1100d(8) Loc{d current
variation

,(5)

ac line
variation

Pulse-width

R% UI ator D a g n ‘A’u_»/ ©) 0.6) Campensatagu(s) modulator i

G,(s) > 7

Y

Gvg(s)

9(s)
G,(s) |
Duty cycle Qutput voltage
variation variation
Converter power stage

\ 4

Reference
input

H(s)(s)

H(s)

A

Sensor
gain

Typical specifications:
1.. Effect of load current variations on output voltage regulation
This is a limit on the maximum allowable output impedance

2.» Effect of input voltage variations on the output voltage
regulation

This limits the maximum allowable line-to-output transfer
function

3.« Transient response time
This requires a sufficiently high crossover frequency

4. - QOvershoot and ringing
An adequate phase margin must be obtained

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

— |
R e

G(8) =G 7 —5

+
S‘w Slw

©
N~ —

+

Improves phase

margin
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vg(s)
ac line
ariatio
Pulse-width
Compensator modulator
qu/(s) D, (5) G D.(s) 1 d(s) V(s)
s 1 >
Reference < Vi Duty cycle Out'pu't voltage
input variation variation
Converter power stage
H(s) V(s
(9)96) Mo L«
Sensor

gain
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Lead compensator: maximum phase lead

Maximum 90 T
phase lead L fome =4/ LTy
60o ___ E _ E
45+ = tan L Ty
L L Gc( f(pmax) =tan 2
30° —_—
15+ E:1+sin(6)
[ f. 1-sin(6)

1 10 100
£ 11,

T if v,y >0
arctanx + arctany = arctan I + ¢ —m, ifx,y<0
-y 0, otherwise
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Lead compensator design

Target:
To optimally obtain a compensator phase lead of 6 at frequency f, the
pole and zero frequencies should be chosen as follows:

£:1+Sin(8) \f> : \/1—sin(6) f
: 1-smn(0O 2= I : T Gy / F, f
1) 1+sin(6) - /
f=sort(thy) o/ 1+Sn(0) I A,
" 1-sin(6) I ;
f/i0 | 10f,
If it is desired that the magnitude T +45/decade '
of the compensator gain at f, be o /10 _ 45°/decade
unity, then G_, should be chosen /6,
as : :
_ /& f
Gy = Tp
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Example: lead compensation

60dB T
To
40d8 1+ || T|| T,G Original gain
17l — LT
20dB 1 Compensated gain
O B I .
-20dB T E
o Compensated phase asympjo
—40dB , 0’
LT
Original phase asymptotes 1 o0
L , :
) \ P 1 —180°
¥ 3
L | 270
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9.5.2. Lag (PI) compensation

Inverted zero

. | G

G(9=G[1+%] |
— 20 dB /decade G
Coo
Improves low- | f
frequency loop gain| |
and regulation
1OfL 0°
L G, :
_ o0’ + 45 /decade
f, /10
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Example: lag compensation | <=

original
(uncompensated) 40dB 1
loop gain is
T 20dB |
T(8) = —"~
(1 + i)
W, 0dB -
compensator: 0dB 1

G(9) = Gu[1+ Y]

Design strategy:
choose

G, to obtain desired
crossover frequency

w, sufficiently low to
maintain adequate
phase margin

Fundamentals of Power Electronics

—40 dB

|G|
1 - 20 dB /decade

1

10f,

—90° +45°/decade

£,/10

0°

1Hz

43

100 Hz 1 kHz 10 kHz 100 kHz
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Example, continued

Construction of 1/(1+T), lag compensator example:

40dB -

200dB +

0dB

—20dB +

—40dB t

1Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
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9.5.3. Combined (PID) compensator

40dB 7
IG
20dB +
0dB L %
—-20dB T 90°
10f,  10f
45 idecade. =7 210
OB T R~ 0
—90° 90°/decade
= 1 /10 1051 1 00
£ G, f /10
-180°
f
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9.5.4. Design example

L
50 uH
- Ll + *
——— IIoad
AQ) C R
g = vt
28V K sorT 0 505 |
Sensor
X - H(S) | gain
_ fo=100 kHz
Transistor Error
gate driver % signal
S Pulse-width| V¢ Ve Hv
modulator [€—] Gl |
Vy =4V  Compensator Vg
g
5V
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Quiescent operating point

Input voltage
Output
Quiescent duty cycle

Reference voltage

Quiescent value of control voltage

Gain H(s)

Fundamentals of Power Electronics

v, (1)
28V

V, =28V

V=15V,1, ,=5A,R= 3Q
D =15/28 =0.536

V, =5V

V.=DV,, =214V
H=V, /V=515=1/3

L
50 uH
del +
Yioad
m C R
()
7) 500 uF=T— ® 30 v
_ H(s)
/,=100 kHz
Transistor ‘ Error
gate driver signal
S Pulse-width| V,

modulator

el Gs) e iy
Viy=4V  Compensator Vs
5V

Sensor
gain



Small-signal model

A
D’ 1:D L
@ LI -
W@ QY4 c== 19 SR ()i
- .
e j‘
b (=0 p b
o )@ Ol o 8] & /)
il T(s)
Compensator Vy=4V
H) 99 el
H=32
48

Fundamentals of Power Electronics
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Open-loop control-to-output transfer function G_,(s)

I Gua

-V 1
G 9 ==
97D 1+s%+52LC

standard form:;

_ 1
Gvd(S) - GdO 1 + S + ( S )2
Qowy Wo

salient features:

Gy, = % = 28V

_wy _ 1 _
f=_0= = 1kHz
° 2t 2a/LC

QO:Rﬂ/% = 9.5= 19,508

Fundamentals of Power Electronics

60dBV T

yacy
WBV T IGull 6, =28v=20aBV
20dBV +
£ Gy 107"%R0 f, = 900 Hz ]
0dBV 0
—20dBV T -90°
A0 ABY  reeesseesseessees e . -180°
10Y%0 f,=1.1 kHz
1 =270°
1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz
f
What is the phase margin?
49
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Open-loop line-to-output transfer function
and output impedance

Line to output transfer function

Gyf9 =D —*
1+ sp* s’LC

—same poles as control-to-output transfer function
standard form:

_ 1
Gvg(s) - Ggo 1+ S +( S )2
Qo Wo
Output impedance
_ 1 _ sL
Zou(S) - R”_ ”SL -
t sC 1+ s% +s°LC
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———

System block diagram

T(9 =G3[| Gul9 HE

; (9 LO&_Id current
G H load variation
T(9) = C(S{)/ © v 1 v
M 1+ + N Z (s
QO(DO ((DO) Vg(S) G (S) OUt()
ac line > v
variation
p . (=0) v.(S) v.(S) AL :14\/ d(s) Y v(9)
ref € G (s _»C — » G (S)
C( ) VM Dut | vd +
uty cycle
variation
Converter power stage
T(s) 1
H=3
H(s) |«

Fundamentals of Power Electronics
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Uncompensated loop gain (with G,

40dB T :
Tl LT
20dB | -
IT, I T, 233=74dB ﬁ' Q=95=195dB
O B roreseeoeerrss oo o N\proeerrer oo
1 kHz
: 208 7 40 dB/decad
With Gc =1, the o 10‘% f,= 900 Hz % e
loop gain is ~40 dB | 0
P9 LT,
_ 1 T —90°
TU(S) - TuO 2
1 + S + S .
Qo(l)o U)O """"""""""""""""""""""""""""""""""""""" l """" _ 180
1020 f, = 1.1 kHz
T,=HY =233 74dB = = = = 210
DV, 1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz

Fundamentals of Power Electronics

f.=18kHz, ¢, =5°

52
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Target: »

Fundamentals of Power Electronics 53

Lead compensator|

Obtain a crossover frequency of 5 kHz, with phase margin of 52°

T, has phase of approximately — 180" at 5 kHz, hence lead (PD)
compensator is needed to increase phase margin.

« Lead compensator should have phase of + 52° at 5 kHz

T, has magnitude of —20.6 dB at 5 kHz

« Lead compensator gain should have magnitude of + 20.6 dB at 5 kHz

« Lead compensator pole and zero frequencies should be

f = (5kH2) \/ 1= S'”ggo = 1.7kHz
f, = (5kHz )\/ 1+S‘”§g§o = 14.5kHz

f.\° / 1,
- Compensator dc gain should be G = (T) Tlo T 3.7=11.3dB
0 u p

Chapter 9: Controller design
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Lead compensator Bode plot
zero 1.7 kHz, pole 14.5 kHz, dc gain 11.3 dB

40dB 1 : T
|| G, ” : G fp fl : /L G
4 z
20 dB _ || GC” G,, f P
1 c
0GB Lo =y ]
2048 | b oo
| )
—40 dB 0’
: - GC _
+ + —90°
1 —180°
1Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
f
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Loop gain, with lead compensator

(1+miz)

T(s) = Ty Go .
(1 ot (&S]

40dB B -
I e ANL a
T _ Q,=9.5=> 19.5dB
o 1 Tl T =86=18.7dB \, |
0t
0| T e 1kHz 'z - e +
1.7 kHz
—20dB 1 kHz f
900 Hz 14 kHz
0’ o
—40dB = 1+ 0
LT 170 Hz
1.4 kHE 17 kHz 1 90
e 11kHz . APPT22 T g0
: : : : —270°
1Hz 10 Hz 100 Hz 1kHz 10 kHz 100 kHz
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1/(1+T), with lead compensator

40dB T -
A
ol ITI T,=86=187dB J\ | %=95-195d8

0dB A

—20dB A

—40dB +

Low frequency loop gain is not enough
=> |nverted zero is added (PID)

1Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
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Improved compensator (PID)

40dB T
G|
2008 - add inverted
0ds ] zero to PD
compensator,
—20dB | without
changing dc
—40dB 1 gain or corner
frequencies
L0 - choose f; to be
1718 | £/10, so that
| : | | phase margin
1Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz IS unchanged
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T(s) and 1/(1+1(s)), with PID compensator

40 dB |
20dB 1

01 OO

—20dB 1
—40dB .

C-60dB |

-80dB | ; ; ; ; :
1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
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Line-to-output transfer function

D 20dB T
ﬁg Q
LT S (1) o |
Open-loop || G, ||
—20dB +
—40dB +
20 dB/decade
—-60dB +

— 40 dB/decade
vg

-80dB C|Osed_|oop T+ T

-100dB

1Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz

f
Low frequency line perturbation is well suppressed
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9.6. Measurement of loop gains

Block 1

Block 2
A ..................................
Z24(9) + +
(s) Z9) 28RS =
— 1
H(s) |«

Objective: experimentally determine loop gain 7(s), by making
measurements at point A

Correct result is

Fundamentals of Power Electronics

T(s) = Gy(9) (

Z49)

Z,(8) + Z,(9)

60

) G,(s) H(s)

Chapter 9: Controller design



Conventional approach: break loop,
measure T(s) as conventional transfer function

VCC
Block 1 "d ' Block 2
---------------------------------------------------------- C DIaS
0] Zl(S) —'—._ 54 -
/ 9 T i G v =9
/4(48) @ e(S)» G]_(S) 9e(s) i I \//\'y(S) ‘/}x(s) ZZ(S) 2(3) X(S) (S)>
+ ’ B
H(S) <
measured gain is
_ (s
T.(9) = % Vref =0 T.(S) = G,(9) G,(s) H(s)
93=0
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Measured vs. actual loop gain

Actual loop gain:
T =69 |5 229

Z,(8) + Z,(9)

) G,(s) H(s)

Measured loop gain:

Ti(8) = Gu(9) Gy(s) H(9)

Express T, as function of T:

_ Z4(s)
T.(9) =T(9) (1 + Z, (s))

T9~T(9 providedthat |Z,[>>]z,]
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Discussion

Issue 1+ Breaking the loop disrupts the loading of block 2 on block 1.

A suitable injection point must be found, where loading is not
significant.

Issue 2= Breaking the loop disrupts the dc biasing and quiescent operating
point.

A potentiometer must be used, to correctly bias the input to block 2.

In the common case where the dc loop gain is large, it is very
difficult to correctly set the dc bias.

- It would be desirable to avoid breaking the loop, such that the biasing
circuits of the system itself set the quiescent operating point.
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9.6.1. Voltage injection

— {,Z +
— ®_ 2(9 Hy—
(9 7.9
+ —_

» Ac injection source v, is connected between blocks 1 and 2

Fundamentals of Power Electronics

64

« Dc bias is determined by biasing circuits of the system itself

* Injection source does modify loading of block 2 on block 1
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Voltage injection: measured transfer function T,(s)

Block 1 - D, + _— Block2 .........
Network analyzer ) [z —QH{ze -2
Mmeasures WAO b.(s 9)0,(s) = %S
’% )—»e() GO | * 5,(9) 29 | 209 SO =03
v,(9) —> S
TV(S) - + -
VX(S) Vrgf =0 | =™ e e
Solve block diagram: il
V.(S) =—H(s) Gy(s) V(9
—0,(9) = Gy(9) (9 — 1(9) Z,(9) Substitute: -
S
Hence Vy(S) — VX(S) 1(S) GZ(S) H (S) z( S)
~ WS = =08 Gol9) H(9) G,(9) = 1(8) 249 which leads to the measured gain
with TA9 = Gy(9) Gy(9) H(g) + 22
—_ x(S) Z(S)
i(s) =
Z,(9)
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Comparison of T,(s) with T(s)

Actual loop gain is Gain measured via voltage
injection:
_ Zy(s) _ Z,(9)
T9=60 |7 5% ZZ(S)) GIHE  TUI=GAICLIHO+ 53

Express Tv(s) in terms of T(s):

- zl(s)) . 249

T.(9) =T() 26| 26

Condition for accurate measurement:

T(s)=T(s) provided (i) |Z,(9)|<<|Zss)| and
(i) | (9| >> %zg
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Example: voltage injection

______________ Blockl . ...Block2
50 ,I"} Z.(s) = 50Q
- o+ Z,(s) = 500Q
+ - _____________________________________ (1 + 2@) =1.1= 0.83dB
10°

suppose actual T(s) =

S S
(1 " on 10Hz) (1 " on 100kHz)
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Example: measured T,(s) and actual T(s)

100dB T

80dB 1

_ Z,() |, Zi9
T(9) =T(9) (1 + m) + m

60dB T
40dB t
20dB +

QdB froermemmes || 7 | e IR e e

|T {
20 dB

VA
o ; } } N

10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz
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9.6.2.

Block 1

Current injection

<>
3,\
\
<>
)
~—~
N
®
H
~—~
)
<>
)
~
)
| +

Fundamentals of Power Electronics

| (S
T(g = 9
1,(S) |9 =0
Vg=0
___________ Block2
Z,(9)
G979 = %9
Z,(9) 2 X >
H(s) |«
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Current injection

It can be shown that Injection source impedance Z,
is irrelevant. We could inject
_ Z,(9\  Z,9 using a Thevenin-equivalent
Ti(9=T() (1 * Zi(S)) * Zi(S) voltage source:
...... .< " ( ) >_.
» LS ¢
Conditions for obtaining accurate (9 C i H(S)
measurement: b
() |249|<<|Z9)]. and &
! Zy(s) P () (~
T >> | =2 z
(i) [ T(9) Z.(9
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9.6.3. Measurement of unstable systems

* Injection source impedance Z, * Original (unstable) loop gain is

does not affect measurement measured (not including Z ),

.+ Increasing Z, reduces loop while circuit operates stabily

gain of circuit, tending to
stabilize system

__________________ Blockl ... . Block2
; i Z,(9 S e -QO)— ; ;
%;) ") éGl(s) 9| éﬁy(s) - P(8) Zy(9) éGZ(S)ﬁX(S) - ﬂs)»
' ' . ) s :
H(s) |«
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