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Feedback with ideal op-amp
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Assume ideal op-amp (Z,,= Q, Z ,
Vout = AD(V+ _V_)
A, = A,, = open-loop gain
V=V,
V_: out
3 = feedback factor = R
R+R
T = loop transmission = Ab ,B = AbL,B

1 T
= U —¢]psed-loop gain = ———
Ao pg AIaT

in

=0 (3, CMRR=c0)

n V
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Feedback: systems representation

Vout = AbL(\/in _V_) = AbL(\/in _ﬂvout)

_ Vou(S) _ . A 1T T(s
POy (9 O T 96 A9 1+T(9
B(s) = feedback factor
A, (S) = open-loop gain
T(s) =loop transmission = A, (S)5(S)

out

This might represent a physical system with feedback:
Car anti-lock braking

Electronic feedback control of aircraft roll, pitch, or yaw
Car anti-rollover protection

Fuel/air mixture control in car engine

Robotics: position of mechanical arm

It is widely stated that feedback increases bandwidth...

once we ensure that the feedback is stable, this may or may not be true.



Effect of Feedback on Single-Pole System (1)
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AgVu®__ A 1T
Vo(S) 1+ A(9B(S)  B(9)1+T(s)

Consider an open-loop gain with a single real-axis pole:
AbL DC
S)=——————
Ao (9 1+s/wy
Ao, pc = open-loop gain at DC

@), = one real-axis pole in the open-loop gain

Consider a frequency-independent feedback factor :

B(s) = :Bo )

AbL,Dc:Bo . To _ NT (S)

1+s/wy - 1+s/wy, - D; (9)

= T(9)=AL(95(5) =

T, = Ay pc By = loop transmission at DC

out




Effect of Feedback on Single-Pole System (2)
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A (s) = Vau(®_ 1 T 1T N /D 1 N,
V(9 A(1+T(S) AO1+N, /D, A(s) N, +D;
1 T, 1 T,
B T +(+S/@y) B 14T, +S/ @y
1 T, 1
- B, 1+T, 1+( S j
(I+To) @,
So:
1
'%L(S) 'AbL DC 1+S/0)CL
where A, ¢ = LT _ = closed-loop gain at DC
’ ,6’0 1+T,

and @, =(1+T,)w, = bandwidth (pole frequency) of closed-loop gain.

The bandwidth has increased by the factor (1+T,)

out
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Effect of Feedback on Single-Pole System (3)

Example: ﬁg__ |
Ab 106 100 | A (1272 )]
Ao (2mf)=—2— =— =
1+ jf/f,, 1+ jf/10Hz £ 2o
(D —
B(i2zt)=p,=1/10 S s
N RN W,
g o I 10 AL L0 M BRI A ] )
10— \\\
. 0 =
Ab (JZﬂ'f): 1 T(Jzﬂ-f) :Ab 1 1E-1 ‘! 1F|E1 1I|52 1|]E3 1é4 1|E5 1I|56 1IIE7 1E8
) B(i2ef)1+T(j2zf) 1+ jf /£, 65,
1 T 10°/10 180
where =——0 =10 =10 o
Aevoc B, 1+T, 1+10°/10 - 132_
and f, =(1+T,)f, =(1+10°)(10 Hz) =1 MHz. S 45 ngle of A (12 1)
S o-hHLt o e 1
‘dg -45] I
-g -90— 15
135 angle of A, (j27f)
-180 T T T I |

1E-1 1 1E1 1E2 1E3 1E4 1E5 1E6 1E7 1E8

freq, Hz
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Effect of Feedback on Single-Pole System (4)

T = Ay B - T(dB)=A, (dB)~(1/ A)(dB) 120

[ Ao (J271) ]

-

% 1T >>1 90—
LT AT el
B1+T 1+T | B1+e*

Ao, 1T <<1

Aol I =1

40 IT I|(dB)

10 [ AbL(I27ff)||/\m
I I I I I

| | T
1E-1 1 1E1 1E2 1E3 1E4 1E5 1E6 1E7 1ES8

dB(VoltGain1)

1/

Example: freq, Hz

. 10°
NS
1+ jf/f,, 1+ jf /10 Hz

B(i2rt)=4=1/10
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Effect of Feedback on Single-Pole System (5)

A0S 12
Step response, no feedback " out e
i i % 0.6—
- — very large output
> ' . .
< oo very long risetime
00 | ! | I | I | 1
0 20 40 60 80 100
time, msec
Step response, with feedback in y iy 10
ol - > |
8—
> 6]
B = 5 - much smaller output
% S 4 ) )
B oy, ] much shorter risetime
Example: &
) 106 0 T T T T | T
A, (j2rf)= AF)L’DC = 0.0 is i i 0.8 1.0
1+ jf/f, 1+ jf /10 Hz i s
L(i2xf)=4,=1/10
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Effect of Feedback on Single-Pole System (6)

AbL,DC

S)=———"——
#o.(9) 1+5S/ @,

B(s)= 4, Jo
T(9) = Ay (95,
AbL,DCﬁO

1+s/w,,

1 T(S)
increasing T, 9
B(S) 1+T(s) g Yo o }

T(s)=

A:L ()=

As we apply increasing amounts of negative feedback,

the closed-loop plot moves to the left

This plot, showing the movement of the pole positions with feedback,

is called a root locus plot.
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Effect of Feedback on Two-Pole System (1)

A, (S) = AbL,DC _ AbL,DC
) (A+s/ay )A+S/wy,) 1+s(1/wy, +1/wy,)+S | Wy W, 1%
/Ab | N out
= ” aisL—Ecazsz where a, =(1/w, ,+1/ @, ,) and a, =1/ @) @, ,
IB(S) = :80
AbL,Dc:Bo . To _ NT (S)

T = A (9(5) = l+as+as l+as+as D.(9)
I T _ 1 NJ/D, _ 1 N
B()1+T(s) B(s)1+N. /Dy S(s) Ny + Dy

A:L(S)zl T, 1 T, 1

ﬂ0T0+1+aIS+aZSZ_ﬂOTO+11+[ a1 js+[ a2 js2
1+T, 1+,

A:L (S)=

1
1+s(2{/w,)+s" | @

A ()= A:L,Dc

10



Effect of Feedback on Two-Pole System (2)

S
1+T, )2 2\ 1+T, a,

_la 1

2. [a, 14T,

fl +T, :
@. = |— more feedback — higher natural resonant frequency
&,

1

1 3
;_2¢§ ]

+T,

more feedback — lower damping
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; J"(D—
___________ > S,
g <l |
. (Dd § (Dn
Spia = —{w, t ja,
_ 2 |
where @, =@, -\1-¢ ; -
o, ‘
___________ )(
F—an—!»
a=Co
Jo
¢ >1
Spi2 = —C0, + o,
_ 2
where @, =@, -\/{ —1
x— % -
A .

— Co—
. n

o=Co,

11
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Effect of Feedback on Two-Pole System (3)

1+,

@, = - \/1+T0 '\/woua)ou -
q J®
lw :l 2 \/ 1 \/1+To :lai:ll/wou"'l/a)ou:a)ou“l'wou
2 Ja, \1+T,\ &, 2a 2 /&y, 2 e
e o) :\/7"'-'-0 '\/a))ua)ou
\ o
X > A
Here again is the root locus ~ g ~ @y,
Increasing feedback — poles move towards each other

Eventually, they will meet. L

Further increased feedback — complex poles

12
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Effect of Feedback on Two-Pole System (3)

ADS s
Example: g s
100 :
AbL o 90 || Ao (27 )]
AbL(Jzﬂ'f ) = " d < ;g* 80—
A+ g1/ 1o A+ T/ Tg.,) 8 -
10° S 1/
= - - B 4p] s
(1+ jf /10 Hz)(1+ jf /500 kHz) 30 | Ay (j27 )|
. 20—
p(i2zf)=p,=1/100 10-]
¢ | | | | |
1B 1 11 1E2  1E3 1E7  1E8
freq, Hz
. 180
135—
g
E
]
[} '\‘
= 4 i
135 angle of Am(ﬂ”N\
-180 | | j [ ] | I A
1E1 1 1E1  1E2 1E3 1E4 1E5 1E6  1E7  1E8
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Effect of Feedback on Two-Pole System (5)

120
110_:
oz | Ay (j27f)|
AoLoc Zgz
(T o A To)
60—
_ 10° 50
(1+ jf /10 Hz)(1+ jf /500 kHz) wd | IAG2ED

p(i2xf)=p,=1/10 e

ADS

Example:

AbL(Izﬂ'f)_

dB(VoltGain1)

1/

phase(VoltGain1)

135 angle of Ay, (] 2N
-180 i

I I | | I I I I
1E-1 1 1E1 1E2 1E3 1E4 1ES 1E6 1E7 1E8

T = e R

freq, Hz
14
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Effect of Feedback on Two-Pole System (5)

Example:

A, (j2rf)=— Touoe
A+ jf / fo A+ jf /7 fo,)

10°

1+ jf /10 Hz)(1+ jf /500 kHz)
Biant)=f, =112

A0S

dB(VoltGain1)

120

110
100—]
90
80—
70—
60—
50—
40
30—
20—

10—

| Ao (1272 T) ]

I A (1272 F) ]

phase(VoltGain1)

180

-135—

-180

0

1E-1

136—

90—

00—

angle of Ay (] 27N\
S

1E-1

1 1E1 1E2 1E3 1E4 1E5 1E6 1E7

freq, Hz

e

1E8
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Effect of Feedback on Two-Pole System (6)

ADS
Step response, no feedback meot y I_/Ow "
ol [ ] 2 06—
- — very large output
> . . .
>< < 0a very long risetime
BVouf =
0.0 RS L ) R R
0 20 40 60 80 100
time, msec
Step response, with feedback " in . o much smaller output
A, > 1 much shorter risetime
3— . .
o step response ringing
- 52— .
- P I £ .
B out 1
- 106 OOI[T]‘lllllélllléllTl‘LillTs
AbL (27 t)= . : _
(1+ jf /10 Hz)(1+ jf /500 kHz) time, usec

B(j2rf)=1/2
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Effect of Feedback on Three-Pole System (1)

A (9)= Moo
(A+s/w, )1+s/a,)1+S/ @y )
_ 1 AbL’Dg - ; you can work out &, a,, and a,. —
+aS+a,S +a;S
IB(S) = :Bo
T _N:(9)

where T, = AbL,Dc:Bo B Vout

T(9=AL(96(9)= 1+as+a,s +a,s B D; (S)

1 T _ 1 NJ/D _ 1 N
B 1+T(s) B(5)1+N; /D, J(S) N, +D;
1 T,

S, T, +1+as+as’ +as

1 T 1
'AEL(S):IB T j—l
1+, 1+, 1+T,

Finding the roots (poles) of this cubic equation is hard work,

A:L(S) =

A:L(S) =

but we can quickly make some key observations.

17



Effect of Feedback on Three-Pole System (2)
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poles: 1+ 4 s, + % S, + % s, =0
1+, 1+, 1+,

Suppose that (1+T,)is very large.
Then [s, | must be very large.

3 1
So |s)| > |[s)| > |s,|

1/3
1+T .
S0 S, :(— 0] if || T, |>>1

<&

/

&
(—=1)'” has 3 roots, at angles of 60°, -60°, and 180° in the complex plane.

Root locus is therefore as sketched.

With large T,, poles move into right half plane — oscillation

18



Comments
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Feedback is used 1n transistor circuits.

Feedback is used in far, far more things than transistor circuits.

In general, the subject is called "control system theory".

There are 10-week undergraduate courses in control systems.

There's enough material for 4-8 Ph.D. -level courses in control systems.

We are just learning the basics.
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