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Input Voltage Reduction: Linear or Switching?

1 How do you step-down the input source?

** A linear regulator

= Poor efficiency at high input-output differentials —— 7= I;

= Constrained to low input voltages N
v" low-noise linear operation ’

s A switching regulator

= Noisy operation, requires filtering

= Built with energy-storing components

v’ Excellent efficiency

v" Works across a wide input voltage range

The buck converter
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Principles of Operation in Voltage-Mode Control

 The buck converter can be operated in voltage-mode control
= Control-to-output transfer function changes between operating modes
v No need to sense the inductor current”

v & |m| '|_ XD |1 . ER,
| - i % 2

___________________

v’ Inherently-low open-loop output impedance
** Mediocre input line rejection

* Beside over-current protection purposes
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Principles of Operation in Current-Mode Control

[ The buck converter can be operated in current-mode control
v 1st-order response in low frequencies whether CCM or DCM operation

= Unstable for duty ratios approaching 50% — CCM needs slope compensation
ip ()

N

< D, =C, 3R,

= Mediocre open-loop output impedance
v’ Inherent good input line rejection
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The Two Operating Phases of the Buck Converter

 Neglecting drops, the common SW-D node swings between V., and O V
v,

in oV
SW Vou 5 oV~ Vou Low-impedance square generator
SwW Ll A Vi
== |—ov
R, OV gl o s . l Leiier.
| Dl > ! 4 t
Ly
1 + D .
<L V. <> C2 - RL§
During (1-D)T,,
Ipeak /

t74 /<iL> K ;i\ (i) 2nd-order system
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A Third State Exists when the Inductor Depletes

[ Observing the inductor current to infer conduction mode

i (t
L( ) I CCM - continuous conduction mode High imp
v . Vout
—O0 o Y'Y
/4 L
R, 1
+
OV C= 3SR,
WDI
DT Di DCM - discontinuous conduction mode _ | <«
P During D.T
A\ AN NN //"\_ '"t<iL (t)> 3 sw
T Both switches are blocked T;w =1, t toff + D3Tsw

¢ Inductive current is in the high-side branch: how to sense?
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Challenging Current Sensing for Current Mode

 Insert a resistance with L 1 Use MOSFET ¥ DS(on)

- » (1)
P (t) R, L 4 ] p TVDS (f)
Y L~
W i () s on) Ay /N L

e 1) 4 v No extra sensing element
v Simplest solution v’ Can be integrated
v Canread ], “* Temperature-dependent values
% Efficiency suffers * T'ps(ony NOt tested in production
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Dc Resistance Inductor Current Sensing

4 Integrate inductor voltage ¢ Time constant mismatch
W | "= TRe 3 inductance varies with A and °C
ves (1) Ves (s)=1, (s)r, ;:; > beware of cheap material

3uisuas

l T,=1, L
Ves (s) = 1, (S)% Nominal
— Vcs (t)AV rsesr?sstigﬁce
v Most efficient solution
v" Low cost I,

T. Hegarty, Inductor DCR Current Sensing With Temperature Compensation, How2Power, November 2013
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Sense Transformer for High-Current Applications

 The transformer references the measured variable to ground
[ Turns ratio N emulates any sense resistance value

~ 1
] I,
CS I CS I
reset + ] D rjs_et< ] N

1 R% o 1 R des HE
500 mV a 500 mV

N 1 1 N:1
v V

= e 05 _16.6mo R, . = —tomem n_ 03 100=1.660
1 30 1 30

D,max D,max

s Transformer reset is necessary (e.g. with a Zener diode)
+» Can only sense ac currents
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Parasitic Terms Affect Conversion Ratio

Q Apply volt-second balance law™: (v, ()). =0

Inductor flux balance implies:

e )_V} "
(v (1)), = v (1), =0 ‘ V. "DS(on) lr_ s

* At steady-state
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Analyzing the Conversion Ratio Equation

 Depending on the duty ratio, optimize one of the paths

1
D - S
F oo :
1+ DS(O”)D+—L+;—f D"
L R \our____.

duty ratio scales losses
1
D

r ) V
I#MD%E_F_JID'

out
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J Less burden on transistor

12Vto 1.8V
diode conduction __

Small duty ratio

Synchronous

/ rectification

-

Less burden on diode

switch conduction

5Vto 3.3V J

Large duty ratio

Public Information

Reduce

T'DS(on)

Continuous conduction mode (CCM) is assumed

ON Semiconductor® n N




Synchronous Rectification

1 Diode conduction losses depend on average and rms currents
s As a 1%t-order approximation, losses are insensitive to ripple current

V. I,
' ]d + - Conduction P =V.I ] 2 ~V.]
A vV oV ( ) O K W d — "T0%d,avg Vala ms = f+d,avg

I Vi .

7777777777 out I . 1

‘ Average T
Iy (t) I (f) Tcurrent Pd Iout (1 D)V v
<> <> 1 s

Loy Loy Neg. temp co Vro

> Replace the diode by a MOSFET and ripple current now matters
Ac ripple

]Q Al 2 contribution
,rms AL . 2 . ) I
! /\A By =1y, Tps(on = (1- D)([m " erS(M)
o) AL =1 =Ly Fls. temp co

C. Basso, Switch-Mode Power Supplies: SPICE Simulations and Practical Designs, McGraw-Hill, 2" edition, 2014
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Synchronous Rectification Body Diode Conduction

4 Limit shoot-through currents by inserting a dead-time
(@ Lon

A~ Insert
. = ) dead-time o | .
Vot
' 0 " T,
7 Q]E% I 2 W
PWM
_T_ VQ (t)
» Body diode conduction can hamper efficiency (1-0,)T.,

MOSFET +
A) ZS A) body diode PQ = ]Q,rmszrDS(on) = (1 o Deﬁ )(]out2 +— JFDS(on)

> mp
?9_ 1 2 ?9— 3 Conduction 1)body =2-DT- F;WIOW Vf

3 quadrant losses Minimize deadtime without shoot-through
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Continuous Conduction in No-Load Conditions

1 DCM operation is often associated with light- and no-load operation
» Synchronous rectification allows inductor current to swing below O A

i, (1)

28.0 /\/\/\/\/\/\/\ I =30A

withsyne. ol NN NN NN N L, =204
rectifiers /\/\/\/\/\/\/\ I =10A

) (&) 0 NN, 1, =3 A
AN

NN N
CCM operation
14.0
t
T, 280 f, (t)
Single-switch DCM operation 1.037m 1.040m 1.043m 1.046m 1.049m

Light-load condition
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Different Modulation Strategies

N 74 ,4 74%% v, (1) Clocked turn-on
Trailing

Fast turn-off

edge | N s |_| I_ Delayed turn-on

Trailing edge

: N&M v, (1) Clocked turn-off
Leading

Fast turn-on

edge | é|9_| |_ |_| Delayed turn-off
0

Leading edge

Dual W Ver () Fastturn-on

edge Fast turn-off .
g _é,9 <= |_| High-speed

dc-dc

Conventional
ac-dc, de-dc

Post regulators
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Fixed Switching Frequency Operation

J The main switch turns on at the clock occurrence

clock
clock vee D
Voltage mode Current mode L

ARENE |

| driver S DRV

S DRV Q —|

Q R
CMP Vo (1) R CMP ‘

[]
- AR EHjﬂD_ M — =111

(-
} v L= o L N oL U
+ cs cs + Verr Ves
+ + i\VCS,max

VCS ,max
AN v il =

PWM block

» The duty ratio is directly controlled by V. » The peak current is controlled by V.

» D is indirectly controlled by V.

ON Semiconductor® n N
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Duty Ratio Generation - Pulse Width Modulation

 The power stage is controlled via the duty ratio D
vGS(t)

ton

, . Ou
<> !
T,
 An artificial ramp is compared to the control voltage
v,, (1) v
B t
444 v ()=,
) T gl

PWM 100% v, (l‘) = Vpd t) ?

d(t) 0%
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Modeling the PWM Block

d Its role is to convert a voltage V. into a duty ratio D

Y, (f) average _ V. dD(Vm) |
d(t) - Vp over I, - D(I/Err) - 717 _— GPWM = dl/err — V_p

d It is a simple block inserted before the D input of the model

2V , 0°
W a i . Phase and magnitude are flat .
ﬁ D p T % 2 |GVPWM f)| I j: ZCTJDWM ( f)
PWM switch VM lp -4 GPWM - 5 80
/ \ '6 dB l/ -100
1 1 120
! I
| 1 -140
: - 1 -160
I\ Vp : 1% 10 100 1k 10k 100k 1 Tom 1807 10 100 1k 10k 100k 1 10M
______________ -—— /
Modulator gain 7 Frequency response of the naturally-sampled modulator is flat
+ .
o —> With a perfect comparator, t, = O

ON Semiconductor® t N
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Current-Mode Operations

 The artificial ramp is replaced by the inductor current

atc iL (t)
- [ £ L L oL
clock . - A (t) peak R,
M Q ‘:r(t) h iL(t)Ri—i_vr(t) :’: _______________________________________________________________
W L(0) D <50% R
f(l)(:sg. - iL ( t) Ri i, (¢) | Asymptotically stable -
R
D 1
@—£ $
D'

Asymptotically unstable

1 In CCM with D > 50% subharmonic instabilities occur

ON Semiconductor® n N
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Slope Compensation Cures Oscillations

4 Injecting an external ramp damps the poles at /2

i (¢
) 1 1
]peak __Current setpoint %
S '
A1, (0) ,
1,(0)
° > 1
DT,
T

1 Do not overcompensate

4B (/ \:I
19.0 N e
—
-5.00 T
0| Vo (f )‘ . =20kV/.s.,.'“.w“ \
sl | V(1) e
-2:.0 S, =0
w T
o —
ol Ve (/) Rk (R
ol V. (f) L

= 1k 10K 100k

f(Hz) P
2

+* Current mode turns into voltage mode

Public Information

ON Semiconductor® t N
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ON

Valley switching

ON Semiconductor®
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Hysteretic Control - the Basic System

 The simplest and fastest switching converter

, Vew N=T5AT A A AN A AAAR,
S fouico L vouT 1 YTy
- . . "NANNAAANAAN
S Y i, (1) NVVVYYVVVNYVY
100m A A e AR —
R2 R1
D1K DSOm
— D1 M N )
12 Z Ideal_Diode l@ Virr (2)
Vin e M M M M e e e e e e
+

= C13
_[I_ == 220u IC=0

U4 R4 Vref Vo (t) ;

T
5.4
: 7T N
Vo (1) “NAAA NS AR AT AA S R AVIA A A AN

* Variable frequency operation VAZV_:Z:ViV“\V‘W/V VT Ty
o Capamtor ESL affects stability in DCM e

R. Redl and J. Sun, Ripple-based control of switching regulators—an overview, IEEE Tr. Power Electronics, Dec. 2009, 4 vol. 24, no. 12, pp. 2669 - 2680.

Qdrv

00 00
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Hysteretic Control - Adding an Op-Amp

d You can add an error amplifier to improve dc regulation

S2 fouic=0 I vour

2
gnn Ah AR A A A A AR AR A AN AR A D A
o M A A A
L L1 B VAV VATAVA|AYEYRYIVAVAVATRVAVAY IR VAVATAVATAVATIVATAVAVAY
+ vV VvV Vv ry AL Vv vy ViV vV
100m v, ()
Verr 47n 1K R2 R1 117
4 I—‘:'iRS Dm 50m 1
= “u
L Ideal_Diode OPSIMP Mn A =10A
T 1 2 o 1 AV .. N WP .
Vin (1
’L( 7
. _['i + 13 YAYAVAVAVAVVAVAVAY ATy
5 : 220u 1C=0
3 ;

U4

R4
—25 1K

5

. 1 \£1 —— Vref
T

vDRV (t) 1

s A compensation network is needed

j{ -
" ) AN A A_MA AN A M I\Il\ Al )\
[ Many techniques to: Vo (1) PNIIAANAIAA NS

improve stability, reduce drop... e e e e

R. Redl, Ripple-Based Dﬂcm—wbS::WConverters, In-House Seminar, Toulouse 253)1%

stabilize F'

N%
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Extension to Multiphase Conversion

O The two-phase extension requires a simple logic control
N N, N N,
’L‘ tom  5ulc=0 IL1 \\ II AN \\ ’l
I o INEAN ] f
) 0 N i (1) NI L B
IItDiiaI_Diode 2 : fl jl AN ’I Ii
L N i LY - .
o g o w2 Yo | ,f' > ,/ N / . / \\
] : , 1
E - Lt i, (t) Y " —1f <
Ideal_Diode AN J! J’ \I "'
R1
50m
E— u2 DGRGZG D R3
— 1 — 1 [|som Vpry1 (t) \
z Q J
£ L]
T +
¢ s N K 1%—\[ﬁ A
g - T Lo« Ly [}ﬁé ror )
<] V] ——— Y0m 1
. 1 1
- p NN NN NN
b \\ I’\\ II\ II\\ \\II\\ JI\I\\
Vt(t)ﬁ N A W A /AN AN O A AN A
\ /A VIRV [ERWARLY,
VNV VIRRY AR
OVP: optimal voltage positioning

ON Semiconductor® t N

+» Bad dynamic current sharing (no sensing)
1 Popular in de-dc with OVP (motherboards)

Public Information
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Constant-On-Time Valley-Current Control - COT

O On-time duration is fixed - restart is given by the valley current

L
b
. ; IIIII _DS 1{:
On-time generator =000
IN [\Jout ol T
= =OUT/IN POP Trigger ] ] %
10u IE [
l ! . U3 s v Q . TT DRV
+ R
_ R-d
o Loop control
\ ‘ 190 s
i =i l/ "
[ Vi C1

= 100p R29
[H 100m

s Can be subject to instabilities
t

‘\}.

off
r.C >

28 2/2/2019 Public Information

. S
Constant on-time

: Restartjevent
; peak
)
I (t) 4 b
selvuallay \
vl \/]
4
4

R. Redl, Ripple Regulator Review, Professional Education APEC seminar 2008.
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Fixed-Off-Time Peak-Current Control - FOT

O Off-time duration is fixed - restart is given by the peak current

= : /] /
PR 7 /] Al
Off-time generator T g / / \ / ‘

POP Trigger

i ;L\fE B -/éH _ —
l us uss 1. |JDRV Fixed off-time
t S Q %
R
%/& RS Loop control
‘ _ o -8
p S0 /‘ J Ris Viory (l‘)
\al C1 ek
100p IC=0

V5 ac2
1 0

R29
00m

l T /\ aeak//\ A ,

s Can be subject to instabilities i(1) " \\ // \\ // \\ //
\ \ Restart \
Nt~ TV

3 ;
r.C > 2= V1 valley ViTeve
2

R. Redl, Ripple Regulator Review, Professional Education APEC seminar 2008.
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Time-Discontinuous Switching Waveforms

O A switching converter is made of linear elements

Vou Vou
AT AAA, AN,
.\ rDS (on) L r L . L r T
Vi O T §Rload OV gr d C= § R
on time — off time -

U The non-linearity or discontinuity is coming from transitions

Control-to-output transfer function

linear

Singularity How do .
we get this? ZH(f)
Cannot I I I
differentiate [ \H(f))
DT, (1-D)T, \
linear linear
Vory (t) on time off time
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State Space Averaging Technique

 Despite linear networks, equation is discontinuous in time
O Introduced in 76, SSA weights on and off expressions

valid during (1-D)T.,,

| ) ! _ I
X = [‘ATID + A2 (1 _D):lx(t)_i_l:]?lD +B2 (I—D)]u(t) A is the state coefficient matrix

B is the source coefficient matrix

valid during DT,

Canonical model

4 Singularity is gone (time continuous) ' 'fl_} i R |
« Equation is nonlinear now : phe 4 Ze

0 Linearize and feed the canonical model  * IS %? E# ‘T
¢ Add a new element: restart from scratch!

S.Cuk, Modeling, Analysis and Design of Switching Converters, Ph. D. Thesis, Caltech November 1976
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The PWM Switch Model in Voltage Mode

1 We know that non-linearity is brought by the switching cell

a/ \ ¢
S ._NZY\ Add a filter or a resistance
+ a: active ‘ ) |
U C R c:common = e
1<> 5 p: passive > = @
J
[ Why not linearize the cell alone?

O_a—(T c ao——C o6

x| my -0

O d L
PWM switch VM [P _
Switching cell Small-signal model S Model is unchanged
o (CCM voltage-mode) D

V. Vorpérian, Simplified Analysis of PWM Converters using Model of PWM Switch, IEEE Transactions on Aerospace and Electronic Systems, Vol. 26, NO. 3, 1990
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The VM-PWM Switch Model is a Transformer

O The PWM switch large-signal model is a dc "transformer"!

Immediate
results
R2 L1 40 360
V(a,p)*V(d)
100m [9.80V | WwOu vic a0V ] H(f)
10.0V VVV N—c cf O+ 5 +O /p P/ Vout w\
e
Q Vg W af © e <ri (dB) 0 0 ()
dum V(d)*I(VIC) = 4704 § 10 ZH (1)
AC 1

I -40 -360
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Update the Schematic Diagram with the PWM Switch

 Like in a bipolar circuit, replace the switching cell...
Small-signal model

o -

a/l "\ ¢ e “~.
//

ul(

mQ |
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The Model fits all Converters Architectures

[ The switching cell is everywhere: the model is invariant

—| —O
a5« ® T 3
[T al A §
o) 1 Dt <~
P o_PWM switch VM _|P. T . \:é 2] C>+ O a ﬂybaCk
O E 2 -
buck d o3 T3 H T
boost b %
buck-boost -
T E oD I
?e 3 ® o 3 zeta
I § + f pu—
¢ A Q ] T 2 . :
¢ o = C) WA WIS WA | d
e Ty
; Cuk N
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Independent Switch Modeling: Direct Connections

 The switch and diode are individually modeled: easy substitution

L2
100u

1 \NANNS

v
10

e
~ 10uF

single-ended
primary-inductor
converter (SEPIC)

37 2/2/2019

X1
CCM-DCM1
FS =100k
L =100u

Vout

Public Information

é 50U %H XFMR

RATIO = 250m

-1

X1

CCM-DCM2

FS = 100k V1
L=50u 250m
N = 250m AC =1

B. Erickson, D. Maksimovic, Advances in Averaged Switch Modeling and Simulation, professional seminar, PESC, Charleston, 1999

ON Semiconductor®

Vout

Rload
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Peak-Current-Mode Control Models

d The control voltage V. adjusts the inductor peak current
¢ the duty ratio is indirectly controlled by V',

Power stage Power stage
in I/out in
Son Ip
AIL
DCM
DT,
Same static
waveforms in
Direct duty ratio control VM and CM Indirect duty ratio control
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A VM-PWM Switch-Based Small-Sighal Model

 Small-signal model built after sampled-data analysis

E1

% -1e6 H, (S) Subharmonic poles
ap 20.0 ‘H(f)‘ 180
D ! | - i 2
. + A in/ I| + _I | ] 0 90
Von <> +<) vOﬁ" C3 Neg. res
d-F, R L3 R4 -20.0 — 0
{Ca} {La} 157 JH
-40.0 -90
R5
10Meg 1

S
‘ / m,=1+—+* = w,= i}
- I S L -60.0) ™ S, © ﬂ[mc_(l—D)—0.5:| T, 180
— a F . a F;W
+ + + ” - 10 100 1k 10k 100k
EFZ] @ Pair of RHP Zeroes

1 Model accurately predicts subharmonic oscillations but is ac only

R. Ridley, A New Small-Signal Model for Current Mode Control, Ph. D. dissertation, Virginia Polytechnic Institute and State University, 1990
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A Current-Mode PWM Switch Model

d The large-signal model associates three simple current sources

—1 g C =1t
L 145
I +
: H(s)~H,— !
V |4 1 =
@ g _c ] |/—C 01+ S & s i
+ c H s 14 F —
V R
V ap ‘ D w0 @
in C) resonant C == §R " "
tank
P Same result with that obtained
with sampled-data analysis.

» It can compute a bias point and accepts transient simulations
» The resonant tank reproduces subharmonic oscillations

V. Vorpérian, Analysis of Current-Controlled PWM Converters using the Model of the PWM Switch, PCIM Conference, 1990
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Implementing the CM-PWM switch Model

 You cannot beat the CM-PWM switch model in terms of simplicity

cx +VC

—/a a
12.0vV

* Vi B2 B1
) (\I/ri]n) l Current @T Current
I(VC)*

M)

V(D) | V(VC){Ri}

!

B4
Current

O—/c

| Cs D
T (cs}
.

B3
Voltage

PA—VWV

C,
c1

V(cx,p)/(V(a,p)+1u) S 100m

L1

out
L 4.99V

100u

2
rC §

- P {Sel V(Y[R {Fswd) + v (ex,p)* (1-V(d))* ({1/F swy/ (2*{L})

parameters

Vin=12

Vout=5

Fsw=100k

Tsw=1/Fsw

L=100u
pi=3.14159
| Cs=1/(L*(Fsw*pi)"2)
| Ri=250m
[Sestk

Only these parameters are needed

L2

1k
-1.31V
Ver—

1.31V
)
<o | .
I s ==O—1
5o ]
E1 5
100

L

—< Vout

Rload
1

(dB) ()
20.0 ‘H(f)‘ 180

10.0 \ 90
0

ZH(f)

-10.0 -90
-20.0 s, = 7 kV/S -180
10 100 1k 10k 100k

Poles are damped by slope compensation

» It is a large-signal model which also predicts transient response

41 2/2/2019
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Extended Frequency-Range PWM Model

 The pulse width modulator is a highly nonlinear structure

FFT of the PWM output
3.50

“TREARTIRVTR,

1R R T e o

1.50 | 2F;
100-kHz PWM compargtor output (w,) v i 2F —f. \LzF +f
Vsaw(t) 7

a

: : : 500m { i M) ‘ \2
10-kHz sinusoidal modulation (@) S |

NN
I

X. Lin and al., Small-Signal Models with Extended Frequency Range for dc-dc Converters with Large Modulation Ripple,IEEE Transactions on Power Electronics, VOL. 33, NO. 9, September 2018

b 25.0k 75.0k 125k 175k 225k (Hz)

u ** Harmonics are fed back through the loop
+» Additional perturbations go through PWM
» Aliasing effects are observed
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Predicting Phase Lag Approaching F_ /2

1 Modulation and sidebands go through the low-pass filter

-

Low-pass filter

N

on J/
Vd :‘ Ll out
P AAAA
off E
D : ,
+ i +
O Tf, - G R §
in - | H
Y
)
" modulation ool
Vy
-k, F,
_st - f mod _st + f ;nod_.f ;nod f mod st - f ;nod f ;nod + st

43  2/2/2019

™

%

fmod << F;w \/}

Linear LP
out response

-F

sw

_st -/ mod _st +1, mod_f mod /. mod
fnoq dOMinates the response

/g
S 60 n
> med 2 vaut

-F

sw

F;w _fmod fmod + F’sw

" Jmod _F;W +-fmod F;'w _ﬁnod J mod
Sideband is no longer negligible

F. Lee, Review of Current-Mode-Control Modeling, APEC 2017 Professional Education Seminars, Tampa, FL

Public Information

0
J f
g0 =t L] \ | f=1MHz
() T Tk
i T\
ZH(3) | L=100kHz

SIMPLIS versus averaged model

1

19 Excessive delay at f,

0 o 1 MHz
Error at f, is inexistent

SIMPLIS versus averaged model

| LN L i A M
2
LH(; 'siM'Fus'—'%
f =400kiHz

1 MHz
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N

Y
=3
S~
AM—
Q\

SW

v,
— Vs,

RV

load " in

(o)

(S,+8S,)+

44  2/2/2019

S, =8,)e™ sl

Public Information

Accounting for Sidebands Effects

 Harmonics are responsible for the phase deviation as f,, , approaches F, /2
s
-20

-40

-180’
10
J. Li, F.C. Lee, New Modeling Approach and Equivalent Circuit Representation for CM Control, Power Electronics IEEE Transactions, VOL. 25, NO. 5, pp. 1218-1230, May 2010
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parameters

Fsw=100k
Tsw=1/Fsw
L=100u
pi=3.14159
Cs=1/(L*(Fsw*pi)*2)
Ri=250m
Vac=Vin-Vout
Vap=Vin
Vcp=Vout
Se=0
Sn=(Vac/L)*Ri
Sf=(Vcp/L)*Ri
Vc=1.28

12.0v

C

*Vin

{Vin}

Re=L/((((Sn+Se)(Sn+Sf)}-0.5) Tsw)

Ce=Tsw"2/(L*pi"2)
D=418m
w2=pi/Tsw

Q2=1/(pi*(((Sn+Se)/(Sn+ST))-0.5))
kin=(D/L)*(1/(Q2*w2)-(1-D)*T sw/2)

1

Need to feed the model
with static parameters

a/

!

Simplifying The Model towards a Universal Subcircuit

U Yingyi Yan’s model is a universal subcircuit covering various operating schemes

Vout

Rload
1

L1
+VC L out o0V
[4.90v | O Jc cf—NrNn :
c1
s 100u
Cs D
B2 B1 B4 L 3 X
Current @T Current @T Curent ;E{T‘\?e} {Cs} -416mv -
I(VCY'V(D) V(Ve){Ri} V(a,p)kin} B3 *
100m
Voltage
2.91mV o,
4
o V(c,pyV(a,p) L
E1
L3 100
1.28v | 1k [i28v |
Vc NN —— 128 - 7 out
1k +
| + =
12 5.00V | v4
"AC=1 5
V5

1 Same performance as CM-PWM switch but with a more complex implementation

Y. Yan, F. Lee, P. Mattavelli, Unified 3-Terminal Switch Model for Current Mode Controls, IEEE Transactions on Power Electronics, VOL. 27, NO. 9, Sept. 2012
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Five Different Control Schemes can be Analyzed

1 Replace some parameters with new expressions and simulate

Constant On-Time:
C =t /(Lz’) R

Kap = toﬁ” / ton

[©]

Peak-Current Mode Control:

C.=1,/(tz*) R :L/{TSW[Sn +S

(t,/2L)R,

46 2/2/2019 Public Information

Constant Off-Time:

C =t,’ /(szz) R, =2Lft,
K =-1

ap
Charge Control:

epdsw 5
K, = (tOﬁ’/zL)Re
Valley-Current Mode Control:

S +8S
C, ZTSWZ/(L”Z) R, :L/{TSW(S:+S; —O.SH

K, = (ton /2L)RE
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Course Agenda

 The Buck Converter

 Control Schemes

 Introduction to Modeling

 The PWM Switch in Current-Mode Control

 Introduction to the Fast Analytical Techniques

d The Four Transfer Functions in CCM Current-Mode Control
 Compensation Strategy

 Prototype Measurements
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The PWM Switch in Current-Mode Control

O Determine a time-continuous equation linking variables

AQ i.(1) -
ao0—> OT_—)_OC (i), =1, == [ i.(0)dr=D(i.(1)), =D
Do /N I
I,=DI.
a O————- %C—Oc

7
~.
o
—_
=~
N—
~—
N
© O—

CCM
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Accounting for Compensation Ramp Effects

[ The compensation ramp reduces the effective peak current

—k Y e

Reset . ’ k_7 S, /R
1T (i (1), g Al
SR ) / \ S,
i _\F jﬂ - O o o

T,

. V. S S DT
<lc (t)>Tsw :[RTC._ Ra D];w} : 2 e
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Invariant Properties for the PWM Switch Model
d The inductor downslope S, in a buck is defined by §, = V(M/L

i, (1) i(t) L
——1 d O < @ C S a—a '
N od' <VL (t)> =0
<> I/in ¥ (t) v (t) C= §R I/out
@ 0 > Topology-dependent
l Invariant
expression
v
d The downslope depends on the output voltage V, : S, = T’ l
i Sz :& E
l L

_______

 The inductor average voltage is O V at steady-state: Vo, =V
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Associating Current Sources

1 Update the previous equation to obtain the final definition

4 T.|[s T. S
[ 2= |-D)=x {2« pT [ =V (1-D)=2+22pT
C:{R Y )2J [R q ‘ =Vl )2L+R SW

i i i

and 3 terms

Peak current  Half inductor Compensation
setpoint ripple ramp

O Inductor ripple and compensation ramp alter peak value

C C
e a Large-signal model I. ¢
O——— >—0
AP, S DT V. v
0F0Y 0 M ool o O oo
NS ?
P P 8
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Determining the Duty Ratio

4 Voltage relationship between v, , and v, holds in current mode

Vg (1)
p (1, (1) o :
ap T, a — OC
V
VCP (t) VCP - DVap D
""""""""""" o) 8
T invariant
(v (1), s OP =5 T gpression
0 A BT ’
D]-;‘W —_
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Predicting Sub-Harmonic Oscillations

[ The model, as it is, cannot predict instabilities
> Let's observe a small-signal perturbation in v,

Final large-signal modc_al

¢ L ‘,}c a ; > OC
gl S —s ———— NSSSSS——— e ©Tf B Lc
F

D
O
7 P

<>+D=VCP 2 272'«/LCS

0 > [ Vap
L., p—

d The off-slope does not change as v, keeps constant C, =
4 This "memory" effect is modeled with a capacitor C,

Sw
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Small-Sighal Model of the CM-PWM Switch

[ You can perturb...

IC
L+i V.40, V,+0, V, +V, [a] O—c]
l I£ J// ﬁ S | gi Bk Bv,e  V,.& O Ok LIS C,
]c :_C_Vc (I_D)ﬂ__aDT;w &g, g,
R 7 2L R
...or apply partial @
differentiation
T S 1 1 DD'T
A Ozﬂ Dv_a_|___D koz_ =D - sw
; - ol . ol - ol 5 g 3 [ s 2 j R g, =Dg A
ov, © ov, " o, ?
1 D I
fa = ala ‘,}c—i_ a]a ‘,}a + ala ‘,}c gi :D[gf_VC J ki ZE gr = V _gOD
ov, < oV, v oV, ? @ j @

1 Laplace Transform now holds on this linear network
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The PWM Switch Model in a COT Converter

 In a constant on-time circuit, the loop controls the valley current

i (1)

p L
. __ L __ __ __ ’ 5 L ¢
S hw, T —
2 N : - - - 1.\t
V c\")/z,
L NN NS oo Ol 105 Lc
Ri < > >
ton ZLoﬁ’ .t |
pte Ve AL (VT Vo[ _tu |1 Same st tp CM model
=+t =1, ——=|—+—1, |- | -/ |1, r m
1\3 R L T R L 2L T ame structure as ode
|4 V.| L V. Vv V.iL ¥V,
R U A s EJVTV_@T
Valley .
current )i ch( 2 jT T =t 44 poto Fixed value
W Sw 7—;
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Testing the COT Model in Transient Analysis

d We compare the cycle-by-cycle response with that of the averaged model

X1

PSW1 V1 LL1 (?11

Parameters . . . O_5pf~lw - AN . Vout
Ri=100m . ¥ T Som 8.00 .
b Ot o 3 Ra regulation regulation

= _L_=§l! - T ;:210u
' =2.3u!

gvcsd Hon2.du. 4! 6.00 [\ cycle by cycle
O3 - average
! ® V) 4.00 N ]
14 L\ X3 VCS (
b2 ZE@ . COMPARHYS  LATCH l COMPARHYS oo load 'step
Dl = l\/\/\/
" - 2.00
£ B1
VCtC3 | - 100p FF?'} @T IC(Z\%r)ent
< 7T
0 Vout (t)
P 800U 240m  4.00m 5.60m 7.20m
Keeps. the switch closed Sets the latch back hlgh when Transient responses are identical
for a fixed ¢,,. valley current set by V. is reached.
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Small-Sighal Response: SPICE versus SIMPLIS®

1 SIMPLIS lets us obtain the dynamic response in a few seconds

s2 i (dB) (%)

’—‘ 555555 VOUT _)—VOUT
B o F1 = "“""‘—‘--.__\
+ L1 1 R21 lout
V10 30m
——10 ideal_sr:: % |V f)
I— D1 R1 ot 4
s : 1
nggu Ic=0 ‘\i\ ‘ V; (f)
10u
ct u3 l
)
)

b = 4 ou

+% R QN POP Trigger V ( {,

B R-dom N B IN [\JouT vouT Te\J

: R NI

i T " L heo SPICE versus SIMPLIS®

T Dynamic responses are identical
I
1
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The PWM Switch Model in a FOT Converter

 In a fixed-off-time circuit, the loop controls the peak current

()

|
I

_____ Iv
ton tOﬁ” .t o)
P
Same structure as CM model
ﬂ—l 2L
7 = V., [AL| V. 7V ; ; R, /s fixed [4.980v | [250v ] [100kV ]
"R 2| R 2L oy o o b D Fow

11

V t
_q = I.=—-1 D= —8 o« -

PWM switch FOT |P

Encapsulated version
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Comparing the Cycle-by-Cycle Transient Waveforms

d We compare the cycle-by-cycle response with that of the averaged model

X1

PSW1 V1 LL1 511
Parameters _ . . 0—5»-{’3% A " - Vout
. 1 : .
Ri=50m ) : aom 9.00 regulation regulation
i=10u V2 R3
G=Cii Q o L3
- = c1
= L T o [ eycle by cycle
g;Vdd C=i*toff/1 = average l
v -
l|4 Qb
D2 I X4 Q/H X2 X3 ves (V) 500
1© o COMPARHYS o N MPARHYS R5 loadtstep
100
S v 9 3.00
VCE?3 ' © c2 R4 B1
© T . T SR ol i
1.00 Vout (t )
X6
PSw1 800u 2.40m 4.00m 5.60m 7.20m
Keeps. the switch open Resets the latch Yvhen the peak Transient responses are identical
for a fixed 7,,. current set by V, is reached.
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Small-Sighal Response: SPICE versus SIMPLIS®

[ SIMPLIS® easily simulates the fixed-off-time converter

(dB) ).

N
Vi () U
v (/) NN

ot
Z Vc (J{')- \ \

)/

- =0
V5 S1 +
11— [

Fixed-off-time Peak-current control
generator

| SPICE versus SIMPLIS®

0

Dynamic responses are very close
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Quasi-Square-Wave Converters

 The waveform average values do not include the deadtime

i (t) ‘ I I, 14
]peak 3 C R out
L

I eak 1
LTy, o

\ A\, Ty Derive operating points and dc transfer function

A
N
v |

C. Basso, Small-Signal Modeling of Power Converters, Professional Education APEC seminar 2013.
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From Large- to Small-Signhal Models

O Partial differentiation will give small-signal coefficients

AN [L]k P oL

. ol \V. V.1 ol \V_,V..1 ~ ol \V, ,V..1
l.a — a ( ng ac C) vcp + a ( Cg] ac C) l.c + a ( ng ac C) ‘/}ac
v I c ’Vac ¢ Vap ’Vac “ I c ’ch
a C
I/Cpkcp l@ l@ ] ck ic @T I/ackac T@ I/ckc
conductjnce 0 colnductance conductance

Small-signal model

Public Information

l,"/kcp _ 1 Vaeo
I (Vaco + VCPO)
_ Vero
‘ Vepo T Vaco
Lk = Vepolco
) (Vaco + chO)

Static coefficients

ON Semiconductor® t N
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Cycle-by-Cycle and Averaged Responses

[ The cycle-by-cycle circuit requires an extra winding to detect core reset

e uoow
parameters 7 i “‘”‘% T o F3 t
Vin=12 & i _ 4.50
Ve=1 & L IL1 30m + 7 ¥
L‘=_10l.l C) in) : ) ZS[” < :Sknown
Ri=0.5 = |
—"47uF e 350
DMG x4 :j
Demagnetization x (V) 2.50 T
detection ——> || {5 | Cycle by cycle
1.50

300u 900u 1.50m 2.10m 2.70m

Transient responses are identical
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Course Agenda

 The Buck Converter

 Control Schemes

 Introduction to Modeling

d The PWM Switch in Current-Mode Control

 Introduction to the Fast Analytical Techniques

d The Four Transfer Functions in CCM Current-Mode Control
 Compensation Strategy

 Prototype Measurements
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The Fastest Way to Determine a Transfer Function

d We can use the Fast Analytical Circuits Techniques or FACTs

N ) a, =7, +7T b=t +1
Vo (s) , l+as+a,s’ @ and b, [s] Nln ) IV TN zl . ! 'tt2_

! = 0 1 b +b > X ulled response eroe eXClla on
D ; + 1

L & s ) T S +b,S a,and b, | s a4, =T\ Thy b, =17}

Same dimension

d Energy-storing elements are combined with resistances

® \ + \ {ﬁ | r=X r=RC Hﬂ \ ;" + .
‘ X\ R L\

Time constants

1 Capacitors and inductors behave differently fors =0 and s — «
b b

s—)ool s=0 S — 0

cC —— <«

s=0

L —
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Determine the Dc Gain

1 Look at the circuit for s =0
» Capacitor are open circuited } SPICE operating

point calculation

»Inductors are short circuited

V:)ut I/out
NWW— — NN
R R,
}/-C S = O rc
+ +
e h —
C1 p— Cl?
: - : " R
[ Determine the gain in this condition: H, = load
Rload + Rl
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Determine the Time Constant

1 Look at the resistance driving the energy-storing element
1. When the excitation is turned off, V, =0V

re §
+

T

V;n 6} Rload

Short the

(d Remove the capacitor and “look” into its terminals
> The first time constant is 7, = (7. + R, || R,... ) C,
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Null the Output to Unveil the Zero Location

[ Bring the excitation back

2. Check the condition bringing V,,, =0V Z,(s)=r. Ly
R _ sC,
1 Vour =0
ik VVV l'
! 'I, ------- "\" Iout =0 —
i ’/'C i V:)ut _OV %rc ¢ = 1
v | ’ r.C
V. @ I Rload ‘ c™1
AT
: | Transformed 1
il/sC — short circuit = 1/sG, l
N ' Z,(s) o - 1
-G

[ You can also remove the capacitor and look into its terminals
» The second time constant in the null condition is 7, =7.C,
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Combine the Time Constants in a Low-Entropy Form

By combining time constants, we have

H(S):HO 1+ s7, _ R, 1+ s7.C,
1+s7, R, +R 1+s(r-+R ||R,.,)C

[ Rearrange the equation to unveil a pole and a zero

R
1_|_i a)z — 1 HO — load
H(S) g Q. r.C R, TR
0
1_|_i o = 1
a)p : (rC + Rl || Rload )Cl

O This is a low-entropy expression
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Second-Order Circuits: New Notation

[ Set one reactance into its high-frequency state

1 — Reactance 1 is in its high-frequency state

(5

— > What resistance drives reactance 27

| §—>®© short circuit
2 — Reactance 2 is in its high-frequency state o
§ —> o0 open circuit

— > What resistance drives reactance 17

ro—1
O There is redundancy: pick the simplest result

] _ 2
b, = 1,7, <:> b, = 1,7,
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A Simple Low-Pass LC Filter

O There are two energy-storing elements: 2"%-order filter

Vom Set s to zero: short inductors, open caps.
Ll , Determine H,
7 Reduce excitation to O V: short V,,
C
+ Find 1st-order time constants with L, and C,
@ V Rload ] ) ‘1’ )
m Find 2"d-order time constants with L, and C,
\
i Null the output and find zero(es)
C,= v
Assemble results in a low-entropy form
b 1+
: : H(s)=H, @
4 What transfer function links V, ,to V. ? s (j
+ +| —
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Start with the D¢ Gain

[ Short the inductor and open the capacitor

Vour
—L——’\/\/\/ 1 s=0 short circuit
1 ]/‘L
Fe
+ | - s=0 open circuit
@ I/ln load '
H — Rload
C 0
? (f Rload + rL

O This expression is obtained by inspecting the circuit: no algebra

73 2/2/2019 Public Information ON Semiconductor® tN




Reduce the Excitation to O V: Short V,,

] Determine the 1st-order time constants

R?7—>
“T

5, = (”c +7, | Rload)CZ
)

Don’t expand!
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Pick the Simplest Time Constant Combination

O Set one of the energy-storing elements in its high-frequency state

v, "
v, e
Rload Rload
R?7—>
G, Cz?
L
2 1 . 2 _ 1 1
1ot || Ry

M You have to select the simplest combination between the two options
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Determine the Zero Instantaneously

d What would prevent the stimulus (V) from forming a response (V_,,)?

_LNW\—/\/\/\/ E _ out ZI(S):SLl'l‘]"L—)OO
Zl(S) _____________________ ------ . Only for s approaching infinity
: : I =0
1, A § o 1

A + > Z, (S) = +7.=0

| 'R sC,

S =-—

1 ne ) 1r.C,
Z,(s) SC2 T ‘

O There is one single zero contributed by C, T C
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Assemble all Time Constants to form H(s)

O The denominator is obtained by combining the time constants

L + R
———+(r.+7, || Ryt ) G, [+ L,C, e T Pioad_, 2
Rload +r L Rload + rL
1 The numerator features one zero only

N(S) =1+s7.C,

U Read gains, poles and zero with the low-entropy format

D(s)=1+bs+b,s’ =1+s

S ) 1 7" +Rload Rload
1 +— (0 == 0 -
H(S) - H a)z \/L C rC +Rload rL +Rload
0 2
1+ S + Sj > Q _ rL + Rload 1
@, @ L+GCy|rer, + Ry (re+1,) | @,

R. D. Middlebrook, Methods of Design-Oriented Analysis: Low Entropy Expressions, New Approaches to Undergraduate Education, July 1992
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Check Results and Easily Run Corrections if needed

[ Verify the expression in a Mathcad® sheet and compare responses

xy
=010 ro:=1Q  Cyi=1pF Li=20uH  Ryypq:=5Q Il(xy) :::

20 S == 0
R :
_ load ~0098
1+ Rypaq X
L ,
1 ;
Ty= =3.922ps  1y:= OZ'(TL I Rigad + rc) =1.098x 103-nsb1 =T+ Ty =5.02ps 0 \ ‘\
T+ Rigad | H ( ’" \ \ 1| .
Cy(rc + Rigaq) = 615 b 2142905 by i=ToTy(=23.529us> 20 N
T12= 52\ * Noad) = OH T21= =2l 2 =TT =40 - |
L+ Rroag TG (dB) TN (°)
2 Nj(s) Ny M- 100
Di(s):==1+bys+bys

Ni(s) =1+ s1cCy

Hy(s) :=Hy Do

- 40 5 ’r N

1 oo L[ o _ L1-Cyog (¢ + Rioad) "N
= 0= . = _ r r
z Gy 'Ll.c2 e+ Rigad L+ C2-(rL-rC + 1 Rigad + rC'Rload) 60 A1\ S ) 8150
s /2
1+—
o, Zy(s) =s-Ly + 1 Zy(s) = +1¢ | 1 Rjgaq - 80 ; . ) . .
Hy(s) :==Hyy 2 10 100 1x10 1x10 1x10 1x10 1x10
1
1+ SQ+(1) ! oo Zy(s)
0)0‘ (1)0 I S) =

e Zy(s) + Z1(s)  Brute-force expression/I

 If a deviation exists, fix the guilty sketch and don’t restart from scratch
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Third-Order Transfer Function: more Choice!

1 Combine the three low-frequency times constants together

1 3 — Reactance 1 and 3 are set in their high-frequency state
ro1

— > What resistance drives reactance 27

Reactance 2 and 3 are set in their high-frequency state

What resistance drives reactance 17?

LINEAR CIRCUIT
TRANSFER FUNCTIONS

C. Basso, Linear Circuits Transfer Functions: An Introduction to Fast Analytical Techniques, Wiley 2016

79  2/2/2018 Public Information ON Semiconductor® tN




Course Agenda

 The Buck Converter

 Control Schemes

 Introduction to Modeling

d The PWM Switch in Current-Mode Control

 Introduction to the Fast Analytical Techniques

1 The Four Transfer Functions in CCM Current-Mode Control
 Compensation Strategy

 Prototype Measurements
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The Four Transfer Functions of the CM Buck Converter

O There are four open-loop transfer functions of interest:

Q‘

S}

VN

9%}

~— N

o~
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V;, =V, =0

Control-to-output with ac-silent input source

“How does a voltage perturbation on v, propagate to v,,,?”

Input-to-output with static control V.,

“How does a voltage perturbation on v,, propagate to v,,,?”

Output impedance with static control V.

“How does a current perturbation on i, propagate to v,,,?”

Input impedance with static control V,

“How does a current perturbation on i,, propagate to v,,?”

Public Information

Vi CM buck Vour

VC

v, CM buck Vo
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Control-to-Output Transfer Function

d Install the small-signal CM-PWM switch in the buck converter

Input contribution

+Ic L |pp— response
—a O—feF—rng—
1 ) A 1 C =
+ §_ l@ vﬁ‘kf l@ @ﬂ @T Vcko §_ T Cs
VO i | 8o R §
5,8, iﬂ b8 | re $
stimulus

 We want the control-to-output function, the input source is ac-silent:
v, =0 —— 1;apgf =0

4 The input contribution can also disappear, no interest in Z, for now

Control to output
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Simplify and Rearrange the Circuit

M The circuit now looks simpler to study

(o
T 1 V:)ut (S)
L, T
Stlimulus C. L Response
.—
1
VC(S)kO @T g_ - G ? ;R
777777777777777777777777777777777777777777777777777777777777777777777 Assign labels to
identify time constants: 7, 7, 7;

[ There are 3 energy-storing elements: 39-order system

Control to output
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Look at each Time Constant when Excitation is Off

O The excitation is zero, elements are in their dc states
O 3 storage elements, 3 time constants, 3 drawings

T
L2

§1/g0 g3

1
R n=/(¢) — rlzcl[g—”R

L,
L+R
8o

R Tzzf(Lz) =

R 1=f(C) ——13=G [FC J{gio”Rn

Public Information

|

>

_

Sum time constants
Dimension is time [s]

b1=C1(L||RJ+ le +c{rc+(i||1en
go 7+R gO

8o
Control to output

ON Semiconductor® n N
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Determine Second-Order Coefficients

O One element is now set in its high-frequency state

C, (HR)

L, G;(cc)
/

R?

C, (HP)

Lyldo) Gy

R?

85 2/2/2019

£
L2
|
R?—
G §R
gl/go
Cl
Ic
Té = 1G5

Public Information

o2 =(ro +R)C,

b= Llr) 26 Lirrecy 42

T_ plu— L, (HF)
R? —> 2
-
gl/go “ §R ’ (o)
G To C3 Cl
R?

2
b, = 1,7y + T\T3y + T, T3 [s ]

(rC +R)C3
8o —+R

g0 Control to output
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Two Elements are now set in High-Frequency State

4 For b5, we multiply by a third time-constant

112 . S
by =117,73 ———> Dimension is time3

L What is this new time constant definition?

C, (HF)  L,(HF) pr—
7y e s 12 ~( )
G R 7" =(r~-+R C
I/g 3 ¢
?3 (e G § 0 FC%
R?

[ The final coefficient has been identified

— — 1R R)C
by = Cl(g | JR(’”CJr )C;

Control to output
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Assemble Time Constants to Build the Transfer Function

L A Mathcad® sheet can be built to verify these calculations

1+

S

21

0
1+bs+b,s* +b,s’

87 2/2/2019

G, =

. [R

1
8o

Public Information

5V/1A buck

V. =10V,F,, =100kHz,R, =0.25Q,S, = 2.5kV/s

C =100pF,7, =0.1Q,L =100uH,C, =101nF,V, =128V
I, =4.94A

k,=2Q7" k,=4Q7"

g, =0.01Q7"

g, =-75mQ" g =049Q""
g, =-250mQ™"

1., =15.9kHz

Control to output
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Verify the Analysis with a SPICE Simulation

L We can use the large-signal model to confront our mathematical results

Bias points

l

parameters
Fsw=100kHz

L=100u
Cs=1/(L*(Fsw*3.14)"2)
Ri=250m

Se=2.5k

“* Check operating points are correct: V,

88 2/2/2019

C

{Se}V(D)/({Ri}*{Fsw}) + v(c,p)*(1-V(D))*({1/Fsw}/(2*{L}))

Vout

Public Information

vIC L1
+m , {L} 4.95V
—~/a a/ \/ 7C C 3
3
Current 2
B4 ==
l@ Current VIVe) (R @T l Current {Cs} AR
N V(D)*I(VIC)
V1 -2.50mV | \ R1
10 e D 1
P R 128
Tm B1 R2
+ +
—VWW—p A \1/32%"’ Voltage 100
AC = 1 v(c,p)/v(a,p)
=495V -0k

Control to output

ON
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Excellent Agreement between SPICE and Equations

 Superimposed curves means transfer functions are identical
dB o
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Rearrange the Expression in a Low-Entropy Form

O Proper arrangement is necessary to gain insight in the expression
D(s)=1+bs+b,s* +b,s’
[ This is a third-order polynomial form that can be factored

Control to output
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Final Expression shows Poles and Zeroes

U The transfer function can now unveil peaking and damping

R 1 20
R | RT,
, 1+Lz[mc(1—D)—O.5]

10 T T
1 T, 1
%= xe Lo 7P e e e \ ,

H, =

T 0 1 - 10 ‘
NS ()
L, 7| m, (1-D)-0.5] . {—I /
S Artificial ramp 10 100 103 104 1()5
m, =1+—*%

Inductor on-slope

R. B. Ridley, A new Continuous-Time Model for CM Control, IEEE Transactions of Power Electronics, Vol. 6, April 1991
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Input-to-Output Transfer Function or Audio-Susceptibility

 The control voltage is reduced to O V and V,, is now ac-modulated

Response
a Stinfiulus c [c>(s) L %m(é)
Vi zero .
c1 1 g
L) O F Bk B | (o] (0] 3 O] 2
{}apgf ﬁcko ! ch :
p | o

=0in open-loop —

d We have no interest in the left-side part now as it affects Z;, only
* In open-loop conditions,?. (s) is O V and it simplifies the circuit

Input to output
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The Dc Gain is Immediate

1 When the excitation is zeroed, the circuit returns to its natural state
v Reuse the denominator you have already determined

Lz I/out (S)

—————————

e O o

_______

Rload

1+—

v" Current-mode control naturally rejects the input contribution as H, is low

Public Information

Input to output

ON Semiconductor® t N
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Rejecting the Input Voltage Contribution

4 Calculate the amount of external ramp to reject V,, perturbations

D|: (1 D) (1 Dji| D:=56.8% V=9V Vy, =5V Ly:=10uH Ry:=5Q Fg, :=100kHz R;:=0.62
m — — _
c .=
H ~ 2 Tswtzﬁ S Vin Vout_Ri=24k—V Se:=15'65g mc:=%+l=l.652
0~ L, 2 - s :
Riua sy +[m 1-D) 05] -21.6 dB
foad 3001-31.2 dB

S, =0

. S, =10kV/s
D{mc(l—D)_(l_jﬂ =0 500|.55 dB
S, =15.6 kV/s
l (dB) -70.0 \

D-2 S, =50%-S, -90.0
m. =
© 2D-2 D =50%

110 ‘HO‘

1 10 100 1k 10k 100k 1Meg

v’ Theoretical infinite input rejection!
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Output Impedance Determination

[ Install a current source across the load resistance

a 5, | ¢ 1(s) L,
I 1 a7
() g E 0Tk 90, | o o 376 4
"}ng "}cko rC §
P
O The two controlled sources are turned offas ¥, and V. are O V
L
— | 2., (5) = 2 1)
— £ VT IT (S)
Draw a simpler sketch 8o Determine
Iyand V',

Output impedance
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Determine Time Constants by Inspection

4 Short the inductor and open the capacitor for R,

s=0 Turn excitation off

7 O O
L, S
R?
A ! )
Rload

_ Rload IT =0

8o
TCI e <'j

Back to the natural structure
Reuse previous denominator

1 2
Ry =Ry ll— o142 S L
load 2 D(s) 1+a)p1 1+an+ o

Output impedance
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Null the Response for the Zeroes

d The response is nulled when no current circulates in R,

No current flows in R, .,

All the I current circulates in L,

EC3:_‘E ;:O AIT ‘

| ! The impedance involving L,, C,
1 L ¢ ! i R, . and the conductance is a
8o : : | @T transformed short circuit

G 11

| | v, =0 _ _

Z(s)i. 3 ; r Z,(s)=sL, + 0||—1—0
2
) ZZ(S)=1+Sg0L2+S L,C _0

97 2/2/2019
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Simplify and test the Final Expression

4 The second-order polynomial form is affected by Q and @,

P B o
! \]chl N g, \ L,

‘ High-frequency

contribution

1+—
Zout ( S) ~ Rload @,
"’“dT [m.(1-D)~0.5]1+->
(4
p

98 2/2/2019

0 ~ay
A
10 '\',__ Aoo'oxir_LeL,
S |o7edon | The impedance is
dBQ ‘\ J dominated by R, ,
20 N in low frequency
[Zout (5)
-30
10 100 1x10° 1x10 1x10°
e
\“4&. /"‘
| Avaroninnae Need high open-
"\..,. eXpressio // loop gain to lower
% Z
\Qasa”‘/ o
-6
7
“—“out
10 100 1x10° 1x10* 1x10° Output impedance
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Input Impedance Determination

[ The excitation source now biases the input port

a c I(s) L,
T T openloop [ J
IT v ‘A}c N v Cs
1 " 0 > ==
o | 2% (Ofk e o (0] 3~ 76 £ Ry
v, Y8y vk, e
—T—= © p J
O Determine the incremental resistance R, for s = 0
a c L(s) L
o - Temporarily
l disconnect —
Iy & 1
1 1 4
o g3 0% O, o G| 2R ‘ R, =R, | .
VT p & Intermediate L J
L —o | result without g

Input impedance
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A Negative Open-Loop Incremental Resistance

4 The input current is the test current /;

[T(S) Ic(S) .
—>O—)€ C = ]T:vcpgr \
| by = (1 IR j
N N cp ~ VapSf| T load
b 18 a0 Ol §g_ Sk o TwEr| g 1, 11
o gl
A | gr8, 7||R0a
D IT:vapgfgrL_”Rloadj / [go foad
_>O VT go

 Replace coefficients by their definition and rearrange

A R Ly +05-D (S, +S (I—D) The incremental
l 1 T n e

‘ resistance of the CCM
open-loop buck
Kse +S7”)D3 —(S +%Sn)D2 +%SHD}+MDS,1 L

converter is negative
load * sw

Input impedance
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Turn the Excitation off and Determine Time Constants

 Get rid of the controlled sources for an easy inspection

E c L, ey 1
""""""""""""""""""""""""""" » C§ S _V_(g)_i— _;V(C p)g C
1 v 1
Rl 1
_ e C e P
St 10ne Ol 51 Lo ] sa PR T
C,—— 5 g.g p
o I (N —l_ ”””””””””””””””””””””” >vapgf:_ gifV(C p)/
 Inspection works to determine the time constants ;
Y Y Y ’ 20
C L, 'T‘
Yo Determine R? Yo
§ g, gL —C §R,aad ‘ § g, 1 % g § R
8.8 &, resistances 88y & 9c
G : c < R?
—I_ o 3rd-order circuit
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Break the Circuit into Small Individual Sketches

o
gi § L <€ R? ngadg § _&
grgf go Q grgf

0 rgf
7 O O O O
L, L,
R? ¢ G
1 , o)
§ & § Rload§ § & § = § 1 ° R? §Rload
grgf go grgf grgf gu
G G <
C3<f C3<F
L
T£=R2 T32=C3(FC+Rload)
load Input impedance
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Combine the Time Constants

J Assemble the time constants to form the denominator

1 g; L 1 g;
| O O | bl =Cs _”Rload ” : + 1 2 +C1 rC+_||Rload || :
L &o grgf &i 8o grgf
: g : g8y
Te D(s)=1+sb1+s2b2 +5°bs o e/
1 g; 1 g;
8i 1 _ by = Cs| — 1 Rpgq I RLJFCS — |l Ripa | == |Cs1c
— Rload b] =0 +T2 +T3 &o grgf load &o grgf
grgf go L
1 1 2
G R?7> by =07, + T3 + 7,75 3 zg' Cs (e + Rigaq)
?C3 112 Pl
b3:2'1721'3 8 &8¢
2-c R bo=C| g & | L Cy (re + Ripu )
75" = G310+ Riggq ) 3 =G load 37e + Rigaa
8o grgf load

4 O-V V. brings the circuit back to its structure: reuse former D(s) of slide 87

a C i L
Iy Degenerate Ir ) same ¢ I(s) ™ ‘I‘C3
1 . . 1
VT =0V /I\ T § o @ VCP gr @T Vap gf § T CI §Rload
case See slide 87 &i & e
V=0V o
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Plot the Open-Loop Input Impedance

 The input impedance is negative up to high frequencies

Zm(S):RON(S) N(S)=1+als+azsz+a3s3 D(S)Zl-i'bls-l-bzsz+b3s3
D(s) See slide 87
14
~U
2 \ 100
10 \
dBQ \ ° 0
8
o 1 - 100
/ v 7 I
/ 174 j W U A-Am ( ] ) il
4 l""“‘-\-._
100 1x10° 1x10* 1x10° 1x10° 100 1x10° 1x10° 1x10° 1x10°

Input impedance
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Why is the Incremental Resistance Negative?

[ The smaller on-time at high line offers more demagnetization time
» The valley current is lower: I, decreases when V. increases

i, (1) o Open-loop CCM CM buck

1,=1(%)

0.55\
ﬂ \
Ri
05— ]

1 outLL (A) \
I, .

1 clock 1 1 035
9 10 (V) 11 12

Vi+ Vo -V
I step 1 _ h610

‘ A voltage increase brings an input current decrease: Ry:=
g g P Iin(vl + Vstep) - Iin(vl) 5V/1A

V,=9VV, =lmV

Public Information ON Semiconductor® n N
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Unstable in Open-Loop Conditions with an EMI Filter

O For many converters, filter-related instabilities occur in closed loop

» The CCM CM buck can be unstable in open

-loop conditions
1

RL

Vin X Vout
L2 PSWA R1 L1
10u 50m V1 100m 100u
e Ve V¥ — AN\ O = 7 AVAVAY, ; NOON. 5
= Qb "
= l 15
R7 Vslope - 1
§ 22m +C> [>T 2] T 220u
13
+ 11 m (7)] = D1 2
V
O % X ’ N\ MBR10100
B1
17 Current R3
237 L v1)10m X2 + 70m
SUT + ' \ COMPAR
Vclock
e Q
+ Vc
c2 |
? J,-' 100p T <> 3

4 It is a simple open-loop configuration, 5 V/5 A.
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The Filter Output is Affected by a High Ripple

 The converter can barely deliver the voltage but its input is highly unstable

4.50
3.50
(V) 250
1.50

500m

24.0

16.0

(V) 8.00
0

-8.00

vom(t)
Il il * i
il i Mi I ,

5V

Filter
damping is
an absolute

necessity!

e, ~

Generate losses

ON Semiconductor® t N
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The Filter Output Impedance brings the Problem

[ Stability can be at stake when inserting the filter

The Nyquist
4 h v.(s) (" N criterion applies
VW
+ Z, (s)
O Tals) 4" r> Z, (s) l
~ Filter Zuls) Zu(s) Switching Supply 7 ?82_1 A
dThe circuit can be modeled to reveal a minor loop ACIEAC I
1 Z,(s) Z,(s)
v, (s)=V, (S)Z—h(s) T
I+ Z; (S) Stay away from overlaps

R. D. Middlebrook, Input Filter Considerations in Design and Application of Switching Regulators, IEEE Proceedings, 1976
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Check EMI Filter Output Impedance Peaking

[ Does overlap exist with the negative incremental resistance?
» Yes - damp the filter with external components

VZOUT
40.0 SV/SA Conditions for

(dBQ) oscillations

1 20.0 K )
R2 %R? R, =10 dBQ

f10d8 / \

@T ﬁ‘c =1 0 Design target \
3 4
C3
L2 p— 4.7u -20.0

-40.0

2, ()

1 10 100 1k 10k 100k

Input impedance
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Optimally Damp the Filter Output Impedance
 The target is to reduce the filter impedance peak to O dBQ or 1 Q

7 ~
R, = C—f R, (R0+\/R02+4(|Zom|mm)2j
' - n= _ =5.738
2, [2(2+n) (1Z..,,)
R, B n’ % 1 4/, V4

target
R, = R0, =0.74Q

0 - (4+3n)(2+n)_0506
Pt 2n* (4+n) e Cotamp

=nC, =27nuF

-

d This is a rather large capacitance value for a ceramic device
» A 47-uF electrolytic capacitor and its ESR can do the job
s* Watch for temperature effects as ESR increases at low temp!

C. Basso, EMI Input Filter Interaction with Switching Converters, APEC Professional Seminars, 2017
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The Peak is Lowered Owing to Extra Losses
 The added RC network exactly meets the design target

VZOUT
Damping Y 40.0
network (dBQ) Undamped

' RO S ! R2 R7
0.7 5 50m 22m

) E @Tﬁl\c=1 0

S5V/5A

20.0

! 3 4

| | C3

EC4 N L2 = 4.7y -20.0

'ATu T 10u

““““ -40.0
—+ Z, (f)
= 1 10 100 1k 10k 100k

Input impedance
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Filter Damping has calmed down Oscillations

[ Once the damper is added, high-frequency ripple remains

5.048

5.044

10u 50m - (V) 5.040

VAVAVA
5.036
R7 RO
2m So074 5.032 Vout (t )
f 140
c3 c4 10.0

— 17y == a7y 7 MAAAWAAAWMAAAMAAMAAAAMAMAMAAAMMAAAAMAMAMMMN
‘ (V) e.00
2.00
-2.00 Vin (t)
2.38m 2.51m 2.65m 2.79m 2.93m
*» Check margins again once the converter is compensated nput impedance
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Reduce the Load Current to enter DCM

[ The control-to-output transfer function is still of second order!

S
1+ — 2
W 1 2m,. —(2+m M M
H(s)~H : ®, = —(2m) w, =2F, | —
: P R G, (1= M) pr = o
S S load ~1 m,
I+— || 14+—
a)P1 a)l’z
40 0\
et \
N \
20 ~20 \
AN
N,
N ° \
dB 0 ~ 40
\\ \ /“‘\
\\. / \
-20 ‘\...___.. - 60 /
| /
N \ ! \
RIS prad v )
=1 m ) L - 8022 ‘mﬂj ) q / ]|
1 10 100 1x10° 1x10* 1x10° 1x10° 1 10 100 1x10° 1x10* 1x10° 1x10°

R. B. Ridley, A new Continuous-Time Model for CM Control, IEEE Transactions of Power Electronics, Vol. 6, April 1991
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Instability in Absence of Compensation Ramp
1 When the ramp reduces to zero, the DCM CM buck can be unstable

Reduce m_ to 1

1 2mc—(2+mc)M 1 2-3M
" RuwC ome (1-M) " RiaaC 1-M
 Plot the pole position versus M
RKN_._» = As M increases (V,, is lowered), the pole approaches the origin
0 f
S0 N f <0 = For M = 0.666, the pole is at the origin
f(Ml)_ \ = For M greater than 0.666, the pole jumps in the right half-plane
— M, :=0.1,0/11..0.9 :
) 3'Ml -2 \
oW \ mm) Despite DCM, a compensation ramp is needed
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Course Agenda

 The Buck Converter

 Control Schemes

 Introduction to Modeling

d The PWM Switch in Current-Mode Control

 Introduction to the Fast Analytical Techniques

d The Four Transfer Functions in CCM Current-Mode Control
J Compensation Strategy

 Prototype Measurements
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Transient Response and Compensation Strategy

O A nonlinear average model is the ideal tool
¢ Auto-bias the output to its operating point, /

out

=10 A

dc lout

Vout
L1 . LoL
out
10.0V ad“wyco'e/ 10:n 10m 5 gov +§ N V. 2.5av 11 2.54V

AVAYAY 5.00v C Ao - | 7out
3 2 20 . 12
parameters T @ ey
T e
Ri=7.5m 83.8mv] |vc , c1 ) Y
10 p—
Se=2.5k PWM switch CM_|P. — 560u Rioad
*Vin X1 § 05 R4 E1
O 10 EW'\:'OCM ° 100m 1K
= u
+ Fs = 250k rc +
ok - v
Voltage =N *AC= 1 5
V(Vc)*33m Se = Se 6‘9 va

O Check all operating points are CorTrect (V,,;=9V)

O Extract magnitude and phase information from the Bode plot
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Stabilizing the Current-Mode Buck Converter

O What you need is the control-to-output transfer function of the power stage

dB
180 20.0

90.0 10.0

-90.0 -10.0

-180 -20.0

RN

f. =5kHz, G=-12dB, ¢ = -70°
f. =10kHz, G =-17 dB, ¢ = —62°
f.=20kHz, G =-20.7 dB, p = —49°

9 =—70°

Glde\&_\

10

100

Public Information

1Meg

Buck CM

ON Semiconductor® t N
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Automate the Compensation Process with k-Factor

O Use a SPICE simulation to try different compensation scenarios

d
f

duty-cycle
a

parameters parameters
Rupper=10k

Rlower=Rupper
fc=20k
pm=60

Ri=7.5m
Se=2.5k

Power C
Uafe=20.71  Stage
{ pfe=-49 data

*B1
Voltage
V(Ve)*33m

° lPwM switch cm

510V

lout

16m

G=104(-Gfc/20)
boost=pm-(pfc)-90
pi=3.14159
K=tan((boost/2+45)*pi/180)
C2=1/(2*pi*fc*G*k*Rupper)
C1=C2*(K*2-1)
R2=k/(2*pi*fc*C1)

fp1=1/(2*pi*R2*C2)
fz1=1/(2*pi*R2*C1)

PWR stage response
fc=5 kHz, Gfc =-12 , pfc =-70

fc=10 kHz, Gfc =-17 , pfc =-62
fc=20 kHz, Gfc =-20.7 , pfc =-49

k-factor
automation

R6
{Rupper}

+ R7
\Zl_rgf {Rlower}

dB ° Compensated loop gain
80.0 180 | 60°
40.0 90.0

0 0
-40.0 -90.0
-80.0 -18¢ 20 kHz
80.0 18 60°

40.0 99.

0o /i \
-40.0 £3( 3 10 kHz
-80.0/-1
80.0 1 ( 60°

\

400 € . — \]/

] ' \
400/ ) /]\ !
-50.0 10 5 kHz

» Keep phase margin constant and adjust crossover frequency
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Step-Load the Output of the Converter in Closed Loop

[ With a constant 60° phase margin, recovery slope is constant

5.20

5.10

(V) s.00;

4.90

4.80

Vout (t)
f.=5kHz
f.=10 kHzE :
£, =20kHz
130 my T
Depends on C,,, and f, CCM buck
converter
990u 1.17m 1.35m 1.53m 1.71m

Public Information

10 A

7A o ()

Al,,,=3Ain3 s

ON Semiconductor® n N
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Sweep Phase Margin at Constant Crossover

 The phase margin affects the overshoot and the recovery time

v (t) @, =30° Crossover is constant to 5 kHz
505 | out
P = 45°
5.00 E —
P =90° Step
(V) 495 ' oad
4.90 I
OMt
4.85
Marginally depends on PM Al,,=3Ain3ps

990u 1.17m 1.35m 1.53m 1.71m
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D

cos(g, )

sin(g,,)
1

121 2/2/2019

80

76°

Public Information

20

10

-10

-20

Phase Margin and Transient Response

[ The phase margin selection depends on the transient response you want
dB

-3dB

Closed-loop response

v The open-loop phase margin affects the closed-loop quality factor

C. Basso, The Dark Side of Loop Control Theory, APEC 2012 Professional Seminar

il
1A
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5.02

4.98

4.94

4.90

4.86
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What Transient Response is Needed?

[ Choose phase margin based on the transient response you want

AT T
A EEE

* 45°: Fast recovery, little overshoot
* 80°: Slow recovery, O overshoot

Public Information ON Semiconductor®

Step
load

Al,,,=3Ain3 s
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Crossover Selection for the Buck VM Converter

L Before selecting a value, there are limits to respect

1w 400 % £ =2 kHz Keffs R f’\om(s)
out + :' |
000 200 VFB(f)‘ i You need loop | Hs) |4
/\ gain at peaking! S
0 O e N AN
LV z(f) Ty, (S)

U
-90.0 -20.0 Ves (f )

v You must have gain
in the system at the

180 -40.0 perturbation frequency

10 100 1k 10k 100k 1Meg

4 Crossover for a CCM VM buck must be: 3. £, < f, < F;W
% In this example: f. > 6 kHz
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Compensation in Current Mode is Easier

 Once the poles are damped, the theoretical crossover limitis F /2

aB ° ; ;
400 180 With slope compensation
20.0 90.0 | H f)| i
0 0 o —— —¥ =125 kHz
2
ZH(f)
-20.0 -90.0
-40.0 -180
CCM CM buck, F, = 250 kHz
10 100 1k 10k 100k 1Meg

% Don’t push f, too far as it increases susceptibility to noise ,
% As f. goes up, beware of various delays (conversion time, prop. del.)

ﬂﬂ:> Choose crossover to meet transient response, not more!

ON Semiconductor® n N
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Approximating the Transient Response

[ The capacitor impedance at crossover dominates the output impedance

(dBQ)
-30.0

-40.0

If C,,'s impedance

IMM dominates at f, then

-50.0
-70.0 out CL
10k

10

[ As crossover increases, Z

125 2/2/2019
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A Simple Guide to Crossover Selection

[ Select the output capacitor based on ripple current, ESR etc.
v Choose the crossover frequency to meet undershoot specs

10 A V)
5 A AVout < 100 mV 501 CCM CM buck st = 260 kHz
A
Cout = 560 HF 4.99
497
70 mV
4.95
Al
£~ o ___ —15KkHz
27Z-C0utAV0ut 4.93 Vout (t)
950u 1.05m 1.15m 1.25m 1.35m

O It surely is an approximation as the system is nonlinear but it's a guide
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Stabilizing the Buck Converter Operated in Voltage Mode
[ Display the control-to-output transfer function with SPICE, SIMPLIS® etc...

parameters

Vin=10
RL=5

R6
10k

- -
16
+ 10
+ R5
V3 10k
2.5

Control to output - CCM VM

10 dB/div 45°/div

10 100 1k 10k 100k 1Meg

> ExtracTt magnitude and phase data at 10 kHz: a type 3 is required
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Place Poles and Zeros

v’ Place two coincident zeroes at the resonant frequency (1 kHz)
v’ Place the first pole to build phase margin
v Place the second pole at F /2 to roll-off the gain at high frequency

parameters PWMVM

L = 100u v 1 Vout

EFs = 100k
Ru_pper=10k aisqrt((fc:2/fp1:2)+1) a < !W\_1 [500v]
fc=10k b=sqrt((fc*2/fp2°2)+1) T 3 m 0
Gfc=-19.6 c=sqrt((fz12/fc"2)+1)
pfc=-143 d=sqrt((fcr2/fz2~2)+1) o) Ver
pm=70 %2)

=pm-(pfc)- R2=((a*b/(c*d))/(fp1-fz1))*Rupper*G*fp1 — I R3
gc;olsot/\(pgfé%c()))90 ((@*b/(c*d))/(fp1-fz1))*Rupp p = san | I §R6 R} b
i . o ct R4 10k §50m
pi=3.14159 O m} €n Ry 5C3 Rioad
o 2\ e —|Im«Nv— {c3} RL)
z1=1k GAIN 25V}
[ k=07 LoL |

fz2=1k 1K -
fpl=fc/tan((2*atan(fc/fz1)-tan(fc/fp2))-boost*pi/ 180) oL oo }@w = oo
fp2=50k == Cob T 3]
. parameters 1k 2 . .

_ : 0 AMPSIMP + RS
Cl:l/(2*p|*le*R2). Vin=10 *ys \2/r§f o
C2=C1/(C1*R2*2*pi*fp1-1) RL=5 AC =1
C3=(fp2-fz2)/(2*pi*Rupper*fp2*fz2) - |

R3=Rupper*fz2/(fp2-fz2) =
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Check the Loop Gain in CCM and DCM

1 Reducing the load to 50 € forces discontinuous operation

CCM
dB ° T dB o
80.0 180 ‘ (f)‘ 80.0 180
40.0 90.0 @, =10° 40.0 90.0
ZT(f) T
40 dB
0 0 0 o0
10 kHz
-40.0 -90.0 -40.0 -90.0
-80.0 -180 -80.0 -180
1 10 100 1k 10k 100k 1Meg 1 10 100 1k 10k 100k 1Meg

» Loop gain changes in DCM: watch weak phase margin zone
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Split the Zeroes to Improve the Phase Response

 Rather than two coincident zeroes, place one at f, and another at 200 Hz

dB °
80.0 180

dB °
80.0 180

40.0 90.0] 40.0 90.0]

0 0 0 o0
10 kHz
-40.0 -90.0 -40.0 -90.0
-80.0 -180 -80.0 -180
1 10 100 1k 10k 100k 1Meg 1 10 100 1k 10k 100k 1Meg

» Lowering the zero with a constant f, reduces the gain at low frequency
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A Better Phase Margin in DCM Slows the Response

1 More pronounced undershoot with split zeroes and longer recovery

5.08 :
Frequency | Overshoot Sgttlmg Phas_e
Coincident time margin
504 Zeroes
l / / faster \
(V) s00 —T- T ~—_— JFZ1
\ \ slower /
4.96 _
Split
%
zefoes fz / / faster \
4.92 v ( l‘) 2
out

1.20m 3.60m 6.00m 8.40m 10.8m

+ Adjusting the second zero position changes the transient response
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Stabilizing the Buck Converter Operated in Current Mode

[ Use the PWM switch to plot the control-to-output transfer function

X1
PWMCM
L =100u
Fs= 100k
Ri = Ri

500V Se = Se

3
4+,
C) ninn}

parameters

Vin=9
RL=5

Control to output - CCM CM

10 dB/div 50°/div

|H (1) £H (1)

Internal
divider

V()
7 |
(s) 66°
10 100 1k 10k 100k  1Meg

» Extract maghitude and phase data at 10 kHz: a type 2 is required
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Pole and Zero to Compensate the CM Buck

[ You can use the k-factor method in CM designs
v’ Zero and pole are spread to boost the phase at crossover
v The pole at the origin provides dc gain to minimize the static error

parameters

Rupper=10k
fc=10k
Gfc=-26.2
pfc=-66
pm=70
Se=20k
Ri=600m

boost=pm-(pfc)-90

G=10"(-Gfc/20)
boost=pm-(pfc)-90
pi=3.14159
K=tan((boost/2+45)*pi/180)
C2=1/(2*pi*fc*G*k*Rupper)
C1=C2*(K"2-1)
R2=k/(2*pi*fc*C1)

133 2/2/2019

dc
Vout
L L1
duty-cycle 510V 100m, 5.00V 100u 5.00V
a o] o—1—C - A== =
X1
PWMCM
L = 100u
Fs= 100k PWM switch CM err 3
Ri = Ri
{c2}
Se = Se — 234V 1
: LS =T I §R6 grc
o 10k S 50m
Vin
<> Vin} — = o Rioad
XPWM c4 ° {RL}
GAIN {c1} {R2}
K =0.333LoL ”
23 | 2z | 1K c2
° i T 220uF
parameters ColL L + |— 250V
oy 250V s
Al
Vin=9 ° . Syt SRS
in= +ys AMP384X 2’2 10k
RL=5 ﬁ") AC=1 '
L

Public Information

D. Venable, The k fa-ctor: A New Mathematical Tool for Stability Analysis and Synthesis, Proceedings of Powercon 10, 1983, pp. 1-12
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Check the Loop Gain in CCM and DCM

[ Crossover frequency does not significantly change in DCM

CCM DCM

dB ° dB ° |

80.0 180 1 ‘T(f)‘ 80.0 180 ‘T(f)‘

ZT(f

40.0 90.0 ( ) @, =60° 40.0 90.0

0 0 0 O e —— \
-40.0 -90.0 -40.0 -90.0
-80.0 -180 -80.0 -180

1 10 100 1k 10k 100k 1Meg 1 10 100 1k 10k 100k 1Meg

» Less loop gain impact in DCM: 20-dB margin in magnitude curve
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Course Agenda

 The Buck Converter

 Control Schemes

 Introduction to Modeling

d The PWM Switch in Current-Mode Control

 Introduction to the Fast Analytical Techniques

d The Four Transfer Functions in CCM Current-Mode Control
 Compensation Strategy

 Prototype Measurements
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Characterize your Components on the Bench

R/
0‘0

Capasitance change rate [%]

1 Bench experiments are a mandatory step

» Are the assumptions adopted for the analytical model confirmed?
» Feed the model back with real measurements, refine simulations
» Check the behavior in temperature, particularly stability

Capacitance change with bias voltage? ¢ Margin before inductor saturation?

40

FaolvmerTa

P — Folvmer Al

: —Film Characterization
o —_— MLCC=C0G=
e — MLCC=X5R> o _STN e
o — MLCC=Y5V= [ : - ~
-80 3
h SN A

o1 2 3 4 5 8 71 B y\g >
DC bias [Ved] :

136 2/2/2019 Public Information ON Semiconductor® BN



A Buck Converter in Voltage-Mode Control
 Turn the UC3843 into a voltage-mode controller

J2a
PCscrewterminal
Keystone
Wutth 2 pads CAT. NO. 7701
2 ————— @ TS 74477120 d=10 mm
PCB B | s 212 SRN2009T-2R2M / NTDSBBSNLTAG" | 100 uH -17 A phi=1mm Jic
anana plug -re PCB B: lug - red
Multi-Contact SLB4-/90 | + [ zzﬂ:Hn 1 "G”‘z," E Multi-Contact SLE41/60
23.3200-22 E' I " 23.3200-22
J—]T‘ oums cp5 |+ cé 100u I+ C4
K7a J VB RS 9-12V 470u 1uF 1 2200 SRM 5V
1k
10 J1b 16V 16V e TA
PCB Banana plug - black’ 1 AN 05W
Kéa § VA (K6 Multi-Contact SLB4-1/90 1 m r = | PCBBanana plug - black
23.3200-21 Wit D3 Nichicon Multi-Contact SLB4-1/90
* Through hole pin 860080375014 | MBRD1045T4G UPW1E221MPD1TD 23.3200-21
Keystone 1417 Vref 1 2
* DPDT rocker ref
Soft-start Grayhill 76SD01ST k? d ‘%gc31 Open/C|Osed Ioop i’ | oV
. | 1
R Y e Y e . PCscrewterminal
! P2 Boums 10 tums S J pe2 {(/8591 I 6" Keystone
D6 | 7Pc3 . .C2 CAT. NO. 7701
MMSZﬁV2T1F/?§/ oVvP 1ok azew-r-10aLF] 1 g —. BPDTrocker !
62V Q3| 10k o pha Pc5 Pc6 U1 o1 1
! '1DN4145::Z i [rRaTrfcr Rz CL ¥ yowws | o Rs | _]‘
Y B e 10
: CL| Pc7Pe8PooPct0 ?—ﬁl A RS I \
cmp Saw ? cmp N
1 2 i k3 oL © L 2 |[FB Ve |T——t JL/“CC e -
2N2907 — A1
koo B
1 JQ4 B8 pnv|& 1 OOtSt ra p
1 'H 2N22bb 5
Osc @] |[rect and5T— DRV
dha 2| o i 7 e P 3 ki Voltage-Mode Buck Converter
1§ 1n 14 10k c8 l ,efi co T 0iu T 22u Power Stage and Compensation
T , D'“’T N 2.20F T Measurements - Rev 0.2
‘ 1= P J J
cmm = e e m? N e e e - - =

OVP Soft-start Sawtooth rond € [Esumroums
generator Fixes bias point

** The soft-start provides a smooth start-up sequence
+* The OVP circuit protects the converter in open-loop operations
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The Need for a Bootstrapped Driver

O The UC384x delivers a ground-referenced drive signal

VCC

PWM
controller

ouT ﬁ]—‘
|
|

GND
UC384x J"

» The circuit brings the gate 8 V above V,, and enhances the MOSFET

L. Balogh, Design and Application Guide for High-Speed MOSFET Gate Drive Circuit, TI SLUA 618
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The Prototype in Voltage-Mode Control

 The board allows the easy testing of various compensation strategies

Semiconductor = "~ "
UC384x EVB-A-TLS [7

0 Ouput: 5V/ 1A
Input: 9 te 12 V DC

d You can toggle between open- and closed-loop configurations
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Extract the Control-to-Output Transfer Function

 Simulation and bench experiments agree well with each other

Mag [B/A] (cIB) | Phase [B-A] (deq)
30.000 180.000
24.000 144.000

Py
18.000 108.000
12.000 7 72.000
\\ aqut ( )

6.000 S 36.000
0.000 [ —_— N ) 0.000
5000 | () P \\ -36.000
-12.000 | A% \\ -72.000

V.. (f) N, !
-18.000 err \J ) — & -108.000
- = T
-24.000 __‘,ky\:"’“’ -144.000
-30.000 : : ~. -180.000
10Hz 100 Hz 1 kHz 10 kHz 100 kHz
[ 1
[ [mz

» Good parasitics extraction is key to validate the model
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Loop Gain after Compensation Strategy

 The crossover frequency is slightly below 10 kHz, good phase margin

Mag [B/A] (cIB) |

Phase [B-A] (deg)

180.000

144.000

7\

Y .-

108.000

/i

72.000

1(]

36.000

0.000

-36.000

-72.000

-108.000

-144.000

-180.000

100 kHz

1
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» This plot confirms the model is representative of the hardware
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Transient Tests in Closed-Loop Conditions

[ The transient response is excellent and shows a low dc deviation

Vout (t) Vout (t)

e 05AtolAindups e o s 05At1AInLps O i
8.5-kHz crossover with 60° PM 9.5-kHz crossover with 45° PM
» It's impossible to infer margins from transient tests: always go for Bode plot
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No Gain, No Feedback!

O Wrongly selecting the crossover shows oscillations in the response

Mag [B/A] (dIB) | Phase [B-A] (deg)
e 0, =90° o
24:000 7. S —— 72.0.00
12.000 — 36.000
el A= 100HE S e
o Nogain | T ||
 (5)
?1 (The system regulates N
. R | well in dc but cannot f, ~1.3kHz
- fight the oscillations ——
Vor () =—— ) e R VAR B ¢ OS5AtolAinips
. increase crossover!
R /
Type 1

An output impedance magnitude plot would show the peaking
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A Buck Converter in Current-Mode Control

O The current mode architecture requires a high-side sense

J2a
PC screw teminal
Coilcraft Keystone
CAT. NO. 7701
T
Wurth 2pads
p L2 o= CSROAQL = = = = =g — N 74477120 ’ d=10mm ”
“Through hole pin CB Baranapug-red a8  SRN2009T-2R2M 1 12 11\ / NTD5865NLTAG | 100uH-17A phi=1mm ¢ (S
Keystone 1417 Mt Contact SLB4H/90 + nnn 1 — NO—° E Miti-Contact SLBA/90
*DPDTrocker 2302 22uH i l X | b W Cart
Grayhill 76SD01ST Bourns |+ D8 u 1 ce
9-12V C13 cld 1 1N5817 D3 200 SR12 5V
o Plotpour accrocher J1b 470u 1yF | MBRD1045T4G 16V g 1A
[ une sonde de scope  PCB Bananaplug- black 16 V P | 05W
2 Milti-Contact SLB4-/90 1 1 <} B PCB black
2320021 Wiirth R17 Nichicon Multi-Contact SLB4-/90
| | 23320021
m;lm 860080375014 22k UPW1E221MPD1TD
K7a CS f 1 yl | J2b
Re VB transformer y .
10 - | L] oV
K6 o VA o I
1 Kéa R18 PC screw teminal
g D1 100 c18 " R11 Ros
1N4148 04u 0 CAT.NO. 7701
N I 1
Open/closed logp &™ i L i
T o oNe T Stz o a7k \—]‘Z S;smsme !
t7|7 gyp M Softstart andp—|—4 - drv N 4
D6 1 | ref 1 SW2 - _- o — = -
MMSZ6\2T1G /7 I I R1 c2. . DPDT rocker ‘%7 Bourns 10 urns
6.2V 10k Pc5 P2 3266W-1-203LF|
1 o2 I Rz | c1 r:;s 20K c1 ' Bootstrap
1 1N4144 15k | {0, oyro 0.1u R5
1 It ps | CL | Po7 Ro8Po9 Pl0 g || Re@*i—ﬁ—vj&‘ 10
re
1 oy  1N414B ° L || vee| T
oL — 4 R6 drv
I Il 1 } cmp SW1 Openorclosed] ,vset R2 ‘33k allls  ovlsr T
1 Q2 i 1 loop k8 94.7k 7 gnd
| H 2N2gp2 o | 22uF { ] | [rect ona|53—] DRY
14 100uF R7 Jler Jes
i [] . 3”\/ 1 e cs o 1w 01u 22u Current-Mode Buck Conv erter
l | = 0-1”T - s UC38438 T Power Stage and Compensation
==t ====" gnd Measurements - Rev 0.4
P | clo c2 o o
OVP Soft-start Bouns 10 ¢ (toop 220
urns 10 turns
4-103LF Ac modulaton Ground

FixeS'bias point

» A current transformer references the inductor current to ground

144
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The Prototype in Current-Mode Control

d A current sense transformer is now needed to sense i,(¢)

® . ®
Semiconductor -
UC384x EVB-A-TLS |~ =

. Quput: 5V/ 1A

Input: 9 to 12 V DC

d You can toggle between open- and closed-loop configurations
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Current Sense Transformer Operations

 The current is scaled by the turns ratio and generate a sense voltage

—-I F - I/sense,max = 1 V _.I E
~iy (1)/N Ve () N =100
iD (t) V — = ID,max =8A # = Viense (t)
R
1 )H N DZ §Rb Rb = I/Sense,max N = l100 = 125 Q § Rsense = Fb = 125 mQ
ID,max 8 T

— — "—  This resistor value is
passed to the model

** The equivalent resistance value is used for small-signal analysis
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Current Sense Reset Scheme

[ The transformer features a magnetization inductance
» Reset is mandatory

Part No.  Turns Ratio E-T Product Ls? Rs? Current Rating® Hi-Pot
(V-ps) (mH, min.) (Q, max.) (A) (Vac)
CT02-050 1:50 P 044 1.25 15.0 1500
CT02-100 1:100 8.0 1.8 4.8 18.0 1500
€T02-150 1:150 12.0 4.0 15.0 18.0 1500
CT02-200 1:200 16.0 7.1 25.0 18.0 1500
CT02-250 1:250 20.0 111 37.2 18.0 1500
CT02-300 1:300 24.0 15.0 55.0 18.0 1500 sense

VmagD max];w = Vreset (1 N Dmax )];W max V.s

VmagDmaxT:vw = (I/sense,max + Vf )Dmax];w [V ) HS] |
. = =

‘ V __ " mag’~ max The Zener diode _
reset g _ D_ provides the reset » 0 ense (1)
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Watch for the Magnetizing Current

[ The magnetizing current can affect the precision
V)

<vsense1 (t) [ | g <Vsense2 (t) 700m Vsensel (t
o o l % vsenseZ (t)
§ R 500m / /- 7J /

300m

s

— 100m

_l'm (t):|Rb -100m

40.5u 41.6u 42.7u 43.7u 44.8u

Check the magnetizing inductance
value to minimize this error

Vg is the maximum voltage sense limit
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The Magnetizing Current Affects Compensation

O The magnetizing current subtracts from the monitored current
» A wrongly-selected current transformer can bring instabilities

On-time slope S = Vie =Vou By
n
L N
Compensation slope S = [V/S]
V,.+V
Magnetizing slope Sm —_J cs Rb
Ves (1)

Stot = Sn _Sm +Sa

500m

300m

vse sel (t)

— |\

100m

-100m

——

Original slope versus f

¢, slope

47.9u

48.2u 48.5u

" Can affect slope compensation
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Extract the Plant Control-to-Output Transfer Function

[ Simulation and bench experiments show some discrepancies

Mag [B/A] (dB) | Phase [B-A] (deg)
40.000 — ‘ - 180.000
32.000 = : : : — it 144.000
24.000 0"’(f ) — . ‘ . 108.000
16.000 | Vc(f ! ‘ : L S e = R — . 72.000
8000 [ e — : : ——jit 36.000

S ZH =-70°

0.000 |==wtraw ~~ : - 0.000
8000 [ V.. (f) e T, ‘ . -t -36.000

a el el Y

1/ { f\ | 1 = - -l ot 4= = L= Syl \1‘
-16.000 Vo(f) = ! TSl S -t -72.000
-24.000 - Tl -108.000

|H|=-24dB AT =
-32.000 } ! — ‘ ----- e : - -144.000
-40.000 ' , : -180.000
10 Hz 100 Hz 1 kHz 10 kHz 100 kHz

» Probably a better parasitic extraction is needed from the components
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Loop Gain of the Current-Mode Buck Converter

 The crossover frequency is slightly above 10 kHz, good phase margin

Mag [B/A] (dB) | Phase [B-A] (deg)
70.000 WT%_‘ , —_— 180.000
56.000 Pk | | B N AN || \ 144.000
42.000 s | | ‘ ~L 108.000
23.000 " i N \':*‘“* i - = 00° 72 o‘cm

. I | 1 \ 1 1 \ 1 Mt reeaay = 1 4
14.000 LT(f) e -.‘__ 3 R . - T 36.000

0.000 iz Sl 0000
-14.000 SIS IR 81 L] et \ 1l _36.000

; » » ' 1| Viskd '
-28.000 | | | - f,=10.5kHz A :Q\ il 72000
-42.000 | . Xl -108.000
-56.000 ] | ] ‘ ‘ B ‘ L] S | ‘ ‘ I ‘\i‘ -144.000

|
-70.000 ! ‘ ! ‘ ‘ ! ! 1 — M .180.000
10 Hz 100 Hz 1 KHz 10 kHz 100 kHz

» Alarge dc gain induces a low output static error
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Predicting the Transient Response Dropout

] The transient tests confirm a stable converter

1A
0.5A iout (t)
C,,; =220 puF
38 mV o
i — | Approximate
@ expression
1
c2 | ; T AVout ~ Alout =34 mV
- awms) 0.5Ato1Ain1ps o T B S 7 feCou

V, =9V, f =10.5 kHz, PM = 60°
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Instability in Discontinuous Conduction Mode

d As M approaches 0.666, the pole goes to lower frequency

153

Mag [B/A] (dB) | Phase [B-A] (deg)
70.000 180.000
56.000 f 144.000
42,000 2 J ;ut ( ) 108.000
28.000 M' (1) 72,000
14,000 ks | V. \.,f ) 36.000

0.000 o 0.000
-14.000 -36.000
-28.000 RS — = ] -72.000
42000 | o out J T _1p8.000
-56.000 T (Jf) 144,000

C
-70.000 : | -180.000
10Hz 100 Hz 1 kHz 10 kHz 100 kHz

Mag [B/A] (dIB) | Phase [B-A] (deg)
70.000 180,000
56.000 144.000
42,000 it \f) 108.000
28.000 % ( / ) 72.000

]

14.000 V 36.000
0.000 | A2 g 0.000
-14.000 Vc ( ) [ -36.000
-28.000 IR =: = AL 72000
-42.000 | -108.000
-56.000 144,000
-70.000 - | -180.000
10Hz 100 Hz 1 kHz 10 kHz 100 kHz
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Current mode:
V=14V .
v, =58V Inject slope

R(;Z;d =80Q )

DCM operation Compen§§t|on
to stabilize
the converter

Current mode:
V., =9.55V
V.=56V

Rload = 80 Q
DCM operation

S, >0.086-S,,

B. Erickson, D. Maksimovi¢, Fundamentals of Power Electronics, 2™ edition, Springer
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Conclusion

[ The buck converter can be operated with different schemes

s Current-mode control is the most popular technique

1 Modeling still sees new emerging techniques M
< The PWM switch model is truly the simplest approach - g% Trenkyou
¢ You can improve models by accounting for harmonics 2‘5‘

 The FACTs are an efficient tool to determine transfer functions

*» Analytical analysis gets you the insight on who does what?

L Slope compensation is necessary in current-mode CCM

» but also in DCM for the buck converter to keep stability

[ As usual, analytical analysis + simulation + bench prototype = success!
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