Introduction to Switched-Mode Converter Modeling
using MATLAB/Simulink

« MATLAB: programming and scripting environment
« Simulink: block-diagram modeling environment inside MATLAB

* Motivation:

* Powerful environment for system modeling and simulation

* More sophisticated controller models, analysis and design tools
e But™:

» Block-diagram based Simulink models, unidirectional signals

* Not a traditional circuit simulator; specialized physics-based Spice
device models or component libraries are not readily available

*Various add-ons to Simulink are available to allow traditional circuit diagram
entry and circuit simulations (e.g. SimPowerSystems, PLECS), or to embed
Spice within MATLAB/Simulink environment. These add-ons are not required
and will not be used in ECEN5807.
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Introduction through an example

Synchronous buck converter

+ V -
i Fon s
—— i L

« Switching model

* Averaged model

« Small-signal linearization and
frequency responses

See MATLAB/Simulink page on the course
website (“Materials” page) for complete step-by-
step details, and to download the example files
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Synchronous Buck Converter
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Inputs: vy, fjoaam Ve

Outputs: v, i,

State variables: v, i
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Converter state equations
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LT
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State equations Output equations
V., = Lﬂ_ Vg _(Ronl—i_R ) —Vour (C:]-) - | (C=1)
) dt (Ron2+R ) Vout (C:O) o 0 (C:O)
: VoL
IC:CEZI_ILoad Vou _V+Resr( Load)
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Simulink
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model i g
Vg
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Inputs
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Synchronous buck (SyncBuck) subsystem

|

G, >
vg PWM
subsystem
vC
PWM
D >
iLoad
>
—>

Integration of
state variables

Ju CCMbuck y

CCM buck

Converter
state
equations

1
- 1
dv/dt > S \Y »
v
capacitor integrator
1
- 2
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i
inductor integrator
3
vout >
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>
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PWM operation and model

) A
VM """""""""""""""""" Vl‘(m_(f)
Sawtooth v (1)
v.\'{“l'(r) \
wave
generator
Comparator
1
C A
Analog E
input PWM
waveform
VA1) om———
_ V(.(f) >
d(t) =, JorO=v()=V, 0  dT, 7 2T
i : s :
D >
[T—
v >|- >t >
c

Add Comparator

PWM ramp

Simulink PWM model
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Converter state equations: embedded MATLAB script

U=
y:

inputs = [vg cilLoad v i]
outputs = [ic/C vL/L vout ig]

-
Embedded MATLAB Editor - Block: syncbuck_OL/SyncBuck/CCM buck

File

Edit

el sRRBo0c AEE0G 4| &8

Text Debug Tools Window Help

FE EXBRE IBS

|
I
1 D,
vg
-ﬁ Er " —»D)
: @— capacitor integrator M
: o u y > 1 >
! 3 > o combucky > inductor integrator
1 Load
! CCM buck m =®
| out LR
! »
. Converter
' \ D
! state ° s
I .
! equations
I
I
|
|
-———"———
Vour =V + Resr (I ~ Load )

"0 (c=0)

di _ Vg _(Ronl + RL)I ~Vout
- _(Ron2+RL)i_V

out

ECEN5807

Wt =1 g A s L R
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funetion v = CCHMbuck(u,L,C,RL,Ronl,RonZ, Resr)

% State equations of a synchronous buck converter

% Conduction losses due to RL, Ronl, Ron2, Resr are included
% Imputs: u = [vg d iLoad v i]

% Cutputs: v = [1C/C vL/L wout ig]

% Parameters: L, C, RL, Ronl, Ronz2, Resr

%

%

variables
vy = u(l);
d = uai2):

% input wvoltage
% switch control d=c
iload = u(3): % load current
v = uf{4): % capacitor wvoltage
i=mui(s):; %
%

% state eguations

{in the switching model), d in the averaged model

inductor current

vout = v + Resr¥*(i-iLload):; % output voltage

ig = d*i; % input current

iC = 1 - iLload; % capacitor current

vL = d*(vg- (Ronl+RL) *i-vout)+({1-d)* (- (Ron2+RL)*i - wout); % inductor voltage
%

% output

v = [iC/C vL/L wout igl:



Numerical example

s i Ron e s e Switching frequency:

— —"B00 AN/ P
— i L R, Resrj_ + fs = 1MHz

Vg 1— i R0n2 iC + E Vout
C) Z> E C= v | * =0

T T *V,=5V
T, 5
LT, 1 Pwm | v, e[ =1uH

* R, =10mQ
i = ROI’IQ = 20 mQ

onl —
5 | v i T —
Il e C=200 uF
| * R, =0.8 MO
0.36 —————————Pplve
Ve vout —————> L4 PWM ramp amp“tUde

l VM= 1 V
iLoad Soope ([ ] VC = 036, D = 036

SyncBuck

Simulink model: syncbuck_OL.mdlI
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Numerical example: synchronous buck converter model

5 L g [ ETE—— Subsystem (mask) -
Vg
Parameters
>
' Inductance L
0.36 ——Ppp|vc

le-6
Ve vout ————— P
vout
Capacitance C
0 ——— ppfiLoad ob— 5 200e-6
ig
iLoad \ Switching frequency fs

Scope
SyncBuck 186
PWM ramp amplitude VM
1

Transistor switch Ronl

m

» “Masking” a Simulink subsystem 20e-3
allows parameterization =B ER 2 S (o
20e-3
« Same subsystem model can be Inductor resistance RL
re-used 10e3
Capacitor esr Resr
» Models and MATLAB scripts can | 0803
be collected in a library =

oK Cancel ]E Help Apply
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Switching simulation: open-loop start-up transient

SB PLPPP AHEEE LR

20 ps/div Zoom in, 1 us/div
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Averaged model

Vv, =V+R(i—

' :Lﬂ_{v ~(Ryy +R iV, (c=1)
S dt (R, +R)i-v,, (c=0)
iC:C%:i_iLoad
_dt Switching model
i :{I (c=1)
° 0 (c=0)

Load )

l State-space averaging (review Textbook Sections 7.1-7.3)

(ic);
(ig)r
<V0ut >Ts

d{i)
dt

d<V>

T

- = d(<vg >Ts _(Ron1+ RL)<i>Ts < out> ) (1 d)( (R0“2 + RI-)<i>Ts _<V°“t>Ts)
<i>TS _<i|-0ad >TS

Large-signal
averaged model

<V>Ts + Regr (<i>Ts B <iLoad >Ts )
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Converter averaged state equations: MATLAB

The MATLAB function stays exactly the same, except d (duty-cycle) replaces ¢ (switch control)

ECEN5807

1]

File

Embedded MATLAB Editor - Block: syncbuck_OL/SyncBuck/CCM buc_ lecmlo=s

Edit Text Debug Tools Window Help

H O -

Wbooh =] & A = L R

T S T T e e S e o T T I S =
[ T R = R B A R R -

function v = CCHbuck(u,L,C,EL,Eonl, REonZ, Resr)

% State eguations of a synchronous buck converter

% Conduction losses due to RL, Ronl, Ron2, Resr are included
2 Imputs: u = [wvg d iload w i]

% Outputs: v = [iC/C wL/L wvout ig]

% Parameters: L, C, RL, Eonl, EonZ2, Resr

%

% wvariables

vg = u{l); % input wvoltage

d =u(2); % switch control d=c (in the switching model), d in the averaged model

iLoad = u{3); % load current

v = u(4); % capacitor wvoltage

i =u(3); % inductor current

%

% state eguations

vout = v + Resr¥®(i-iload); % output wvoltage
ig = d*i; % input current

iC = i - iLoad; % capacitor current

vL = d* (vg- (Ronl+RL) *i-vout)+(1l-d)* (- (RonZ2+EL)*i - wvout),; % inductor wvoltage

%
% output
¥ = [1C/C vL/L wout ig]:;
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Synchronous buck (SyncBuck) subsystem:
switching or averaged model

I __________________________________________________________________________________________________
: Integration of |
1
! Inputs state !
! D > variables :
1 vg :
! 1
1 | - p( 1 !
: —P|ve cr »4\ dv/dt | s v :
1 capacnor mtegrator :
i C— PWM w —>—| —> :
! ve constant 1 '
: > 1M d > di/at A ’ i
i PWM Gain Switch inductor integrator ! :
| D o g (A N :
| iLoad :
i CCM buck — } !
! Converter veu !
: Averaged > state i
1 .

equations |
! model of the q - >
! PWM ig |
1 1
1 1
! > Outputs |
: :
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
re el e #—————— e —— b b b "~ "~ "~ —"————"——"——— Y _,—_,—_,—_,_,_,_,_,—_,—_,—_,—_—_,—_—_,—_,—_,—_,—_,_,—_,—_,—_,—_,—_,—_,—_,—_,—_,—_,, e, 1
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Start-up transient simulations

Switching model | | Averaged model

él@]@,@ HEE EAF %I PRPOHRE BAER

ECEN5807
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Linearization of the large-signal averaged model

Large-signal (nonlinear) averaged model

Linearization at an operating point

<
Q>

®
s
3

Ry S " Small-signal
MO OLNHIMEY ¢ v averaged
¢ “ T _ model

The small-signal model can be solved for all important converter transfer functions:

N N

Vv Vv Vv
Gvd (S) - = Gvg (S) — Zout (S) -7z
d Vg ll0ad
Control-to-output Line-to-output Output impedance

ECEN5807 16



Review textbook Chapter 8

Synchronous buck converter example

Buck SSM

&>
( +)
N\

o

-

P m—

R

L/C
= ——— oa = >5
Qlose iR 23>72dB Qi —c

Q = Qloss ” Qload = QIOSSQIO&d <23—7.2dB

Qloss + Qload

ECEN5807

Low-frequency gain:

G4, =5V — 14dBV

ESR zero:
1

f_ = =1MHz
ZﬂCResr
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Magnitude and phase Bode plots of G,

80dB ]
: \
60dB (1 / VM) GVd(Sl
40dB
20dB§ Gygo (1/Vy ) =5—14dB &: 2.3-7.2dB
0dB - f, =11kHz N
; N —40dB/dec
: N
] \\
-20dB-] N
] 107Vt \
‘I \\
N 0°
N
\ N
\\
\ —20dB/dec
\ \\\\ 5
fosr =1MHZz /,><\; -90°
LT |||
10+1/2Q fo 1/10 fesr //,f
\| 7 :
‘ A - -180°
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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Linearization and frequency responses in
MATLAB/Simulink

5 v g
Vg
1. Set transfer —
function input v
and output ot LD
. vout
points
0 .-r-} iLoad ig | . >
iLoad
SyncBuck Scope

2. MATLAB script (BodePlotter_script.m) computes DC operating point, linearizes the
model, computes and plots the transfer function magnitude and phase responses

W =] o A ol W R

140
11
12

13

%% Bode plotter n=ing linearization tool

% requires Simulink Control Design toolbox

%

%

model = 'syncbuck OL': % set to file name of simuwlink model. Must have i/fo points set within this model

io = getlinio (model) % get i/o signals of model

op = operspec (model)

op = findop (model, op) % calculate model operating point

z2m = linearize (model,op,io) % compute state space model of linearized system
%

%

ltiview('bode', 25m) % send linearized model to LTI Viewer tool

%

ECEN5807
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Magnitude and phase Bode plots of G,

Bode Diagram

From: vc To: SyncBuck/vout
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Review Textbook Chapter 9

Closed-loop (voltage-mode) control

i (1) lout
> 560 >
L L :
+ — —
C‘) Vg Kl [ c = R 5 Vo
v v v v
Dead-time control
A
s =1 MHz —‘_\—r duty-cycle -
command error X
PWM | Compensator 4—@
+
1/V, G (s
M C( ) Vref == 18 V

Point-of-Load (POL) Synchronous Buck Regulator
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Review Textbook Chapter 9

Closed-loop SMPS block diagram

Switching converter

V(f) =f(vg’ ifoad’ d)

V()
 —
Error i (I) Disturbances V(t) >
Signa[ load
vV, v (1) V. -
ref : Compensator —(IP PH[.S(}?-? idth d(t) > } Control input
Reference moauiaior
input
Sensor <
gain

Control objectives: tight output voltage regulation
e Static or dynamic disturbances
— Input (line) voltage v,
— Load current j,_4
e Component tolerances

ECEN5807 22



Small-signal model: loop gain T

Compensator

V0 (8) P,(s)
G (s)
Reference Error

input

ECEN5807

signal

H(s)V(s)

L,qq(8) | Load current
varidation
¥
Py (5) Zou($)
- > G (5)
ac line 8
variation
Pulse-width
modulator —
V.(5) 1 d(s V(s)
- . V ( ) " Gl’d(S)
M__|Duty cycle + Output voltage
variation variation

1(s)

H(s)

Loop gain:

Sensor
gain

1(s) =

Converter power stage

H(s)G(8)(1/ V) G, S)

23



Small-signal model: closed-loop responses

V0 (8) P,(s)
Reference Error

input

ECEN5807

[),0q(S) | Load current
variation
v
p,(5) Z (5
> G (s
ac line v8 ()
variation
Pulse-width
Compensator modulator -
D.(s) 1 d(s) (s)
G(s) —> v > G (s)
M__|Duty cycle + Output voltage
signal variation variation
Converter power stage
1(s)
H(s)V(s)
( H(s) |«
Sensor
gain

A ~ l T e GVS’ 2 Z out
V =

SHI+T " T+T " T+T

24



Feedback loop design objectives

[),0q(S) | Load current
variation
f} -1 l T + ﬁ G1'§ _ { Zom‘
“H1+T ¢1+T " 1+T y
ﬁg (S) Zouf(s)
. > G (s
ac line ‘«"( )
variation
Pulse-width
Compensator modulator _
v_As) v () v (5) dis $(s
- ol G ] = ] G ©
Reference Error M__1Duty cycle + Output voliage
input signal variation variation
Converter power stage
1(s)
H(s)V(s)
( H(s) |«
Sensor
gain

* To meet the control objectives, design T as large as possible in as

wide frequency range as possible, i.e. with as high f, as possible
e [imitation: stability and quality of closed-loop responses

ECEN5807
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Uncompensated loop gain T,

IOUt
T T -
Oy, A <I T |5
v v v
Dead-time control —
- / Hsensg =1
fi=1MHz [] [ duty-cycle - (m this
command error L example)
PWM < Compensator +
G.(s) =1 K

Tu(s) = sense 1/ V vd(’S

Plot magnitude and phase responses of T ,(s) to plan how to design G(s)
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Magnitude and phase Bode plots of T,

80dB ]
GOdBé Tu(S) = Hsense(1/ VM) Gvd(s
400B-
20dB_§_TU0 = Gygo 1/Vm )H sense — 14dB &: 2.3—>7.2dB
0dB f, =11kHz N
| N ~40dB/dec
] \\ 2
1 N
-20dB+ N T | tTo
| 107V f, 7ﬂ< “0(
‘I N :
N Qe
1\ \\ g
target 1, X
X
—20dB/dec
\ \\\\ 5
fesr =1MHZ > —-90°
/// [
107Y2Q £ T /10, Pee
\ il
A - -180°
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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Lead (PD) compensator design

f, =100 kHz
1. Choose: |
0=, = 53° [KeAl G,
2. Compute:
fp{lO 10{1
] —sin (9] . 4 + 45°/decade
Jo= 1. \/ 1 +sin (6) = 33kHz s - 45°/decade N\
Py ¢ L+ sin[0) (9)  =300kH:z —
— sin (8] 1

3. Find G_, to position the crossover frequency:

£ Y [f 1 (£ [7
Tuo£_oj Geo =1 — G = ( Cj £ =545 -515dB
f Two l fo ) \ T,

fC z uo

\ J \ J
Y Y

Magnitude Magnitude
of T,atf, of G atf,
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Lead (PD) compensator summary

[ s] G., =5.45—>150B
1+ —
G,(s) =Gt/ 1 f, = 33kHz
{HSJ @j f =300 kHz
o Wpy
- o f,=100kHz (=1/10 of ;)
Lead HF pole
compensator

High-frequency gain of the lead compensator: G, ./f,= 49 (34 dB)

co'p1'iz

Added high-frequency pole: f , =1MHz (= f, = f, in this example)
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Loop gain with lead (PD) compensator

80d53 T T T ITTI0T T 1
; s
60dB (1+ j
1 () 1
Gc (5) = Gco :
] S S
40dB4——7T G, =28.7 > 29.7dB I+ — | 1+—
E /\ @1 @2
20dB- N
i N
] ~~| f; =100 kHz
0dB ~~
- ~
| N
-200B] N
: f ‘33|kl—l | f| 300kH N
, = y4 = y4 N
////’\ | \\ - 00
\ N _
\\ N
\
\\ —-90°
\x/ f Ay 2
Pm =53" | | [T :
\ 4 " | [ \ L -180°
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
ECEN5807
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Add lag (Pl) compensator

G.(s) = Gm(l + ﬂ]

Improves low-
frequency loop gain
and regulation

— 20 dB /decade

| LG,
_90° + 45°/decade

| G.| Integrator at low frequencies

G

o2

10, o

f,110

f

Choose 10f, < f, so that phase margin stays approximately the same: f, = 8 kHz
Keep the same cross-over frequency: G, =G, =G, =5.45—>15dB

ECEN5807
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Adding PI Compensator

80dB
] \\\\
60dB-
] S~
40dB \\\\\ /
200dB- N
fL =8kHz \\\\ f, =100 kHz
0dB ; I
: ~
5 N
-20dB- L
a \\\
1 i \\ 5700
! :
\\ 10 f, \\ 5
k N
1/10 f, \\ \\;
L --90°
Pl compéemnsator phasg \\ g
L1 A N
\L Pm = 53° \\\‘\ :
y | _-180¢
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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Complete PID compensator: summary

G, =5.45—15dB

40dB 1 ‘
G LG,
an | f. —8kHz
0dB +
f, =33kHz
-20dB + . 101, T 90°
45°/decade O/ /: j;)zf’l :
A0 B o T R~ T 0 f 1= 300 kHZ
: pl — 90°/decade P
—90° . 90°/decade 10f .
TG o K0 b1t 90
o | f =1MHz
+-180 p

j_
Crossover frequency: f.=100kHz (=1/10 of f,)
Phase margin: ¢ =53°
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Magnitude and phase Bode plots of T

80dB :
] \\\\
60dB
] T~ é
400B
~. |/
200dB] N 5
] N\ :
5 N | fc =100kHz :
0dB - = :
] \ [
: N :
-20dB+ AN -
] N r
Phase of uncompensated T, \\

\ N 0
A N
\\\ E
i A N

Phase of compensated|T_—~ \\ L oo
/,/ A \\\~
\// P = 53° \\ i

e - -180°
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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Closed-loop voltage regulator in Simulink

vg

Vg

vout

J iLoad P |iLoad ig

Simulink model: syncbuck_CL.mdl

vout

point

Input and output linearization points for finding the loop-gain, T=-v,/v,

Scope

PID compensator

Step
SyncBuck
1/(2*pi*8e3)s+1 1/(2*pi*33e3)s+1 1
1/(2*pi*8e3)s 1/(2*pi*300e3)s+1 1/(2*pi*1e6)s+1
Inverted zero PD Compensator HF pole

1.8

Vref

The output point (y) should be “Open Loop” , as shown by an x symbol next to the output arrow

ECEN5807
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Loop gain and stability margins

%% Loop gain bode plotter wsing linearization tool

Must have i/o points set within this model

-
wu
s
g
]
L]
<]
=
|
=]
=]
el
m
H
a
]
a ]
Al 5
) L}
a <]
a
=] _H"
=] ;
rﬂ_ f
o a
if] IE]
(]
I
- u
=] Li]
)
e o
=]
(=] LY
] =
[~
et i
=
= o
— [
= -]
=1 e
Il (]
L] <]
b
o m
i} -
5]
~ I
=]
o -
[ 1] wu
] ™
a
LE U

@ o= W M [ ad

MATLAB script

getlinioc (model)

% get i/o signals of model

io

E 4
— (0]
-— -—
.nlu.D,.H
c o3
(V)] —_—
19 ©
“ O O
Lo -
+— QO [72]
o509
5 3L
- E€EQT
692
m L .=

zed system

% compute state space model of linea

% calculate model operating point

linearize (model, op,ic)

operspec (model)
findop (model, op)

op
op
s5m

g_
10
| 11

%
%

and plots frequency

M

=

PFM and

Viewer tool

to
ude and phase responses and calculate fio,

el

rized mod

% send linea

]
= r

—5s5m)
% show loop

w ( "bad

Vie

%lci

—gain magnit

margin (—ssm)

12
13
14

response and stability

margins)

Bode Diagram

51.6 deg (at 1.05e+005 Hz)

Pm

From: x To: G

Inf dB (at Inf Hz) ,

Gm=

my

C

sassssssananans

EEEE

-

0 savess

(gp) spnyubepy

(bep) eseud

36

Frequency (Hz)
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Closed-loop 0-5 Astep-load transient responses

Averaged model Switching model_

f u Scope

- -. =l é1 ru Scope

- o 50 e |

SB | LPL ABRB BAF u SE LHL ABE DA

ECEN5807

5 ps/div “ 5 ps/div

See MATLAB/Simulink page on the course website (“Materials” page)
for complete step-by-step details, and to download the example files
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