Transfer Functions of Switching Converters
Fast Analytical Techniques at Work with Small-Signal Analysis

Hi everyone, my name is Christophe Basso and | am releasing a new book on small-signal modeling published in
June 2021. | have derived the control-to-output transfer functions of many converters, starting from simple dc-dc
cells (buck, buck-boost or boost) to isolated versions like flyback or forward converters operated in voltage mode
(VM), current mode (CM), quasi-resonance (QR), constant on-time (COT), constant off-time (FOT) with various
operating modes like continuous conduction (CCM) or discontinuous conduction (DCM) and borderline conduction
(BCM or CrM) for power-factor-corrected converters for instance. Many simulation hours mainly in SIMPLIS® using
the free demonstration version Elements. Over the proposed 120+ files, some require the full professional version
to operate (such as the PFCs or UC384x-based circuit for instance) the rest are 100% operating on Elements which
is an excellent news. You have a tutorial | built on Elements. All application circuits come with an automated
calculation window in which you enter the wanted design goals extracted from the power stage response and the
program calculates the compensation elements for you. The values are available in the netlist and easily accessed
from the development environment. If you are a power supply designer, you can’t miss these ready-made
templates for your engineering job. Enjoy these files and let me know what you think of these examples. Thank you
— Christophe Basso, May 2020.
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The Template — it is a ready-to-simulate circuit. Load it, press F9 and there you go: = Em—
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This is a fixed-frequency current-mode-controlled flyback converter 0
delivering 19 V 3 A from a 120-V source. Enable the 6-ohm load for ac \
analysis and disable the PWL source (right-click after selection) to s
see the transient response. Check Simulator>Edit Netlist (after preprocess) \
to see the calculated component values. a0
This is a typical converter for an ac-dc notebook adapter. -135
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The Compensation — display the power stage response at the selected operating point and extract parameters

. Power Stage

*

Magnitude VAR Vin=120

.VAR Vout=19
.VAR Lp=600u

20 .VAR Ri=250m
N Magnitude at f VAR Rioad=

c .VAR Rload=6
\ | .VAR Ts=15u * please update clock and ramp generators *

\ l VAR D=Vout/(Vout+N*Vin) * duty ratio calculation *

.VAR mc1=0.818/(1-D) * recommended compensation value fora Q of 1 *
\‘\ VAR Sn={(Vin/Lp)*Ri}
"\ / .VAR Sramp={2.5/Ts} * 2.5 V over Ts - check your IC specs *
.VAR mc=1.5 * set this value for ramp comp *
VAR Se={(mc-1)*Sn}
.VAR Rr={(Se/Sramp)*19k+1m}

VAR fRHPZ={((1-D)*2*Rload/(D*Lp*N*2))/(2*pi)}

;;g - .VAR fcMAX=0.3*fRHPZ

P h ase * Enter values extracted from the plant Bode plot
135 *
» .VAR Gfc=-13 * magnitude at crossover *

a0 .VAR PS=-80 * phase lag at crossover *

Power Stage / dB
=

-20

4s * Enter Design Goals Information Here *
*

P h ase at fC .VAR fc=2k * targetted crossover *
o .VAR PM=60 * choose phase margin at crossover *
-45 * Enter the Values for Vout and Bridge Bias Current *
~_ | e
a0 .VAR Vout=19
.VAR |bias=250u
135 .VAR Vref1=2.5

.VAR Rlower=Vref1/Ibias
.VAR Rupper=(Vout-Vref1)/Ibias

-180

1 2 4 6810 20 40 60 100 200 400600 1k 2k 4k 6k 10k 20k 40k 60k 100K
* Optocoupler specifications *
*

freq/Hertz 10kHertz/div
.GLOBALVAR Rpullup=20k * check with the selected control chip *
.GLOBALVAR Fopto=6k
.GLOBALVAR Copto=1/(2*pi*Fopto*Rpullup)
Extract data at the selected crossover frequency. | cLosAvArRCTR=033
Here, it is 2 kHz with a 60° phase margin as a goal. ANV

.VAR Vdd=5



The Compensation — find all calculated values in the Edit Netlist submenu

Simulator  Place Probe  Probe AC/Moise
Choose Analysis...

Run Schematic

Abort

Show SIMPLIS Status Window
Initial Conditions

Setup Multi-step...
Run Multi-step

Find Smallest Time Constant
Graph Time Constants

Debug Simulation

Manage Data Groups...
Re-plot Data Group...

Edit Metlist (before preprocess)
Edit Metlist (after preprocess)

Open/Close Command (F11) Window
Enable/Disable Simulation Health Report...

Switch to SIMetrix Mode

Hierarchy N

F8
F9

Ctrl+5pace

3

F11

1 2 <

13 * Rupper = 66000

14 * Rlower = 10000

15% C2 = 1.44819154804453e-09
% C1l = 3.31268645711794e-09
17 * Boost = 50

8% Fz = 727.940468532405

18 * Fp = 5494.95483890924

20% sn = 50000

21% Se = 25000

22¥ D = 0.387755102040816

3% Mc = {mcl}

24 % Rramp = 2850.001

25 * Rmax = 24995.7446808511
26 * FRHPZ = 24616.8762677045
27 * FcMAX = 7385.06288031136
28 <

In current-mode control, S, is the on-slope inductor current — it

sometimes needs to be scaled by the transformer turns ratio 1:N in
isolated buck-derived structures —m_is defined as m_=S_/S + 1 as
per R. Ridley notation in his thesis and S, is the external or artificial
ramp used for slope compensation. m_= 1 implies no compensation
(Se =0), m_=1.5 means a 50% compensation.
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Loop Gain

Nagnitude

Phase

1 T

e l PM \
Curve label Mame Value \
Loop Gai.. Gain Crossover Frequency 1.9857736kHz o
Loop Gai.. Gain Margin 16.6323496dB
Loop Pha... Phase Margin 62.802011degrees
2 4 6 810 20 40 60 100 200 400600 1k 2k 4k 6k 10k 20k 40k 60k 100K

Compensated loop

gain




The Template — change the load from a fixed resistance to a current source for the step load response

VAN Ol—{\ VI

VAR Sramps=

MBR20200CTP . ,, . — . lout - VAR Sramp
VOUT — . . .
M VouT oot VAR me=1.5 1. Right click on the resistance
‘1 o3 | Rret VAR Se={(m 2. Enable it - Enable Selected
| ]cm S gi;g;{ége 3. Right click on the current source
S1 . 'RF:I'd A 4. Disable it — Disable Selected
5 » |{Rlead; VAR fcMAX:=
C13 — = 5. PressF8
:1-35"i'¢=‘? Edit Additional Parameters..  Ctrl+Alt+F7 6. Choose ac analysis
Hide/Show Value
2+ Choose SIMPLIS Analysis
: Descend Hierarchy Ctrl+E
lsec — S Probe Voltage... » PE;Z:icT:J:QE:::ug::int AC  Transient NV
. . . . . . . . P Use "POP Trigger™ schematic device -
Display Device Bias Info (Commonly Used Parts->POP Trigger) & .
Custom POP Trigger gate |POP Trigger Schematic Device | Transient

Disable Selected

Save options

Trigger condition

Enable Selected @ al
® f Rising edge (Jogic low to logic high)

. 5 Cony . B . () veltages Only
) O z o O Y Faling edge (ogic high to logic low) () Probes Only

. - ‘FI_-. - Timing

. :J Edit/Add Properties... 5 Maximum period 15u =K

. O Delete Properties... Cydesbefore launching POP [2700 |4 cydes

e — [] Mo Forced Qutput Data

D Force Mew Analysis

O Step load: disable the loading resistance, press F8 then check transient
O Ac sweep or steady-state: disable the current source, press F8 then check
ac analysis. The POP delivers the ac response and the operating waveforms.

Fun Cancel Help
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SIMPLIS® starts the ac analysis when the so-
called periodic operating point or POP is found.
The engine finds the exact point at which the
converter is in a stable operating point also
called steady-state operation. In this mode, the
average current in any capacitor is extremely
small (0 A in theory) while the average voltage
across any inductor is also an extremely small
value (0 V in theory). It happens that SIMPLIS®
cannot find its POP and you have to help him
converge. It can happen if you have selected a
wrong target for a crossover frequency, a too
aggressive phase margin or the converter can
simply not be stabilized. Check the computed
elements in the netlist to make sure there are
no negative values. This is generally a sign of a
wrong goal set for instance or a bad position of
the double zeroes in the type 3 compensator.
Running a transient analysis with a load
resistance usually helps identify what is wrong.
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You have 130+ ready-to-simulate switching converters to
play with and many of them work with the free demo!
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