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ABSTRACT

This thesis presents feedback control design of switched mode power supplies using the
frequency response method. The design method is described and illustrated with a buck and a
boost converters. The designed converters were prototyped and tested for output voltage
regulation and transient response due to step load change. Experimental results show that the
prototype converters possess good -output voltage regulation and fast transient response,

confirming practicality and validity of the design method.
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R CATR RGN
Z,
| puasen |
—
RO '
1% L_J 7y \4 (S)
O ¢
o—_
vmf(s)
Error Amplifier
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3.1 ymh

mseenuuuNsyas IasisnansuausuFinmudiiuismseenunuiiie T
Wudealdmmiimendamanitugs uazmsimssiguaniasumaaiosnmysaszuy
amnsanszi laoinsananilanducioTourndla (open loop transfer function) ¥8ITEUY
arunguiloundy mMysenUUYNTFATETAETE T e UNLHUM N TR (bode diagram) lay
ponuUUNIssAtite 1T unuam Tuavesilafdud o Touvssssamoiiesufuumunn
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—
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v (s) T(s)

= G.D
v (s) 1+T(s)

T(s) = Gp(s)Gc(s) =G, (s)G_(s)G_(s)

- o a ar o o a
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- o o 4 " o o o o o o
G,(s) fie Handumsloussrinussiuetayauazaan lsfavesssulasiu
HIIAU
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HadFuawlourdan ldinsauiensavaemadosnmvsaszuy ldun launssu (phase
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AB HOANNSEUIN 180 nuamuiinnudasea lsiissuaadizli 3.2(n) ssuun
] 0N a2 o 0 { Py L4 v
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1. Amuald £ =0.1£ = 10 kiz (0.1 mwesndlumsaind) uasengli 4.6
(n) Saswesiinnuinsea ToneussilaisudioTouvessmamids fe —11.82 dB §afu
1w 138nsmvneiinnutaseaTeneivesilafdudioTouversessaomindy 11.52 dB

2. MeInadafinilvessvsvased f,=1Hz @nddn

3. M Inadiiesversesvaed £,=8000 Hz (1ndfy f,=8377 Hz)

4. Mo ssamsd £, =£,=1500 Hz (In@fY £,= 1391 Hz)

5. AMumMSATIvNNgUR 4.6(4) (+1 e +20 dB/decade) 1314

- Sasweudi £, vitusanvenei £ fo 11.82 dB

- $AT 1087 £, 1arSAS1NGT £, i 20l0g(1500/8000) + 11.82 = —2.72 dB

- Sav1unedi £, fie -20l0g(1/1500) - 2.72 = 60.80 dB

- SaswenuABuiAusavenod £, e 60.80 dB (1096.48)

6. Amprginsaaaeild s R =1200 R,=R,=560Q R =500k
uaz C,=C,=0.22 pF
hrmgUnssisao Tlimuluaunisii 2.9) ez 18fadSudeTouvessssamosaauntsi

(4.20)

¥ (s) (1+0.12 x10 "s)(1 +0.12 x 10 s)
G.(s) = = 735.29 —
¥ () (1+0.11s)(1 + 0.02 x 10""s)

(4.20)
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v. Tnua DCM
a A Yo w o v a4 aa o - o
Nes¥aeidenlFdmsvaesutasiuusauad-adunuinduunuinam iy
lercy v A A w P & o

Tnun DCM 1oz l¥iEMsnuguuuuLsay Ao 2esvasouuy Inafioadglin 2.7 &l
Hendudolsussnindyanumuguuazussdumdnadaaunsi 2.8) Tasluniseenuuy
szifionfiensannesinlasiuusduag-Aduuutnnsdinussiuduyadiga (v, = 20 V) tae

o o A aag ¥ ' el o
sz WHATITA (I, = 0.28 A) dhundniissnindiunsdii raneuauswdiiqa Heddu
] 0 o o J é 1 :
o1wTeuveanesmamaslunsdidinadaldnamagauetaumsii (2.2) wazaunsi 2.7)

uerad [asarunsn (4.21)

v _(s) d(s) (1+19x10"°s)
G, (s)=— =10.52 - (4.21)
d(s) v_(s) (1+1.53x10 “s)

urunw Tuaieassasvne lasnmsyszinaeaduInanaasldmeg Ui 49(m) Taofidlisu
(ilo1197n ESR vesdafiuilszy C ogiinad £ = 8377 Hz waz Tnaeginmd f =104 Hz

mseonuUIsYABTANNIouaRTiud RIS IReuR e T

1. dmuald £ = 0.1f = 10 kHz (0.1 MesnNG lumsaiag) aznngUdi 4.9
(n) SaswenviinnudnseaTlenssvesilaidudiolouvesrsssnindida fis —17.68 dB faru
wldsasneiinnuinsenTenesvesilaiFudwlouvesasssasoniiy 17.68 B

2. T Inadiiniiaweasessaei f,=1Hz (Mrmia)

3. Auumsasvmenngyi 4.9v) 114

- Sas19167 £, Ao -200g(1/10000) + 17.68 = 97.68 dB

- Sasnsgimitusas e £, 71 97.68 dB (76560)

4. f‘hmmthﬂniafamwsﬁ"h’f' Tun R,=82Q R =500k uay C,=0.33 uF
vhmgUnsalvase lunuluaunsii 2.8) ex'18fadFudioTeuvestessamodaaunmst
4.22)

v, (s) 1
G,(s) = = 60975.61————— (4.22)
\"10 (s) (1 + 0.165s)
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f. Ivua DCM-CCM

’
A A o 9 o

nvsvaeidon i miunesulasussuds-asuuundunuuiivian 187
Tnua DCM uaz Inua CCM uazlF3ITmsnunuuuBIsIny fis WssarsuLaes Inades
#15 Taolunmssonuuuszidentinsaeesulasiuusiuad-aguuuinluInua coM
ninitosnuamdosnm1dieniiii nua DeM dnfudonlviildinsanlunsesnuuy
Nesyavetaniloudvluideit 43.10 fe nsdifiussdudunadiga (v, = 20 v) uaznszua

o ¢ o v o o 9y ar -
D1IANATYA (I, = 4 A) MenFutTouvssnvsmamdeasidniaunisi 4.23)

\"o(s) &(s) (1+19 x 10—65)
G (s)= R =11.11 = =, (4.23)
d(s) \7c(s) (1+0.06x10 s+11.83x10 s°)

urunm Tuauaadasivon Taonslszmameasy Inauaas Iddag il 4.12(n) TaofidTssu
ifiBa11910 ESR vosdaufulsey C ogiianud £ = 8377 Hz waz Inageginawg f = 1463 Hz

myeenuuITATBIaAuTud T uney Fereluii

1. fmuald £ =0.1£ =10 kHz (0.1 miwesarmdlunisadng) wazanguit 4.12
(") sasvoufinauinsealansfvesilnsudieTauvesrssniaiigs 719 —10.94 dB ﬁ'ufu
w8sasmmoiinnuiinsedTenesvesiladsumeTouveaavssaiominiy 10.94 dB

2. MaTnadaiinitiwersessaweii f,=1Hz @i

3. mInadiinesvenses s £,=8000 Hz (Indfiy f,=8377 Hz)

4. MEFTRaaveivea s sasd f, =f,=1500 Hz (Indfu f,= 1463 Hz)

5. fuamsnTeenngli 4.120v) 9214

- Sareedi £, WSS OEH £ fD 10.94 dB

- Sas1veei f, tazdasvesi f, f92010g(1500/8000) + 10.94 = —3.60 dB

- §as1ue0fi £, Aie -2010g(1/1500) - 3.60 = 59.92 dB

- SaswneAghusauned £, fiv 59.92 dB (990.83)

6. AmnugUnsafyaseild 1dus R=1200 R,=R,=560Q R =500k
Uaz C,=C,=0.22 uF
hmgunssivae lunuluaumsii 2.9) s 18RadFudiolouvesransvamedaunsd

(4.24)

¥ (s) (1+0.12 10 "s)(1+0.12 x 10"s)
G_(s) = = 735.29 —
v (s) (1+0.11s)(1 + 0.02 x10 's)

(4.24)
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° [ (Y [y 3
43.2 pIeenuuuaNNesYArsdmivesilasiuuswund-agunuyad
by ° o o @ A A I o
n1seenIUUE 1TFAIsET T uNesuasiuLs WWAS-AFuuuyaaihauly
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Tnwa ceM uaz1§3Emsauguuunnsidu ssidenldessaseisasuuy e 195 vaIvY
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uuEed Inagesd Isuazessarouvy Inamo? aatl

n. Woldnsrasuvvass Inanedls

v A ada o

Tumsesnuuvezideninisannesudasivusiuad-Aduuuyadnsdfinssua
wAwagaga (1, = 3 A) dundnilesninnaaiosnwldheiigana: hivanouaussiiudi
qa ndudwlouvenesmaiidalunsdidanandaldnnraguussaumsi (2.3) aums

1 (2.7) wazaumsn (4.18) uaad laaaaunsi (4.25)

V() 9_(s) d(s) (1+56.10 X 10 "s)(1 - 27.90 x 10 "s)
=417

G (s)=

P

- - (4.25)
¥.(s) d(s) ¥_(s) (1+0.03x10 °s+43.40x 10 s")

wrun Tuaudassas s Tasmstszinameady Inauaas1dfagui 4.15(n) Taolid 136y
iiisaneIn ESR vesiuiulsey C egiinamd f, = 2837 Hz @Tsmedhuvavesssuny
1Bedfou s egfinad £, = 5704 Hz way Inagegiinad £, =764 Hz

nseenuuessAsuaasiidRuTuaeu fueTui

1. fmuald £ =f., = 5000 Hz (lifunrdvesdTsmedmumnvesssum
Fadou s) uaznngtlit 4.15(n) SasweeiinamdnsedlonevesiladFumoTouvearaes
mMAMd fio —15.31 dB dntuez1dnsveisiinnuinseaTenefvesilaisudioTouvean
WYALFLIMIAY 15.31 dB

2. e Tnadaiinilivesnesvaed f,=1Hz (@inridia)

3. e IwaffiaesUsanessaoi f,=3000 Hz (Indfu £,=2837 Hz)

4. M3 T3RaesfIvenesvAsh f,=£,=700Hz (1n8M £, =764 Hz)

5. fAmnumsanueenngi 4.15x) 114

- Sas1ue1 £, mfusasved f fi0 15.31 dB

- Sas1veedi £, s sas1veod f, 7D 2010g(700/3000) + 15.31 = 2.67 dB

- 81907 £, Ao -20l0g(1/700) + 2.67 = 59.57 dB

- Sasvneasihiusas el £, 718 59.57 dB (951.70)

6. AmnusigUnsalyaeild 1éus R =560 @ R,=R,=18k2 R =33MQ

uag C,=C,=0.12 uF
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P
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¥ _(s) d(s) v_(s) (1+0.03x10"s+43.40x 10 s")
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$buck converter in CCM
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zesr=52632;

p=9535;

01=0.81; %R=0.5
02=3.50; $R=5

$3%3Vi,min and Io,max
numpl=[Kpl/zesxr Kpl]};
denpl=[1/p”2 1/(p*Q1l) 1};
Gpl=tf (numpl,denpl);

$%Vi,max and Io,min
nump2=[Kp2/zesr Kp2];
denp2=[1/p~2 1/(p*Q2) 1];
Gp2=tf (nump2, denp2) ;
$two-pole compensation circuit
Kc=735.3;
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$overall

$%Vi,min and Io,max
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w=logspace(0,8,100);
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Kel;
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Practical Compensation Circuit Design of Switched Mode Power Supplies

K. Kittipeerachon, C. Bunlaksananusom
Dcpartment of Control Engineering, Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang (KMITL), Bangkok 10520, Thailand

Abstrac—This paper presents practical Switched Mode
Power Supplies (SMPS) compensation circuit design based
on the frequency response method. The design is aided by
MATLAB, which facilitates the formulation of transfer
functions, construction of Bode plots, and calculation of
compensation circuit component values. Design examples
are given for a buck and a boost converters. Experimental
results obtained from the prototype converters show good

P ltage regulation and fast transient resp to a
step-load change, confirming the practicality and validity of
this design method.

Keywords—Feedback control design, Switched Mode
Power Supplies

1. INTRODUCTION

Switched Mode Power Supplies (SMPS) have
become an indispensable part of modem electronic
systems. The operational success or failure of these
modern devices is strongly dependent on a quality of the

_voltage provided by their power supplies. The SMPS
yield-a constant output voltage by means of feedback
control, with Pulse Width Modulation (PWM) being the
most widely used technique. Invariably, objectives of
SMPS feedback control design are to yield the output
voltage that is stable and well regulated, and responds
sensibly fast to disturbances such as a sudden load
change. These targets can be achieved by appropriate
design of a feedback compensation circuit.

In the past decades, modeling of SMPS power stages
has been a subject of intense research with the results
leading to transfer functions that accurately model small-
signal behaviour of the circuits [1-3]. The use of these
transfer functions is primarily in feedback compensation
design to give a power supply desired performance. In [4],
the compensation circuit design using the frequency
response technique is described. The technique involves
selection of poles and zeros of a compensation circuit so
that a cascade transfer function of the power stage and
compensation circuit, namely an open-loop transfer
function, exhibits desired frequency characteristics and
does not violate stability conditions. Practically, this is
carried out graphically on a Bode plot, where asymptote
lines are usually used in constructing the plot to simplify
the design process. Due to its graphical nature and
simplicity, the frequency response technique is widely
adopted in practical design of SMPS compensation
circuits. Using the technique, reference [5] presented

0-7803-7885-7/03/$17.00 ©2003 IEEE.
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feedback compensation design of a buck converter.
However, in this work the design result was verified only
by simulation, and no results on output voltage regulation
and transient response were given. Recently, there have
been works reported on the application of optimization
techniques in the design of SMPS compensation circuits
[6,7). Though good results have been reported, these
methods are nevertheless computationally intensive,
require the specifically developed optimization routine
and user interface program, and occasionally do not
converge at a desired result. Hence, practicality of these
optimization techniques is questionable.

This paper presents practical SMPS compensation
circuit design based on the frequency response method
[4]. The design is aided by MATLAB, which facilitates
formulation of transfer functions, construction of Bode
plots, and calculation of compensation circuit component
values. Incorporating MATLAB into a design process
helps reduce the design time substantially, and enhance
design accuracy, as there is no error associated with the
asymptote approximation in the Bode plot construction.

II. OVERVIEW OF FREQUENCY RESPONSE METHOD

From the control system point of view, SMPS arc a
voltage regulator, consisting of a plant, Gy(s), which
mncludes a power circuit and PWM modulator, and a
compensator (or controller), G(s), as shown in Fig. 1.
The transfer function Gy(s) is known from the chosen
converter topology, mode of operation (Continuous
Conduction Mode, CCM, or Discontinuous Conduction
Mode, DCM), and control method (voltage mode control
or current mode control), while the transfer function G(s)
is dependent on the compensation circuit configuration
used. Given G,(s), G(s) should be designed to yield the
open-loop transfer function, G,(s)G(s), the following
characteristics:

1) A gain at low frequencies should be high. This is
required for good output voltage regulation.

2) A crossover frequency, f,, a frequency at which a
gain of Gy(s)G(s) is equal to 0 dB, should be high. This
indicates the increase in system bandwidth, which is
required for a fast output voltage response.

3) A phase margin, a difference between 180° and a
phase of Gy(s)G(s) at f., should be more than 45°. This is
to avoid an output voltage response with large overshoot
and low damping.
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Fig. 1. A control block diagram of SMPS.

There are a number of techniques for designing G.(s)
to accomplish the above objectives [8). In this paper, the
following design procedure is adopted:

1) Specity f. and find the required gain of G(s) at
this frequency, which is equal to the gain of G,(s) at the
same frequency, but with an opposite sign.

2) Place one pole of G.(s) at low frequencies, as this
will give a system a high gain in the low frequency
region.

3) Place the remaining poles and zeros of Ge(s)
close to zeros and poles of G(s) respectively to cancel out
their effects.

4) Recognizing f. and the gain of G.s) at f,,
calculate a gain of G(s) at the frequencies of poles and
2€ros.

5) With the complete gain frequency characteristic
of Gs) obtained in the last step, calculate the
compensation circuit component values.

The value of £, selected in step 1 depends on types of
power circuits. For a buck converter (and its family)
operating in CCM, G,(s) has all poles and zeros on the
left half of the s-plane; f. is typically chosen to be
between one tenth and one fourth of the switching
frequency, f,. For a boost converter or a flyback converter
operating in CCM, G(s) contains a Right-Half-Plane
(RHP) zero in addition to poles and zeros on the left half
of the s-plane. In this case, f. is typically chosen to be
below the frequency of RHP zero to avoid instability.

M. CoMPENSATION CIRCUIT DESIGN EXAMPLES

In this section, the compensation circuit design
procedure outlined in section II is demonstrated with a
CCM buck and CCM boost converters. Both converters
use voltage mode control for output voltage regulation
and the compensation circuit shown in Fig. 2. The circuit
comprises two poles (at f,; and f};) and two zeros (at £,
and fp), which is suitable for compensating CCM
converters.

A. Buck Converter

The CCM buck converter in Fig. 3 has the following
specifications: V; = 20-25V, V, = 5V, I, = 1-10A, f, =
100kHz. The power circuit’s parameters are as follows: L
= 55pH, C = 200pF with Equivalent Series Resistance
(ESR) = 0.095Q2, and R = 0.5-5Q. The compensation
circuit component values: R;, Ry, R;, Ry, Cy, and C, are to
be determined. The power circuit’s transfer function is
given by
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Fig. 2. A two-pole two-zero compensation circuit.
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where o, RC’ o, TL-C . Q m,(RR,C+L]'R¢
is the output capacitor’s ESR, and V, is a peak to peak
value of the sawtooth voltage which is equal to 1.8V for
the UC3825 [9] control IC.

Here, the compensation circuit design is camried out
under a maximum duty cycle condition, i.e. V; =20V and
R = 0.5Q. The design result will later be verified for a
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minimum duty cycle condition, i.e. V; =25V and R = 50,
to confirm its validity. Substitution of the relevant values
into (1) gives

(1+19x10%s)
(1+0.13x107s+11x107s*

G, (9 =1k11 ] ®

where f, = 8377Hz, f, = 1517Hz, Q = 0.81, and the DC
gain = 11.11 (20.91 dB).

The two-pole two-zero compensation circuit in Fig. 2
is expressed by the transter function

IET AN

where K = Ry/R#Rp), 0 = I/RC;, 02 = 1/R,Cy, 0p) =
/(R3+R)C,, md@pz =R HR)RRLC.

As stated in Section II, the crossover frequency, f,, of
a CCM buck converter is normally chosen to be between
one tenth and one fourth of the switching frequency, ;. In
this design, f is selected at 10kHz (i.e. 0.1£). At £, G(s)
is found to have a gain of —10.31dB; therefore the
required gain of Ge(s) at this frequency is 10.31dB. The
first pole of Gc(s) is placed at fy,, = 1Hz (to give high gain
at low frequenc)cs) the two zeros at [, = [z = 1500Hz
(near the power circuit’s double poles at f;), and the
remaining pole at f;; = 8000Hz (near the power circuit’s
ESR zero at f;). By approximating the gain frequency
characteristic of G¢(s) with an asymptote line, the gain of
Gds) at £, fn (=fp), and f,, are determined to be
59.29dB, -4.23dB, and 10.31dB respectively. Knowing
the gain and location of poles and zeros of Gg(s), the
compensation ¢ircuit component values are calculated and
rounded off to the nearest standard values, obtaining R, =
120Q, R, = 560Q, Ry = 500k, Ry = 560Q, C, = 0.22F,
and C, = 0.22pF. Substitution of these component values
into (3) results in

G.()==

a
Ve

~
Ve

(1+0.12x107s )( 1+0.12x107s )

G, (s)=7353
i (1+0.11s )( 1+0.02x10°% )

Multiplication of (2) and (4) yields the open-loop
transfer function, Gy(s)Ge(s), whose bode plot by
MATLAB is displayed in Fig. 4. Also shown in the figure
is the plot of Gy(s)G(s) for a minimum duty cycle
condition (dash line), i.e. V; =25V and R = 5Q. It can be
seen that the designed compensation circuit yields the
stable system for both operating conditions, with a phase
margin of about 84°. In the figure, the low frequency gain
and crossover frequency are approximately 70dB and
15kHz respectively. It should be noted that this value of f.
is greater than the one used in the design (f=10kHz). This

Bode Plots
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Fig. 4. Bode plots of G,(s)G(s) of the designed buck converter.

discrepancy is largely due to the asymptote approximation
assumed during the gain calculation of G.(s), and the
“round-off” error in which the calculated compensation
component values have been rounded off to match the
nearest standard values.

B. Boost Converter

The CCM boost converter in Fig. 5 has the following
specifications: V; = 10V, Vo, = 15V, I, = 1-3A, f, =
100kHz. The power circuit’s parameters are as follows: L
=62uH, C = 300pF with ESR = 0.187Q, and R = 5-15Q.
The compensation circuit component values: R;, Ry, Rs,
Ry, C;, and C; are to be determined. The power circuit’s
transfer function is given by

R R \(“F})(" s]

G (s)=Yo= o 42 L Opip
& : V,V,[Rd,+R“}l+(_s_.l)+(i)
o a) (o

(&)

where © —ﬂ ®, = b
Tr/SP YL ' v JLC
Q (V,/V,)'R
o,(VRR.C/V,) +L)

Here, the compensation circuit design is carried out
under a maximum load current condition (R = 5Q). The
design result will later be verified for the minimum load
current condition (R = 15Q) to confirm its validity.
Substitution of the relevant values into (3) gives

(1+56.1x105)(1-27.9x10"*s)
(1+0.11x107s +41.85x10”s°)

G,(9=4.17 6)

where f, = 2837Hz, f, = 778Hz, fup=5704Hz, Q = 1.83,
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Fig. 5. A boost converter used in a design example.

and the DC gain = 4.12 (12.4dB).

As stated in Section II, the crossover frequency, f,
for a CCM boost converter must not exceed fzyp. In this
design, f; of S000Hz is chosen (whilst f,pip= 5704Hz). At
fe, Gy(s) is found to have a gain of -14.9dB, therefore the
required gain of G(s) at this frequency is 14.9dB. The
first pole of G(s) is placed at f;,, = 1Hz (to give high gain
at low frequencies), the two zeros at f; = f» = 700Hz
(near the power circuit’s double poles at f;), and the
remaining pole at f; = 3000Hz (near the power circuit’s
ESR zero at f;). By approximating the gain frequency
charactenistic of G¢(s) with an asymtote line, the gain of
G(s) at iy, £21 (=f2), and f;; are determined to be 60dB,
2.357dB, and 14.9dB respectively. Knowing the gain and
location of poles and zeros of G(s), the compensation
circuit component values are calculated and rounded off
to the nearest standard values, obtaining R; = 5600, R, =
1.8kQ, R; = 33MQ, Ry = 1.8kQ, C, = C; = 0.12yF.
Substitution of these component values into (3) gives

0.22x107s)(1+0.22x10s)
(1+0.45)(1+0.05%10%)

1
G,(s)=1.4xlo’( i

Multiplication -of (6) and (7) yields the open-loop
transfer function, Gy(s)G(s), whose bode plot by
MATLAB is displayed in Fig. 6. Also shown in the figure
is the plot of Gy(s)G(s) for a minimum load current
condition (dash line), i.e. R = 15Q. It can be seen that the
designed compensation circuit yields the stable system for
both operating conditions, with a phase margin of about
45°. In the figure, the low frequency gain and crossover
frequency are approximately 75dB and 3.2kHz
respectively. It should be noted that this value of f; is
smaller than the one used in the design (f; = 5kHz). The
reason for this discrepancy has been discussed before in
Section IITA.

IV. RESULTS

The prototype buck and boost converters, including

Magnitude (d8)

Phase (deg)

Bode Plots

Fig. 6. Bode plots of G,(s)G.(s) of the designed boost converter.
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TABLE!

MEASURED OUTPUT VOLTAGE OF THE BUCK CONVERTER
.\ L (A) V. (V)
20V 1 s
10 1.95
25V 1 5
10 4.95
TABLET
MEASURED OUTPUT VOLTAGE OF THE BOOST CONVERTER
V() Io (A) VoV
10V 1 15
3 15.04

the compensation circuits designed in Sections IITA and
1B , are shown in Fig. 7. UC3825 is employed as a
voltage mode control circuit, which has a peak-to-peak
sawtooth voltage, V,, of 1.8V. The compensation circuits
are connected around the error amplifier at pins 1, 2, and
3 of the IC. In the prototype buck converter (Fig. 7(a)), a
pulse transformer is incorporated to provide the isolated
gate drive signal.

Tables I and II show the measured output voltage of
the prototype buck and boost converters when delivering
minimum and maximum load currents. It can be seen that
V, is maintained at the vicmity of 5V for the buck
converter and of 15V for the boost converter. Good output
voltage regulation in both converters is attributed to a
large open-loop gain at low frequencies (Fig. 4 and Fig.
6). The output voltage transient response of the buck
converter due to a 3A step-load (from 1A to 4A) and of
the boost converter due to a 2A step-load (from 1A to 3A)
are shown in Fig. 8. In the figure, the maximum voltage
drop and scttling time are approximately 300mV and
150ps for the buck converter (Fig. 8(a)), and
approximately 1.5V and 10ms for the boost converter
(Fig. 8(H).

It is not uncommon that the boost converter responds
slower than its buck counterpart operating at the same
switching frequency (100kHz in this case). When
subjected to changes, the RHP zero of the boost power
circuit would initially delay a corrective action exerted by
the control circuit from taking effect, thereby prolonging
the transient period. Furthermore, in compensation circuit
design, the RHP zero dictates f, be selected below its
frequency (fup) as to prevent instability. The limited f,
(i.e. limited system bandwidth) makes the system
response slow and is hence another contributing factor to
the sluggishness in the boost converter.
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Fig. 8. Output voltage transient response: (a) the prototype buck
converter subjected to a 3A step-load (b) the prototype boost converter
subjected to a 2A step-load.

Next, the effect of an open-loop gain, phase margin,
and crossover frequency on converter performance is
experimentally studied using the prototype buck
converter. The compensation circuit has been altered to
lower (1) the open-loop gain, (2) the phase margin, and
(3) the crossover frequency. Compensation circuit
component values for each of these cases are given in
table III. In each case, the converter’s output voltage
response due to a 3A step-load is measured. When the
open-loop gain is decreased, the output voltage response
(Fig. 9(a)) exhibits a large transient voltage drop and
considerable steady-state error, indicating the degradation
of output voltage regulation. When the phase margin is
decreased, the output voltage response (Fig. 9(b)) exhibits
a large overshoot and lightly damped oscillation. Further
reduction of the phase margin would severe the overshoot
and oscillation; theoretically a system would become
unstable when a phase margin reaches zero. When the
crossover frequency is decreased, the output voltage

TABLE I
COMPENSATION CIRCUIT COMPONENT VALUES FOR REDUCED OPEN LOOP GAIN, PHASE MARGIN, AND CROSSOVER FREQUENCY

Component values R, (Q) R, (Q) R;(Q) R (Q) C,(F) C,(F)
Before alteration 120 560 500k 560 0.22p 0.22u
Reduced open loop gain 120 560 1k 560 0.22u 0.22u
Reduced phase margin 120 560 500k 560 $2n $2n
Reduced freq 1k 560 500k 560 0.22n 0.22n
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response (Fig. 9(c)) exhibits a long settling time. A large
overshoot and oscillation are also seen in the response
because by increasing R, to reduce the crossover
frequency, the phase margin is made to decrease as well.

V. CONCLUSIONS

The practical design of SMPS feedback compensation
circuit has been presented in this paper. Based on the
frequency response technique, the proposed method
carries out the design by the aid of MATLAB, which
facilitates formulation of transfer functions, construction
of Bode plots, and calculation of compensation circuit
component values. The design procedure has been
illustrated with a CCM buck and CCM boost converter
examples. Verification of the design results on the
prototyped buck and boost converters shows that the
designed compensation circuits yield a satisfactory
performance in both converters, emphasizing practicality
of the design technique. Though not shown in the paper,
the proposed technique can also be applied to design a
voltage loop of a converter with current mode control.
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