Complete Compensator

52dBT—
aadB{ ™
36dB--
28dB-
20dB{---+-

Mag(V(vc)/V(Hv))

12dB:

Ph(V(ve)/V(Fiv))

80r
60r
40
20r7---

[ B
=20
-40r---
-60r]
-80r

-100r

1Hz

T T T — )
10Hz 100Hz 1KHz 10KHz 100KHz 1MHz

271(50Hz)> (1 + —Zn(l.SZkHZ))

GC=Gcm<1+ S

(1+ zeetirm)
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Reactance Paper
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Compensator TF

52dB- V(vo) 280°
48dB: - 260°
44dB 240°
40dB: 220°
36dB 200°
32dB 180°
28dB 1600
24dB \ 140°
20dB 1200
16dB- o o (i L 100°
12dB: i 80°

1Hz 10Hz 100Hz 1KHz 10KHz 100KHz 1MHz

.ac dec 1000 1 1Meg

Wlib opamp.sub
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Op-amp GBW

52dB Vivo) 280°
T
48dB i = = 260°
44dB i 240°
40dB- - 220°
36dB- 4 200°
32dB: i s i 180°
28dB: : 160°
24dB g 10
20dB- - - 120°
16dB: . W L ‘1000
12dB: 80°
1Hz  10Hz  100Hz  1KHz  10KHz 100KHz 1MHz  10MHz 100MHz

Open Syrbot] E\Frogram Fies (+88LTCALTspioel V\ibhsyri Dpampst opary

This s the fifth atiibute to appear on the netistine

Attribute Value Mis. *

Spicet odel

Walue opamp

Walue2

Spiceline Aol=100K

Spiceline2 [GE Meg -
T ) o]
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Another Example

i(0 I
BT

—

Dead-time control

J; =1 Mz -|_|—r dutyv-cycle

commeand
PWM - Compensator

1V G,(s) :

Vee

error

Point-of-Load Synchronous Buck Regulator

Power stage parameters

- L J I ~ e Switching frequency:
. . rs. /= IMHz
. 1 ~ hd ref= 1.8 V

*1,,=0to5SA
*V,=5V
«L=1pH

* R, =30mQ
+ C=200 uF
*R,,=08mQ
*Vy=1V
*H=1
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Design Goals

* Setf. =100 kHz
s Set¢,,>52° (Q=1)
* Obtain T ll — o

THE UNIVERSITY OF
TENNESSEE oy

AC Modeling
v.d v,
é B Ll Go(s) =%
! - 1+-2
Rar 2 G ( ) v (=
+ “~ vd s = - 2
9g(—) /\()D”[jE]D/"\g RE D g1+1 s [ ’
1,d c = é; @
Pair of poles: Low-frequency gain
| (including PWM gain):
= =11kHz
27NCL G VL =5-14dB
R M
Oloss =R“L$ =23572dB  Quu :W>5
or Tk ESR zero:
0= Oty | Qpus = 2224 3357248 e v
Qlass + Qload “r ZﬂCRes,
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Loop Gain

iL(t) Ima
> TE0 >
3 J d _L N
’ 1 C T R )
. ! ; G,9) -
Dead-time control —
]{sense =1
f=1vEz [T P _ (in this
command error exalnple)
PWM - Compensator .—9)
v, Gis) =1 :
M ¢ Vyer

];(S ) =H sense( 1/ VM) Gvd(s )

Plot magnitude and phase responses of 7,(s) to plan how to design G.(s)
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L]
Uncompensated Loop Gain
80dB
CITHE T PTH |
60dB ]-;A(S) = Hyense(l/VM)Gvd(S)
40dB
20dB-+— Tuo = Gudo (1/ Vi) H sense =5 — 14dB 0=23-72dB
0dB /o =11kHz ‘HH
\\4;0dB/dec )
-20dB e SN Tuo[j:—")
10720 1, ”
‘< " N
target /. N
\|\ ﬁd\B/dec
Juwr =MHz [ TTSge -90°
\ —
10¥120 £ T771/10 A
ALt
T T -180!
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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Exact Bode Plot of T,

Uncompensated loop gain, Tu = Gwd*Hsense*(1/VM)

Exact magnitude ar

T T T FTTET T T T T T T T T T T T T T
Vo [ N I [ I I

,,,,,,,,,,,,,,,,,,,,,,,,,
v

i
i i i i
i i i i
[ s | | |
v ™ i i i
T L I
- o ST --r-
i i i
! et
i i
i i
i i
I

phase responses

(MATLAB)

|— Target cross-over
trequency
Jo=//10=100 kH.

50
=
=
[ 0
o
2
5 -50
[
E
100
0
(=]
[
=,
[0}
[2]
[1v
=
[«
200

100 oo

H No phase margin:
a lead (PD)

Fi--iH  compensator is

required

frequency [Hz]
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Lead Compensator Design

3. Find G_, to position the crossover frequency:

2 2
(&) G., Loy L g :L[il Lo o545 51548

fc “ Tuo fo fp

z

H_JH_/

Magnitude Magnitude
of T atf, ofG,atf,

1. Choose Je=100kHz u,‘,\/i
6=gp, =53° Il o, 7’,/f_
Loo=yik
2. Compute:
j;,ll(! 101,

_ 1 —sin [E} —33KH + 45" /decade
k=4 m ? o SN - 45Kdecade
fop /(0 =300 kHz “G.
r 1 -sin (8) )

THE UNIVERSITY OF

TENNESSEE |8 §

KNOXVILLE

11/8/2015



Lead Compensator Summary

[l+s] G, =545—>15dB
G(‘(s):ch a): 1 f‘: =33 kI—IZ
[HL]{HL} f,0 =300 kHz
@y @2
- f.=100kHz (=1/10 of £)
Lead HF pole
compens. ator

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

Added high-frequency pole: f,, =1MHz (=f, =/ in this example)

Practical implementation would require an op-amp with a gain
bandwidth product of at least 49*/, = 49 MHz
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o LJ
Loop Gain With Lead Compensator
80dB T T T OITTm T 1
5
6008 [“;] ’
Ge(s)=0C, :
40dB4——7 G =287 29.7dB {HLJ [HL}
\ Dyy @y
1l
20dB N A
~~L| /. =100kHz
0dB =
T~
N
-20dB = \:\
L] £ =33kHz f, =300kHz | | T
N\ .% 00
AN
AN
\\\
\
v —53"\‘\
om0 NI
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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G =G.1+%)

Improves low-
frequency loop gain
and regulation

Lag Compensator Design

Integrator at low frequencies

=

=20 dB /decade G.
n
10f; o
LG,
—90° + 45" /decade
fi/10
f

Keep the same cross-over frequency: G, =G, =G

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

=545—->15dB

cm

TENNESSEE oy

80dB
\._\\
60dB |
\.\"m

40dB -y

\\h“_\
20dB \

J1 =8kHz AT
0dB H

T~
\\
20dB- N
\‘
T\ \ o
= N °
L1
LT 10 \\
o
L1 ™
v | N
el 000
PIlcompenisaton phase \\
\\- sl TN
P = T
| [ 180
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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ith PID Compensator

Loop Gain w

80dB
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-180°¢

\
\\

100kHz

fo=

~

~
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\W_\

.

~
~
el
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‘ 1
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60dB

40dB
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-20dB
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N
b

\\

1 MHz

TA1+T)

100 KHz

\-\__

T TTITI

Closed-loop reference-to-output

response v/v, .

~
\\-“_\

Closed-loop BW = f.

10 KHz

1 KHz

~
=

S

ion of T/(1+T)

100 Hz

[Vl

10 Hz

Construct

80dB-
60dB
40dB
20dB=—
0dB
-20dB
-40dB:
-60dB
-80dB:

12)E)

O
KNOXVILLE
KNOXVILLE

P
c
=)
&
g
Z
5]
w
=
&
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&
5
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-to-Output
Reference-to-output response

Loop Reference
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Reference Step Response
WE T T ] 10mVsep
vy T YY)
e o O O RO S iy B i0 Vi
48 5 52 54 56 58 6 62 64 66 68
x 10
i i i i i i i i i i i
ZZ0 T T S
| | | | | | | | | | |
0 4£ g 55 5; éﬁ 58 é Bé 6; éﬁ 58
x10*
I I I I I I I I I I
%20 R SRS R S U Sy G
dit) [T -
| | | | | | | | | |
045 é 5& 54 éﬁ 58 é 65 é4 56 @
20 ps/div x 10’

THE UNIVERSITY OF

TENNESSEE [g g

KNOXVILLE

V(1)

i (1)

(1)

Reference Step Response

Fd-—J--—J-_—J--1 J-_-1 I [ A R
! &m | | | | | | | | 1 10 mV step
18 -~ et = =1 == 1 (1L79V 10 1.8 V)
| | | | | | | P -
'S é inv,
L e B R B B R ref
BT T L s I I B B B B B B By
| | | | | | | | | | | | | |
a1 I I I | I | | | | | | | |
e R
5 | | | | | | | | | | | | | |
R AR R P A A% A Al
| | | - I T T T 1
| | | [ N T T [ S T B
0 [ T R Co
48 5 52 qymesl o441 4 1. Note: duty-cycle
Vo command does not
179 PSP saturate, response
Y| N . ' 1 1 1 1 correlates very well with
[ | S S S P theory based on linear
| | | | | .
o1 T small-signal models
I I I I | .
48 5 52 1 ] 1 1 | 1 | | | | | 1 | |
20 HS/le T 47 472474476478 48 482484486488 49 492494496498 5

2 ps/div x 10°

THE UNIVERSITY OF

TENNESSEE |8 §

KNOXVILLE

11/8/2015

11



Output Impedance

N
R;

500 ™
L
RQS)‘
Zour
C

Zouf (S) = (

Synchronous buck open-loop output impedance

Resr +—
sC

e[ =1uH
« C=200 uF

*A

esr

=0.8mQ

! ](RL+SL)
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40 dBQ

20 dBQ

-60 dBQ

80 dBQ 11

60 dBQ 1

Reactance Paper

20 dBQ 1

0dBQ

—40 dBQ =

e T 10kQ
\0‘6
> oy 1kQ
8
2, 100 ©
1&06\
P> @ 10 Q
N33
\06\
PR T 1Q
\6\‘(\
Io,qp 100 mQ}
1,0“
i 0 9
W Qg W Lapiyg 5" Lagpiy g
u m
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Construction of 1/(1+T)
80dB:
\\\\
60dB I
\\
~L
40dB
\\\~“_\
20dB
\\
~LL
odB T oy
L~
~N
-20dB ‘/ ™ N
N
jivivg <
JE S B N NN e B N 6 I N S S RN .. R
- N
g 1l N
o N
T il h N
—
10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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Closed-Loop Z_,

80dB¢ T TITIIr T 1

Zaut
1+T

60dBOY

Zour,CL =

40dBoy s

-60dB:

-B0dB:

-100dBQ

10 Hz 100 Hz 1 KHz 10 KHz 100 KHz 1 MHz
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Output impedance
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Load Step Response

1795
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e oo or e transient
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Chapter 9: Summary

1. Negative feedback causes the system output to closely follow the
reference input, according to the gain 1/H(s). The influence on the
output of disturbances and variation of gains in the forward path is
reduced.

2. The loop gain T(s) is equal to the products of the gains in the
forward and feedback paths. The loop gain is a measure of how well
the feedback system works: a large loop gain leads to better
regulation of the output. The crossover frequency f. is the frequency
at which the loop gain T has unity magnitude, and is a measure of
the bandwidth of the control system.

Fundamentals of Power Electronics 72 Chapter 9: Controller design
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Chapter 9: Summary

3. The introduction of feedback causes the transfer functions from
disturbances to the output to be multiplied by the factor 1/(1+7(s)). At
frequencies where T is large in magnitude (i.e., below the crossover
frequency), this factor is approximately equal to 1/7(s). Hence, the
influence of low-frequency disturbances on the output is reduced by a
factor of 1/7(s). At frequencies where T is small in magnitude (i.e.,
above the crossover frequency), the factor is approximately equal to 1.
The feedback loop then has no effect. Closed-loop disturbance-to-
output transfer functions, such as the line-to-output transfer function or
the output impedance, can easily be constructed using the algebra-on-
the-graph method.

4. Stability can be assessed using the phase margin test. The phase of T
is evaluated at the crossover frequency, and the stability of the
important closed-loop quantities 7/(1+7) and 1/(1+7) is then deduced.
Inadequate phase margin leads to ringing and overshoot in the system
transient response, and peaking in the closed-loop transfer functions.

Fundamentals of Power Electronics 73 Chapter 9: Controller design
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Chapter 9: Summary

5. Compensators are added in the forward paths of feedback loops to
shape the loop gain, such that desired performance is obtained.
Lead compensators, or PD controllers, are added to improve the
phase margin and extend the control system bandwidth. P/
controllers are used to increase the low-frequency loop gain, to
improve the rejection of low-frequency disturbances and reduce the
steady-state error.

6. Loop gains can be experimentally measured by use of voltage or
current injection. This approach avoids the problem of establishing
the correct quiescent operating conditions in the system, a common
difficulty in systems having a large dc loop gain. An injection point
must be found where interstage loading is not significant. Unstable
loop gains can also be measured.

Fundamentals of Power Electronics 74 Chapter 9: Controller design
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