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9.1. Introduction

Output voltage of a
switching converter
depends on duty cycle
d, input voltage v,, and
load current i,

switching converter

B
Switching converter Load
____________________________________________________________________________
1wl + +iload(t)
v (1) i) y ¥ = (1)
transistor
gate driver
8(t)A (1) pulse-width| V(1)
/ modulator [€ Vv ( t)
8
dT T ;
lload(t)
d(t)
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The dc regulator application

Objective: maintain constant
output voltage v(z) = V, in spite
of disturbances in v (7) and
iload(t)'

Typical variation in v,(z): 100Hz

or 120Hz ripple, produced by
rectifier circuit.

_——
switching converter
" V(1) = f1v, iy d)
s -
. disturbances _»V(l‘)
lload(t)
>
d(t) > } control input

Load current variations: a significant step-change in load current, such
as from 50% to 100% of rated value, may be applied.

A typical output voltage regulation specification: 5V £ 0.1V.

Circuit elements are constructed to some specified tolerance. In high
volume manufacturing of converters, all output voltages must meet

specifications.
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The dc regulator application

So we cannot expect to set the duty cycle to a single value, and obtain
a given constant output voltage under all conditions.

Negative feedback: build a circuit that automatically adjusts the duty
cycle as necessary, to obtain the specified output voltage with high
accuracy, regardless of disturbances or component tolerances.
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Negative feedback:

a switching regulator system

EEE— B
Power Switching converter Load
INDUL e,
| v | +
—— lload
o —
O x —
: Y
sensor
L - His) gain

transistor error

gate driver signal
S pulse-width| V. Hv

modulator | G(s)

compensator

reference

input 1 Vrer
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Negative feedback

V(1)

error :
signal Lioad(?)

V(1)

v .
compensator J»Pn’:l‘ésgb-t;;lgt’fl d(1)

reference
input

sensor

switching converter

V() =V i )

} disturbances

vy

} control input

gain
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9.2. Effect of negative feedback on the
network transfer functions

Small signal model: open-loop converter

e%s) 1:mD) L
®, T .

w0 ) Q) iwas nNe cm= 1 2R Q) it

Output voltage can be expressed as
9(5) = G,(5) d(5) + G, (8) D,(8) £ Z,,(S) T100($)
where

v(s) v(s) v(s)
Gv S)= = Gv S)= 2 Zout §)== $
=55 e ©=53] D=
Load =0 Load =0 Vg=0
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Voltage regulator system small-signal model

« Use small-signal
converter model

* Perturb and
linearize remainder
of feedback loop:

vref(t) = Vref + ‘l)ref(t)
v () =V, +7,(1)

etc.

Fundamentals of Power Electronics

7,(5) Ci)

Q) s %

+

cz= 1 SR Q) i

Vyer(8) @_ 7,(s) G.s)

reference %
input

error
signal

V()

1

Vi

d(s) I

compensator pulse-width
modulator
H(s) v(s)
H(s)
sensor
gain
10

A
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Regulator system small-signal block diagram

B
L 1p0d(S) load current
variation
y
N Z,[(s)
V(8) G (s)
ac line > Pvg
variation
pulse-width
5 (s) compensator modulator AW
VierlS V,(8) .(s) 1 d(s) B(s)
error G ls) Vi > Culs) + tout volt >
reference / duty cycle output voltage
input signal variation variation
converter power stage
H(s) ¥(s)
H(s) |«
sensor
gain
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Solution of block diagram

Manipulate block diagram to solve for ¥(s). Result is

‘/) — ‘/} Gchd / VM ~ GVg Z out

o T+ HG.G, IV, s T+HGG.,/V, " T{HGG., IV,

c~vd c~vd c~vd

which is of the form

1 T . G,

= + + Zout
o H 1+T

S TrT e Ty T

V=

with T(s)=H(s) G(s) G, (s)/V,, ="loop gain"

Loop gain T(s) = products of the gains around the negative
feedback loop.
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9.2.1. Feedback reduces the transfer functions
from disturbances to the output

Original (open-loop) line-to-output transfer function:

G, (s) = &)

‘/}g(s) (?:0
load =0
With addition of negative feedback, the line-to-output transfer function
becomes:
V(s) _ G(s)
0,(8) |0p=0 1+ T(s)
iloadzo

Feedback reduces the line-to-output transfer function by a factor of

1
1 +T(s)

If 7(s) is large in magnitude, then the line-to-output transfer function
becomes small.
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Closed-loop output impedance

Original (open-loop) output impedance:

L )
Fonl8) = ] oad(S)

d=0
Pe=0

With addition of negative feedback, the output impedance becomes:

v(s)

+ iload(s)

— Zout(S)
Pref =0 B 1+ T(S)

vg:O

Feedback reduces the output impedance by a factor of

1
1+ T(s)

If 7(s) is large in magnitude, then the output impedance is greatly
reduced in magnitude.
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9.2.2. Feedback causes the transfer function from the
reference input to the output to be insensitive to
variations in the gains in the forward path of the loop

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

V(s) _ 1 T()
Ve (8) [7p=0 — H(s) 1+T(s)

Load =0

If the loop gain is large in magnitude, i.e., I Tll>> 1, then (/+T) =T and
T/(1+T) =T/T = 1. The transfer function then becomes

() _ 1
‘l)\ref(s) H(S)

which is independent of the gains in the forward path of the loop.

This result applies equally well to dc values:

Vv.__ 1 _TO _ 1
V.. H@O) 1+T©O) HQ)
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9.3. Construction of the important quantities
1/(1+T) and T/(1+T)

_TTT—
Example
N
80dB T 1+ 25
Z
71 JT T(s)=T, ,
T Qup 1+ 4[5 1+-3
60dB 1T lgs 1 I Qw, |\ Dp W,
40dB 1 Jpi
—40dB/dec
20dB T
ST e
_ 41 crossover
20dB frequency — 40dB/dec
-40dB ' ' ' = |
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz

At the crossover frequency £, I T Il =1
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Approximating 1/(1+T) and T/(1+T)

T )1 for I TII>>1
1+7 \T for I Tl << 1
1 for N T1l>> 1
1+7(s) 1 forllTll<<1
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Example: construction of T/ (1+T)

S —
80 dB T
T | for I TII>>1
60 dB 1 1+T T forll Tl << 1
40 dB | Ty
Crossover
20dB T frequency
- _ 20 dB/decade /.
7]
—20dB ¢ 1+T — 40 dB/decade
—-40 dB . . . . |
1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
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Example: analytical expressions for approximate
reference to output transfer function

At frequencies sufficiently less that the crossover frequency, the loop
gain T(s) has large magnitude. The transfer function from the
reference to the output becomes

ves) _ 1 TG 1
Dg(s)  H(s) T+T(s) ~ H(s)
This is the desired behavior: the output follows the reference

according to the ideal gain 1/H(s). The feedback loop works well at
frequencies where the loop gain 7(s) has large magnitude.

At frequencies above the crossover frequency, Il T Il < 1. The quantity
T/(1+T) then has magnitude approximately equal to 1, and we obtain

i) _ 1 TG _T() _ GU)G.uls)
Vi(s)  H(s) 1+T(s) H(s) Vi
This coincides with the open-loop transfer function from the reference

to the output. At frequencies where Il T Il < 1, the loop has essentially
no effect on the transfer function from the reference to the output.
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Same example: construction of 1/(1+T)

80 dB T .
o for I Tl >>1
Q 1 T(s)
60dB 1 1T, dB _
P 1+7(s) \1 For I T 1l << 1
40 dB 1 pl
— 40 dB/decade
20 dB 1
— 20 dB/decade
5 PSS
+ 20 dB/decade f
p2
_20dB & A Crossover — 40 dB/decade
+40 dB/decade Jrequency
—40 dB
— 1Tl Ip1 I
& 1+T
—60 dB O
A 4
—-80 dB : : : : |
1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz
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Interpretation: how the loop rejects disturbances

Below the crossover frequency: f< f.
and I Tl > 1

Then 1/(1+7) = 1/T, and
disturbances are reduced in
magnitude by 1/Il Tl

Above the crossover frequency: f>f.

andlITll<1

Then 1/(1+7) = 1, and the
feedback loop has essentially
no effect on disturbances
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Terminology: open-loop vs. closed-loop

Original transfer functions, before introduction of feedback (“open-loop
transfer functions”):

G.(s)  Guls)  Z,(s)

Upon introduction of feedback, these transfer functions become
(“closed-loop transfer functions”):

1 T(s) G i(s) Z0ulS)
H(s) 1+T(s) 1 +T(s) 1 +T(s)
The loop gain:
1(s)

Fundamentals of Power Electronics 22 Chapter 9: Controller design



9.4. Stability

Even though the original open-loop system is stable, the closed-loop
transfer functions can be unstable and contain right half-plane poles. Even
when the closed-loop system is stable, the transient response can exhibit
undesirable ringing and overshoot, due to the high Q -factor of the closed-
loop poles in the vicinity of the crossover frequency.

When feedback destabilizes the system, the denominator (/+7(s)) terms in
the closed-loop transfer functions contain roots in the right half-plane (i.e.,
with positive real parts). If T(s) is a rational fraction of the form N(s) / D(s),
where N(s) and D(s) are polynomials, then we can write

N(s)
T(s)y _ D(s)y _ N  Could evaluate stability by
1+T(s) - N(s) — N(s)+ D(s) evaluating N(s) + D(s), then
D(s) factoring to evaluate roots.
1 B 1 B D(s) This is a lot of work, and is
L+T(s) | N(s)  N(s)+D(s) not very illuminating.
D(s)
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Determination of stability directly from T(s)

+ Nyquist stability theorem: general result.
A special case of the Nyquist stability theorem: the phase margin test

Allows determination of closed-loop stability (i.e., whether 1/(1+7T(s))
contains RHP poles) directly from the magnitude and phase of T{(s).

A good design tool: yields insight into how T(s) should be shaped, to
obtain good performance in transfer functions containing 1/(1+7(s))
terms.
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9.4.1. The phase margin test

A test on T{(s), to determine whether 1/(1+1(s)) contains RHP poles.
The crossover frequency f. is defined as the frequency where

Il T(j2af,) Il =1 = 0dB

The phase margin ¢, is determined from the phase of 7(s) atf. , as
follows:

@, = 180° + LT(j2nf.)
If there is exactly one crossover frequency, and if T(s) contains no
RHP poles, then

the quantities T(s)/(1+1(s)) and 1/(1+1T(s)) contain no RHP poles
whenever the phase margin ¢, is positive.
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Example: a loop gain leading to
a stable closed-loop system

I Bl
60dB T
[ 711
T LT
40dB F
f crossover
20dB T z  frequency
LT fe
B et oo + 0
20dB } -90°
@
C4OAB freveeeeeeeeeeemmmmmes e e 1’” --------------------------------------------------- 1 -180°
L —270°
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz
. f
LT(j2nrf.)=-112

¢, =180° — 112° = +68°
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Example: a loop gain leading to
an unstable closed-loop system

60dB T
7l

Tl

40dB T

20dB T

0dB

-20dB T

—40dB

f crossover
P2 frequency

LT

+ —180°

-270°

1Hz

LT(j27f.) = -230°

¢, = 180° — 230° = -50°
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9.4.2. The relation between phase margin
and closed-loop damping factor

How much phase margin is required?

A small positive phase margin leads to a stable closed-loop system
having complex poles near the crossover frequency with high Q. The
transient response exhibits overshoot and ringing.

Increasing the phase margin reduces the Q. Obtaining real poles, with
no overshoot and ringing, requires a large phase margin.

The relation between phase margin and closed-loop Q is quantified in
this section.
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A simple second-order system

Tl

Consider the
case where T{(s)
can be well-
approximated in
the vicinity of the
crossover
frequency as

Fundamentals of Power Electronics

40dB T

20dB +

Tl f

LT

— 20dB/decade
1 e
Jo /o
—20dB 1 2
~40dB 1 , 1o
i —40dB/decade
LT . £,/ 10
—20 i 1 -90°
5
P
........................................................................................................... ; ~180°
10£,
- —270°
f
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Fundamentals of Power Electronics

Closed-loop response

[
If
T(s) = L
(o) 1+
Then
I(s) 1 _ 1
1+ T(s) 1 s 52
b+ T(s) I+ W, + W, W,
or,
T(s) 1
1+T(s S s \?2
( ) 1 " a)c " (a)c)
where
0)) ()
0, = 6,0, = 2nf, 0=5'=1/ o
30
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Low-Q case

| B ]
0= w, _ [, | imation: w
=0 =\ o ow-Q approximation: 0 ¢ = @, Q - o,
40dB - Ival £
| f
048 T o 0dB/decad
— ccade
L= 15 |
OdB T bl bbb bbb
T £ : Q=11
- 1+T
-20dB T+
—40dB 1 _ 40dB/decade
f2

Fundamentals of Power Electronics 31 Chapter 9: Controller design




High-Q case

[ ]
), 0))
w, = /0,0, =27, Q=w2= Wj
60dB - f,
1T
40dB +
— 20dB/decade
5 .. 9=/l
0dB e e jo
T £,
20dB I+T
N — 40dB/decade
2
—40dB f :
f
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Qvs. @,

Solve for exact crossover frequency, evaluate phase margin, express
as function of ¢,. Result is:

0= V/COS @,
~ sing,

4

o = tan 1+4/1+4Q

20°
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Qvs. @,

EEE—— 00 L TTTT——
20dB
o
15dB
10dB \\
5dB ‘\
=1 :%\
0dB 0 T~

-5dB l
0 =0.5=-6dB —%
AN

-10dB @, =76 \
-15dB \

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
Prn
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9.4.3. Transient response vs. damping factor

Unit-step response of second-order system T{(s)/(1+1{(s))

-0 120 / 2
V) =1+ 20 ¢ sin 40"+ 1 W, t+ tan'l(\/ 40% + 1 ) 0>0.5

407 £ 1 20
s — a)Z +wt L ot <05
v(t)—lia)ziwleliwlia)ze2 0 <0.

wl,wzzz‘“c (11\/114Q2)

For 0 >0.5, the peak value is

peak ¥(t) = 1 + e*™/Vie =1
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Transient response vs. damping factor

P(t)

5

1.5

0.5 /Q 0. 2

L

w 1, radians
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9.5. Regulator design

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

- Effect of input voltage variations on the output voltage
regulation

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

« Transient response time

This requires a sufficiently high crossover frequency
« Overshoot 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

A\l

GC(S) = GcO

o)

o)

Improves phase
margin

Fundamentals of Power Electronics

G, Il

10f,
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Lead compensator: maximum phase lead

maximum 90 T
phase lead i ﬁpmax = ]2]3)

75°+

60° T
: N

45° 4 — tan- z P
: L Gc(ftpmax) = tan ] 2

30°

sl f, 1+sin(6)

. I I I £ 1xsin (6)
1 10 100 1000
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Lead compensator design

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

oy 1 +sin (6)
e 1 + sin (6] 7
1 Gor/ ¥
1 + sin (6) G g, VE=4
L= 15 (6) T ' Jomar
If it is desired that the magnitude | £,/10 10f,
of the compensator gain at £, be 1 +45°/decade | '
unity, then G, should be chosen o 0= ~ 45%/decade
as LG, |
_ L
GCO - Tp f
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Example: lead compensation

EEE—— T
60dB T
1
40dB + Il T T G
0~ c0
Il ‘ LT
0dB 1 compensated gain
0 S T
—20dB + .
0° compensated phase asymptotes
—40dB | | 0°
LT i
original phase asymptotes § + -90°
. .
............................................................................. \ (im _180°
-270°
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9.5.2. Lag (PI) compensation

G.(s) = Gcw(l + %)

Improves low-
frequency loop gain
and regulation

Fundamentals of Power Electronics

LG

c

—90°

— 20dB /decade

£,/10

C0

+ 45°/decade

10, o

42
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Example: lag compensation

EE
original OB ~
(uncompensated)
loop gain is 20dB |
T
T,(s)= 7"
(1 + Wo) 0dB -
compensator: —20dB |

W
G(9)= G 1+ %] ppun

Design strategy:
choose

G,,, to obtain desired
crossover frequency

W, Sufficienﬂy low to 1Hz 10Hz 100Hz 1kHz 10kHz 100kHz
maintain adequate f
phase margin
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Example, continued

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

Il 711

40dB

20dB |

£ T l

20dB |
|

_40dB | I+T

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

B
40dB T
G,
20dB +
0B } VA
—20dB + T 90°
10f, 10f,
45°/dec L ¢ ];?2/]0
B Ty 2L S 0°
£710 )
_op° 50-/dec " —90"/dec o
= 10 pl T -90°
LG, f;/10 1
—-180°
/
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9.5.4. Design example

N - TTT—
L
50uH
5608\
14T S|
— Lioad
V(1) +) C 1 R
¢ —_ V(1)
28V N7 A SO0uF 39S v
sensor
L - H(s) gain
1 f, = 100kHz
transistor error
gate driver % signal
S pulse-width| V. v, Hv
modulator [ O3
Vv, =4V compensator -
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
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V, =28V
V=15V,1,,,=5A,R= 3Q
D =15/28 =0.536

V,y= 5V

V=DV, =2.14V
H=V,/V=5/15=1/3
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Small-signal model

5 L
@ 1:D .
w0 (@ QL c== 70 Sk () il

error 6?(5)
signal
ﬁref ( = O) ﬁe(S) ‘,}c(s)
@ > G(s) [—>

1
|
h T(s)
compensator V=4V

H(s) v(s)
H(s) |«
-1
3
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Open-loop control-to-output transfer function G_4(s)

NG, I

)= —

D 1+S%+SZLC

standard form:

G.(5) =G, l

S s \?
I+ Q0 * ((DO)
salient features:

G=15=28V
Wy

|
= = = lkH

L e ‘

QO:RM% - 9.5=19.5dB

Fundamentals of Power Electronics

60dBV T |
LG
vd
40dBV 1t || G, I G, =28V = 29dBV
20dBV T
, GVd 10%!/2Q0 Jo =900Hz 0
0dBV :
-20dBV T ”

AOABYV  reememsemmsems e . -180°
10'/290 £ = 1.1kHz
1 L —270°

1Hz

49

100Hz 1kHz 10kHz 100kHz
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Open-loop line-to-output transfer function
and output impedance

G, (s)=D 1

1 +S%+S2LC

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

_ 1
Gvg(S) - GgO 1 + Ky + ( S )2
Oy, | ®o

Output impedance:

Zout(S) =Rl % | s = l:YL
$ 1 + SF + SZLC
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System block diagram

T(s) = G.(s) (VLM) G.(s) H(s)

,./(s) | load current

variation
G.(s) H(s) vy 1
T(S) = 1% 5 R s \2 *
" L+ + (m ) Z, ()
Q0 0 D,(5) out
ac line > Gvg(s)
variation
VM =4V R A _
v\re ( = O) \?e(S) v d(S) ‘,}\(S)
! Gs) |l L o G (s) -
M__lduty cycle +
variation
converter power stage
1(s) 1
H = §
H(s) |=
51
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Uncompensated loop gain (with G, =1)

B
40dB T _
T, I ~ L1,
A
20dB + B
T, Il T, 233=74dB ﬁ' Qy=9.5=19.5dB
L T -
1kHz

With G, =1, the ~20dB 1 » — 40 dB/decade
N i ° 10720 f, =900H
loop gain is AOdB 0 Jo=900Hz o
LT,
T(s)=T, 1 - 1 1 oo
1+ + ((f) )
QO(DO U —180°
1020 f, = 1.1kHz
TuO = g‘y =2.33 = 7.4dB : : : : -270°
M 1Hz 10Hz 100Hz 1kHz 10kHz 100kHz

f
f.=18kHz, ¢, =5°
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Lead compensator design

- Obtain a crossover frequency of SkHz, with phase margin of 52°

T, has phase of approximately -180° at SkHz, hence lead (PD)
compensator is needed to increase phase margin.

Lead compensator should have phase of +52° at SkHz
T, has magnitude of -20.6dB at 5kHz
Lead compensator gain should have magnitude of +20.6dB at 5kHz

Lead compensator pole and zero frequencies should be

1 +sin (52°)
f. = (5kHz )\/ I+ sin (529 = 1.7kHz

B 1 + sin (52°)
= (5kHz) \/ [ <sin (529 = 14.5kHz

2
Compensator dc gain should be G = (%) Tlo \ / % =3.7=11.3dB
0 u p
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Lead compensator Bode plot

B _—
40dB T
I1G, Il G ./ LG,
0 f
20B 1 I1G, Il G z p
Je
) PR VY ——
—20dB T fp /10 10f 90°
. 110 ' e
O /
A0dB ———— T \ L0
LG,
-90°
T —180°
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz
J
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Loop gain, with lead compensator

S  —
S
1+ U)Z)
T(s)=T, G,
40dB T+ -
[ 7 Il LT
20dB +
0dB -
-20dB T
-40dB 0°
-90°
1.4kHZt 17kHz
e 11KHZ —ooeo- c2m=52 _____ I T
: : . : -270°
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz
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1/(1+T), with lead compensator

40dB T

soap L Tl T, =86=187dB J\

4

0,=9.5=19.5dB

0dB 1

—20dB

—40dB 1

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

* need more
low-frequency
loop gain

* hence, add
inverted zero
(P1D controller)
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Improved compensator (PID)

40dB 1 '
G, Il LG,
20dB +
- add inverted
0dB 1 zero to PD
compensator,
~20dB 1 without
changing dc
048 gain or corner
. frequencies
10 ~ + choose f; to be
17 £/10, so that
, , : : phase margin
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz is unchanged
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T(s) and 1/(1+7T(s)), with PID compensator

60dB T
40dB +

20dB 1

0dB -
_20dB 1+

_40dB |

—60dB 1

_80dB % = % % |
1Hz 10Hz 100Hz 1kHz 10kHz 100kHz
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Line-to-output transfer function

EEE— P
b 20dB
‘?g
0dB e L (0 B D At wa
| open-loop || Gvg I
-20dB
—40dB {
_ 20dB/dec
—-60dB +

_80dB -

closed-loop

g
1+T
~100dB 1

1Hz 10Hz 100Hz 1kHz 10kHz 100kHz
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9.6. Measurement of loop gains

H(s)

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

Correct result is
T(s)=G,(s)

Fundamentals of Power Electronics

Z,(s)

Z,(s) + Zy(s)

60

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

E—— C e—
V.CC
Block 1 Block 2
dc bias ------------------------
) — Z,(s) ——o - 54 T —
V() D (s) Gi(5) 9.05) i 0.9) 6.9 70 EGZ(S) .(s) = ¥(s) .
5 + _

H(s) |«

measured gain is

V,(5)

‘/}X(S) ﬁref =0
ﬁg =0

T,(s) = T,(s) = G,(s) G,(s) H(s)

Fundamentals of Power Electronics 61 Chapter 9: Controller design



Measured vs. actual loop gain

Actual loop gain:
Z,(s)
Z,(s) + Zy(s)

T(s) =G,(s) G,(s) H(s)

Measured loop gain:
T,(s) = G,(s) Gy(s) H(s)

Express T, as function of T

Z\(s)

T,(s)=T(s) 7.(5)

1+

T,(s)=T(s) providedthat |Z,|>>|Z,]|
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Discussion

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

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

« 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

Block 1

Block 2

i(s) |
—QOHzw

Zy(s)

H(s)

<

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

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

* Injection source does modify loading of block 2 on block 1

Fundamentals of Power Electronics
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Voltage injection: measured transfer function T(s)

Network analyzer

measures /4
(
,(s)
T(s)=—
V(8) [9er=0

vg:O

Solve block diagram:

V(8) =+ H(s) G,(s) V. (s)

0

A

V4(5) @ v (s)

A

Block 1

G (5) V(5)

i i(s)
Z,(s) — @—Zs(s) >

G,(5) V(5) = V(s)

£ 9,(5) = G,(5) 9.(5) £ 1(5) Z,(s)

Hence

+9,(5) = £ 9,(5) Go(s) H(s) G,(5) £ i(5) Z(s)

with

i(s) = 28) V.($)

Z,(s)
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9.(5) V(s) Z,(s)
e,
H(s) |«
Substitute:
Z(s)
V(8) =V(8) | Gi(s) Gy(s) H(s) + ——— Z.(5)
2
which leads to the measured gain
T(s) = G\(s) Gols) H(s) + 2! ?3
2
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Comparison of T (s) with T(s)

Actual loop gain is Gain measured via voltage
injection:
_ Zy(s) _ Z\(s)
T(s)=G,(s) 7.5) + Z.(5) G(s) H(s) T (s) = G\(s) Gy(s) H(s) + Z,05)

Express Tv(s) in terms of 1{(s):

Z,(s)
Z,(s)

4 Z,(s)
Z,(s)

T(s)=T(s) |1+

Condition for accurate measurement:

T(s)=T(s) provided (i) |Z,(s)|<<|Zxs)|. and

»

Z,(s)
Z,(s)

i) | T(s)|>>
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Example: voltage injection

T
.............. BlockI ... __Block2
50Q | : g
AN—— (-) - Z,(s) = 50Q
| 5 Z,(s) = 500Q
Z (s
i 5 WO g sw0e  Z ) =01->220dB
Z.(s)
: + — : 1 _
S N (1 + —ZZ(S)) 1.1 = 0.83dB
10

suppose actual 7'(s) =

S S
(1 "o lOHz) (1 "o IOOkHz)
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Example: measured T (s) and actual T(s)

100dB +
- Z(s)

Z,(s)

Z,(s)

1+

T.(s) =T(s)

80dB
60dB
40dB
20dB
0dB .................................................................................

| 1T, 1
—20dB | \

Z
| 17 |>\
—40dB n n n ; .

10Hz 100Hz 1kHz 10kHz 100kHz IMHz
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9.6.2. Current injection

B B |
()
T(s)=+
1,(8) |#rep=0
Pg=0
Block 1 Block 2

................................................................................................

H(s) |=
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Current injection

It can be shown that

Z(s)
Z,(s)

+ Zy(s)
Z\(s)

T(s)=T(s) |1+

Conditions for obtaining accurate
measurement:

() |Z(s)|<<|Z\(s)|, and

Z,(s)
Z,(s)

i) | T(s)|>>

Fundamentals of Power Electronics

Injection source impedance Z,
is irrelevant. We could inject
using a Thevenin-equivalent
voltage source:

...... = - P eunne
1 A
Ly ‘ z I,
Cb
RS
\’/\ Y
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9.6.3. Measurement of unstable systems

* Injection source impedance Z,
does not affect measurement

* Increasing Z, reduces loop
gain of circuit, tending to

stabilize system

« Original (unstable) loop gain is

measured (not including Z ),
while circuit operates stabily

Block 1 - vz * Block 2

""""""""""""""""""""""""""""""""" R,
i Zy(s) M—] Z(s)

0 Al N v P _® ¥ |

o @ MO G+ I 0 | [ze] LROZIO
- _
AN
H(s) |«
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9.7. Summary of key points

1. Negative feedback causes the system output to closely follow the
reference input, according to the gain 7 / 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.
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Summary of key points

3. The introduction of feedback causes the transfer functions from

disturbances to the output to be multiplied by the factor 1/(1+1(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/T(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.

. 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+T) and 1/(1+T) is then deduced.
Inadequate phase margin leads to ringing and overshoot in the system
transient response, and peaking in the closed-loop transfer functions.
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Summary of key points

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. PI
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.
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