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9.5. Regulator design

Typical specifications:

n,\\'..\ih""- Effect of load current variations on output voltage regulation

o load¢ _ | .
This is a limit on the maxim output impedance “T°Y" \4T
Lt Effect of input voltage variations on the output voltage
w regulation

This limits the maximum allowable line-to-output transfer Gu A
function ¥ Y

f-\v’s' Transient response time = 4 ‘fc = (B"‘mca
’/\
This requires a sufficiently high crossover frequency
Lvwr Overshoot and ringing ~> 1 '{M

An adequate phase margin must be obtained

The regulator design problem: add compensator network G (s) to
modify 7(s) such that all specifications are met.

Lead comdpensator design
L

;L; 'Prou ’P‘«* 10-0'('1

To optimally obtain a compensator phase lead of 6 at frequency f,, the
pole and zero frequencies should Be chosen as follows:
want
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If it is desired that the magnitude
of the compensator gain at f, be

unity, then G_, should be chosen 7 G > /Of

as ' »
Gy= % Y
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\To\; .DW Lag (PI) compensation
~ \ :

G.(s)= 9:(1 + %)
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Improves low-
frequency loop gain
and regulation
e

9.5.3. Combined (PID) coglpensator
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9.5.4. Design example
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Open-Loop Control-to-Output
Transfer Function
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Open-loop control-to-output transfer function G,,(s)
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Improved compensator (PID)
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Another Compensator Design Example
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Uncompensated loop gain T,
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Tu(s) = Hsense(llvM)Gvd(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,

—%> Uncompensated loop gain, Tu = Gwd*Hsense*(1/VM) Exact magnitude and

phase responses
50 (MATLAB)
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Lead (PD) compensator design

1. Choose: fc =100 kHz

0 =g, =53°
e ———.
2. Compute:
o b o
1 - sin (8) +45%/decade
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3. Find G, to position the crossover frequency:
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Lead (PD) compensator summary

Gy, =5.45 > 15dB
f, = 33kHz

;q!
F]i';:“tw\ f,, =300 kHz
f. =100 kHz (=1/10 of f,)
Lead [
compensator HF\/FO )

High-frequency gain of the lead compensator: G, f,,/f, = 49 (34 dB)
Added high-frequency pole: f,, =1MHz (=f,, =f; in this example)

Practical implementation would require an_op-amp with a gain
bandwidth product (GBW) of at least 49*f, = 49 MHz

K i ,-euJ

Loop gain with lead (PD) compensator
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Add lag (P1l) compensator

Gs)= Ga[1 .

Improves low-
frequency loop gain
and regulation

|G|l

1 220 dB /decade

Integrator at low frequencies

G.,
5
101, 0
1 2G.
_90° + 45°/decade
£,/10
f

Choose 10f, < f, so that phase margin stays approximately the same: f, = 8 kHz

,7Q
Keep the same cross-over frequency: Ggo = Geo

=Gy =5.45 > 15dB

Adding PI Compensator
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Complete analog PID compensator: summary
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Verification: exact loop gain magnitude
and phase responses (MATLAB)

magnitude [db]

phase [deg]

voltage

Vv

Il
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11
I 4 %
I I 'V\v [ 2 2
My
oufpuf R, ! )
ref =
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o

control
voltage

Design equations (approximate)
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Verification of closed-loop responses

Closed-loop reference-to-output response

Closed-loop transfer function from ¥, to #(s) is:

(s) 1 T(s)
0 () 0=0 T H(s) 1 +T(s)

load =0

Closed-loop output impedance
(s)

= Ljoud(S)

_ Z.9)
TT+710)

Pref =0
|‘X=0

and step-load transient response

Construction of closed-loop T/ (1+T) response
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Closed-loop reference-to-output response

Reference-to-output response
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Small-signal step-reference response

10 mV step
1 (1L.79Vto1.8V)
iN Vg

Note: duty-cycle
command does not
saturate, response
correlates very well with
theory based on linear
small-signal models

d(1)

48 5 52 54 17

47 472474476478 4.8 4B24844864.88 49 492494495498 B

20 Ll.‘ir‘fd‘l\" 2 us/div x10*

Output impedance

Synchronous buck open-loop output impedance

EEEN 1
W Zoy (s) = [Resr + —j | (RL + SL)
R L R ; - sC

Zou eL=1puH
« R, =30 mQ
« C =200 puF
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Open-loop output impedance: algebra on the graph
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Construction of closed-loop output impedance
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Verification: closed-loop output impedance

Output impedance

50—t T T 1 F T 1 T T I T
[N | [N | [N | [ |
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P 11Z

out H

-50

————————————————
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Step-load transient responses

f\ 2.5-5Astep-load
| transient
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