used to model the converter
switching frequency, and the duty cycle; again, like during kremains valid during,l

AVy,, AV, does not depend on any feedback loop

parameters since the loop has not had enough time to  !ll. CONVENTIONAL LOOPCOMPENSATION
respond to the disturbance. In the previous section it was pointed out that the
C. Interval I designer’s ability to influence the shape of the load

transient response using the control loop is limited to
iﬂgervals kb and L. Thus, these two intervals will be the
focus of the remainder of this work.

At t=t,, the controller finally turnsQ; on, and the
feedback loop attempts to correct the output voltage to

nominal value. During the ensuing time intervh= ts-t,, In a tvoical bower supoly application. the primary aoal
the inductor current starts to ramp up, but the outpyt yp P pply app ' P Y9

voltage continues to decrease until the average indudg? 'deS|gn s to tightly rggulate the output voltgge. In
current becomes equal to the load curremtiat addition, the re;gulat_or will most Ilkely.be required to
During &, the duty cycle @) may or may not saturatereSpond to relatively infrequent changes in the load current
31

(keepQ, on for more than one whole switching period). hhat pertainly do pot ha_ve the dynamics or the magnitude
D saturates, the formula given in [6] can be used rl%qwred by Pentium microprocessors [1]. Consequently,

. . ransient response is frequently a secondary concern.
calculateAVs. This formula can be used in cases when t P q Y y

buck inductor is too large to change its state within of der the circumstances, the voltage feedback loop is
9 9 ugually compensated in such a way to achieve a dominant

switching cycle and the feedback has enough gain to " . . L
command a unity duty cycle based on the disturbance u|6| frequency pole, single slope, loop gain characteristic,

the inductor current becomes equal to the load current sing the loop in this manner insures a tight output
on the other hand, the duty cycle does not saturate eit Qliage regulation due to a high DC gain, and a reasonably

e . . _
because the inductor can change its state quickly Or(gd .tranS|ent response  depending on the achieved
tz%ndmdth.

bepause the loop doesn't have.enoggh gan to comman the load transient response of a buck converter with a
unity duty cycle, the formula given in [6] will not apply.

Instead, a formula that takes into account the d namicscopventional voltage loop can be examined with the help
’ y of the Thevenin equivalent model of Fig. 4. When the
the control loop should be used to calcula¥s. Such a

formula will be derived in Section VI, switch S, is closed, it produces a step change in the load

. current. From Fig. 4 we can by inspection write an
If the duty cycle does not saturate during the 9 y P

) : expression for the output voltagé,
converter of Fig. 1 can be modeled by its Thevenmp P Ok

equivalent circuit shown in Fig. 4. The Theveni
equivalent model takes into account the action of the

control loop which results in the regulation of the output
P 9 ;%should, however, be pointed out that (6) is valid only if

(9= -7, (9. (6)
S S

voltage and a modification of the open loop outp q e d ter th h 1 th
impedance of the converter. Thus, the Thevenin volt uty cycle does not saturate after the step change In the
ad current. In this case, even thougfh) is not a small

source,Vqy, is the regulated output voltage; the Thevenir . X
impedance, Zn, is equal to the closed loop Outpu§|gnal perturbation, the mode of operayon of the converter
does not change. As a result, small signal models used to

| derive (6) are still valid, despite the temporary increase of

Ve the duty cycle.

— 1 In order to calculate the transient response using (6),

S Z7y(S) needs to be calculated. As it turns dy(s) can
easily be determined graphically. Fir&y| is sketched, as

Vin <> QD shown in Fig. 5a. Since the common single slope loop

stoplgrant e gain characteristic is assumed| §nd |1¥| can easily be

core plotted as shown in Fig. 5bZ:}|, given in Fig. 5c, is

obtained by simply “doing the algebra on the graph”, i.e.

Fig. 4. The Thevenin equivalent model of a buck regulator output duringraphically addingZ,(s)] and |1#|. From Fig. 5c, an
Isand }

Icc




expression for Zyy(s) can be written by inspection.
Substituting this expression back into (6) results in a Alou
frequency-domain expression for the output voltage.

Fig. 5¢c shows that with single slope loop gain, the
output impedance starts to quickly decrease belgvand AV,
becomes vanishingly small at low frequencies. When this
result is substituted in (6), it becomes clear why the output A,
voltage quickly returns to its nominal value after any kind ¢ ----------- Lower staticlimit
of disturbance. Consequently, the peak to peak voltage Lower transient limit
deviation due to a loading transient followed by an
unloading transient is approximately equal to twice the oty
peak output voltage deviation due to a loading transie—*
alone. If, on the other hand, the output voltage were Fig. 6. Typical transient response ofasynchronous buck converter to a
stay at, or close to, the lowest level it had reached after tiic load current step occurring &t
loading transient, extra headroom would be available for
the unloading transient; the peak to peak output voltage/. ACHIEVING OPTIMUM TRANSIENT RESPONSE WITH
deviation could approximately be reduced in half. VOLTAGE MODE CONTROL

IV. OPTIMUM LOAD TRANSIENT RESPONSE With voltage mode c_ontrol the inform_ation abou_t the
value of the average inductor current is not available.
It is by now apparent that the single slope loop gainHgnce, it is not possible to offset the output voltage based
not the best way to close the loop in Pentium power supgly the value of the inductor current. Instead, the desired
applications. Instead, the system behavior during intervilgnsient response shown in Fig. 6 needs to be achieved by
I3 an |, needs to be influenced by the control loop #lever loop design.
minimize AVs (see Fig. 2) and control the output voltage The problem with conventional single slope loop gain in
recovery during 4 Therefore, once the power stagghe context of the optimum transient response in
components and the switching frequency have been chasggtroprocessor applications was clearly outlined by (6)
based on (1)-(4), optimum control loop design can BfAd Fig. 5c. The rapid decrease B&f||below « is
undertaken. IAV; (see Fig. 2) can be brought within statigndesirable, and should be eliminated through more
tolerances, the loop should be designed to minirAie suitable loop compensation.
and realize the response shown with a dashed line in Fig. &n examination of Fig. 4 in conjunction with (6) leads
Otherwise, as will most likely be the case, the loop shoutd a conclusion that the dashed-line response in Fig. 6
still minimize AVs, but will, in this case, have to achieveequires:
the response shown with a solid line in Fig. 6, and aIIoZN =Ry=const @)

the output voltage to return to within the static tolerancé"
limit. Similarly, the solid line response shown in Fig. 4 could be

realized with:

7 _[R =const,f>f
2ol L ™ ERZ <R =const, f < f_
Jab\-l
] s \— where }/f must be less than or equal to the time during
\\\\ QL m

N which the output voltage can be outside the static limits
<Rz W [1]. Since the general shape &f of a buck converter is
sk |1+T | predetermined, equations (7) and (8) define the shape of
s the loop gain that needs to be achieved.

~ A typical open loop output impedance of a synchronous
buck converter is shown in Fig. 7a. In Figey :/1/\/?

(8)

b) 2 is the filter corner frequency,Q, = % is the Q factor
|Zot| associated with the series resistance of the induBtor,

\\ R,=J%, is the characteristic impedance, and

— W, = J(esrq,) IS @ zero due to th&SR of the output

capacitors. The loop gain required to achiexsg,
L described by equations (7) and (8) is given in Fig. 7b by

/uo o the dashed and the solid line, respectively. In Figwib

— Wo=Wy1= Wy2 W W (3 .

Q w2, and apy, Wy, are the two compensation zeros and the

©) two compensation poles, respectively, andis the loop

gain crossover frequency.

Fig. 5. a) Typical open loop output impedance of a buck converter, b)  Shaping the loop as shown in Fig. 7b results in a closed
Single slope loop gain, ¢) Closed loop output impedance loop output impedance presented in Fig. 7c. Figures 7b




VI. ANALYSIS AND SIMULATION

|Zol
/\ Once the shape of the closed loop output impedance has
_ w S been determined by “doing the algebra on the graph”, we
o \— can by inspection write the expression fdg. If
, _ . . T . .
] Q. 2 wz Q—‘L’<o.§2< w, = /]/JTQ, , Zot Is drawn with a solid line in Fig.

7c, and can be expressed as:

-1 \
\\\\ _____ ’// %
N B-{-a)l%-}- /DL E
S
Z,.(s)=ESR . 9)
b) N He+ @M+ @afff 4 @2
|Zox] O sm sm sO
; ----- == . \ In a special case, whea=w, :/va Z takes the
\ shape shown with the dashed line in Fig. 7c, and (9)
01 0 wf @ | 6 Gho o reduces to:
c
H+%H
Fig. 7. a) A typical open loop output impedance of a buck converter, by (s)=ESR o s . (10)
Targeted loop gain, ¢) Optimum closed loop output impedance of B. w %_ w, B
+ < + 4
o sm sid

and 7c demonstrate that only the location of the _ _
compensation zero w, determines whether Z,; Substituting (9) and (10) into (6), respectively, and

approximates equation (7) or (8). df, is placed atg—f, rearranging, we get:

Z.; approximates (7) (see the dashed line in Figs.7b and go)g) - Vo _Al [ESR (s+w,)(s+“%) (11)
and results in the dashed transient response in Fig. 6. On S ° (stw,)(s+w,)(s+w,,)

the other hand, it is placed betweer%’ and wy, Zs

approximates (8) (see the solid line in Figs. 7b and 7c) ands) :ﬁ—mu [(ES (s+w,) (12)
yields a transient response shown with a solid line in Fig. S (stw)(stw,)

6. . . .
N . Equations (11) and (12) are frequency domain expressions

Further _examlnatlon _Of Fig. _7 reveals that t Cr]the cor(we)rter Ol(Jtpat voltagqe dur?/ng and . Pl'he
compensation zeray, and its associated pole (assumed [@aihematica™ software package can be used to calculate
be at zero frequency and not showa),, actually hurt the e inverse Laplace transform of (11) and (12) and plot the
transient response by reducidg at low frequencies. In eqyiting time-domain converter output voltage behavior
fact, without this pole-zero paiZ.; would have the exactqyring |, and L. Simulation results for two compensation
shape needed to achieve the ideal transient respoRs&forks designed to approximate (7) and (8) are given in
shown in Fig. 6. Unfortunately, if this pole-zero pair Wel€q 8 by the dashed and the solid line, respectively.
omitted from the compensation, the integral action of theysing Mathematica’s built-in inverse Laplace function,
control would be eliminated, and the required tight staligagicting and plotting the load transient response of the
voltage regulation could not be achieved. Therefore, SORg\verter takes only a few seconds compared to several
transient performance has to be traded for static voltagg\ytes required for a SPICE simulation on a Pentium II
regulation. 450MHz workstation.

Since w, and « cannot be omitted from the gathematica is an efficient tool for calculation and
compensation, their location has to be chosen carefullypygtting of the time-domain transient response. However,

minimize their effect on the transient performanc@oing the task analytically yields significant additional
Namely, inZy w; becomes a dominant low frequency

pole. The location of this pole determines the rate of the
output voltage recovery after a load transient. As it turns

out, [1] specifies a load toggle rate of 100Hz to 100kHz.
Therefore, placing the dominant low frequency pol < 1.98
(compensation zeray) in Zy far below 100Hz insures E
that the output voltage will not significantly recover befor > 1.96
the worst case unloading transient (100Hz) happens, thus
providing the needed additional headroom for the transient 1.94 (N===—=——————————c——===-=
response. The poley; can be placed anywhere from a
decade belowy,; all the way to zero frequency, depending
on the static voltage regulation requirements. Plaaing 0 20 40 60 80 100
above zero frequency results in a finite closed loop output t [us]

impedance at DC, and thus, in a finite output voltage offset
(steady state error). Fig. 8. Simulated converter transient response dugiagd 4




design insight.
Taking the inverse Laplace transform of (11) and (12)
yields time-domain equations for the converter output

voltage given by (13) and (14), respectively. W MWMW
V,(t) =V, —Ol, [ESRIAE™ + Ae ™4 + Ae ™) (13) 2
V,(t) =V, —Al, [ESRAE™ + Ae ) (14) o,

where A;, A,, and A, are constants. Equations (13) and
(14) show that the converter response duriggisl a
function of the loop gain crossover frequenay, and the
compensation zeros@,; and w,  Furthermore, since
AVy(t) in both (13) and (14) is a sum of decaying
exponential terms, the shape of the transient response ran
be controlled by appropriately adjusting the time consta Fig. 9. The output voltage of the point-of-load module under the worst
of each of the exponential terms. In other wordsy,ifo case transient conditions (load frequency = 100Hz)

andd("&i are proglerli/hchosen% the tfa”FS_'e”é rgl'_sr?or)se Cta”fﬁ?s deviation is in fact within the static voltage tolerance
ma etho restgml € tiwavetorfnl]:‘cf m7_|gh - (IS 1S acluY ied in [1] with only 160uF of output capacitance.
a mathematical restatement of Fig. 7; choosing approprigig, experimental results also verified the validity of (16):

time constants is equivalent to shaping the closed outh k measured deviation duringaas 56mv versus 60mV
impedance according to (7) and (8). The added value PLi 1 in Ei
(13) and (14) lies in the opportunity to examine the dicted by (16) and demonstrated in Fig. 8.

contribution of each exponential term to the overall IX. CONCLUSION

transient response and derive closed form expressions for _
peak voltage deviation. In this paper we have shown how to correlate the desired

time domain converter response to a step load current

VII. CALCULATING THE PEAK VOLTAGE DEVIATION change with the shape of its closed loop output impedance.
. . . . .. The closed loop output impedance is then used to
Equation (14) is particularly suitable for obtaining Betermine the optimum shape of the loop gain and thus, the

closed form expression for the peak output VOIta%%timum location of the compensation poles and zeros.

de;watmn d.urmg d Finding the peak voltage 'deV|at|0n "Since all relevant equations can be written by inspection,
this case Is equwglent to fmdmg th? maximum of t.qﬂis design-oriented approach doesn’t require any lengthy
expression t_o the right qf the minus sign In (1‘.1’)' T""k'r@ﬁerivations, and offers immediate insight into how each
the first denvafuve of th's expression, setting '.t equal E%mpensation pole and zero affects the transient response
zero, and solving fot Y'EIdS the t'meFm‘” at which the of the converter. Thus, the proposed method insures that
output voltage reaches its lowest level: the desired load transient response can be achieved without

1 A o time-consuming trial and error loop design using a circuit
tmin = In <
W, ~w, % A Ldo,, E

(15) simulation tool.
The validity of the voltage mode loop design based on

Substitutingtmi, back into (14), and making the appropriaté®_closed loop output impedance was experimentally

approximations, we get an expression for the peak out}gfified on a prototype buck converter built using
voltage deviation durings] exclusively surface mount parts. Tight static voltage

regulation and the desired shape of the converter transient
Ln response were achieved by proper feedback loop design. A
AV, = Al, Eﬁg (16) transient response typically available with current mode
w.C, fw, control schemes was realized with pure voltage mode
control. Hence, by eliminating the current sensing resistor
the overall efficiency of the module was improved by 2-
3% without degrading the transient response.
Theoretical results were verified on a prototype
synchronous buck converter. The input voltage was X. REFERENCES
chosen to be 12V, and the nominal output VOItage W8S intel document, “VRM 8.2 DC-DC Converter Design Guidelines”, Order
2.0V. A voltage mode feedback loop was designed based Number: 243773-002, March 1999.
on (7), (8) and Fig. 7, and implemented as shown in Fig{zj.- Z. Zhang, SCuk, “Improving Transient Response of Switching Converters,”

The loop was designed fd)zr1:20Hz,f22:(;—‘i:2.7kHz, and IEEE IPEMC Record, November 1997.
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