From Schematics to Block diagrams

Introduction

In our examples, we will only use resistors, capacitors, inductors and op-amps. Before we begin we
need to remind ourselves of the characteristics of each of those components.

1. Passive component characteristics

(a) Resistor

Ires R
——=>

=1}

Time domain equation: Vres(t) = R- Irps(t)

Laplace domain equation: L {Vgrps(t)} =L {R-Irps(t)} =
Vres(s) = R - Irps(s)

(b) Capacitor o D

Time domain equation: Veap(t) =& - [Icap(t)

Laplace domain equation: L {Veap(t)} =L {& - [Icap(t)} =

(¢) Inductor i
Iind FUR
' L
Time domain equation: Vinp(t) =L - %(IIND(t))

Laplace domain equation: L {Viyp(t)} = L {L- %(IIND(t))} =
Vinp(s) =L -s-Irnp(s)



2. Ideal Op-amp

Figure 1: Ideal Op-amp Schematic

The operation of ideal op-amp is characterized by the equation:

(a) Vop=A- (V4 —V_), where A is called the open-loop gain of the op-amp.

In the ideal case, we assume that A = K, where K is a very large constant.

The operation of an ideal op-amp can, therefore, be represented by the following block diagram:

Vor(s)

Vi(s)
_|_
V_(s)

Figure 2: Ideal Op-amp Block Diagram

Block descriptions:

A= K




Examples using Ideal Op-Amps

1. Voltage Follower (Ideal Gain: G = 1)

Figure 3: Voltage Follower Schematic

To convert this into a block diagram we will utilize the op-amp block diagram derived previously.
All we need is to find Vi, V_ and Vpp in terms of Viny and Vpyr and remember that, by
definition, Vop = A - (V4 — V_). Let us demonstrate:

(a) Vi = Vin, we can rewrite V as Vrn in in our block diagram.

(b) V_ = Vour, we can connect Voyr to V_ directly in our block diagram (Feedback Loop!)

(c) Vop=A- (V4 —V_), where A = K

(d) Vour = Vop, we can rewrite Vop as Voyr in our block diagram.

We can combine the above equations to draw the voltage follower in block diagram format:

V(s
Vin(s) 0 4
V_(s)

Vor(s)

Block desecriptions:

Vour(s)

A= K

Figure 4: Voltage Follower Block Diagram

By analysing the block diagram we obtain the Transfer function:

\7 s
H(s) = B = v

From that we can determine the Ideal Gain:

G= lim H(s)=1
K—o0




2. Non-Inverting Amplifier (Ideal Gain: G =1+ %)
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Figure 5: Non-Inverting Amplifier Schematic

Let us now, once again, try to extract the necessary equations to construct our block diagram.

(a) Vi = Vin, we can rewrite V as Vi in in our block diagram.

S _ _R
(b) KCL @ N1: = = ol = V. = 2 - Vour

We can now define § = Rfrle and place it between Voyr and V_ in our block diagram.

(c) Vop=A- (V4 —V_), where A = K

(d) Vour = Vop, we can rewrite Vop as Vopyr in our block diagram.

We observe that the only difference to the voltage follower is the block g in the feedback loop:

v ( . ) V+ (8) + . \ Vor (5) I—O UT (5) Block descriptions:
! 1{ :\‘r S '\___)’I + A= K
- A= ﬁlﬁ
V_(s)
5]

Figure 6: Non-Inverting Amplifier Block Diagram

By analysing the block diagram we obtain the Transfer function:

1%, s A
) = B = wha

From that we can determine the Ideal Gain:

G= lim Hs)=1=1+ £
Kgnoo (8) B +R1




TASK 1

(a) Given that G = %, rewrite H(s) as a function only of G and K.

(b) For K = 10°, use MATLAB to sketch the bode plot of H(s) for G = 1,10%,10%

(c¢) Define the error e = ]G_TH(S)\ Determine the maximum value of G, such that e < 1%.



3. Inverting Amplifier (Ideal Gain: G = —£2)

Figure 7: Inverting Amplifier Schematic

Relevant equations:

(a) V4 =0.

V_-Vin

_ Vour—V-
7 = V_

= T

We can see that § = ﬁ defines again the feedback relation between V_ and Vpoyr.

R>

Ri1+Ro
The fact that V_ = - Voyr — a - Vi will be represented by a node.

We need to define o = —

(it describes the relation between V_ and Viy).

Finally, defining « as a negative quantity is not necessary, but it is a trick that allows min-
imum differences between the block diagram of the inverting and non-inverting amplifier.

(c) Vop=A- (V4 —V_), where A = K
(d) Vour = Vop, we can rewrite Vop as Voyr in our block diagram.

We can now connect all the blocks together to create a preliminary block diagram.

Vi(s)=0 + Vor(s)  Vour(s)
L - :\ .
V_(s)
. — L+ ,
Vin(s) =« - )

Figure 8: Inverting Amplifier Block Diagram (Preliminary)

Block descriptions:

A= K

8= R
= EtR




We can further simplify our block diagram into the following.

+ VO P (5) I—O UT ( ‘g) Block descriptions:
Vin(s)— « O A A= K
B 8 H.jl-i— &

il

Figure 9: Inverting Amplifier Block Diagram

By analysing the block diagram we obtain the Transfer function:

Vi s a-A
H(s) = ul) = rody

From that we can determine the Ideal Gain:

TASK 2

(a) Given that |G| = %, rewrite both o and 8 as a functions only of |G|.

(b) Use your answers to part (a) to rewrite H(s) as a function only of |G| and K.

(c) For K = 10°, use MATLAB to sketch the bode plot of H(s) for G = 1,102, 10%.




A more realistic Op-Amp model

Up to this point in our analysis, we have been treating op-amps as components of:

(a) infinite input impedance (no current goes in to the + or - terminals)

(b) frequency independent open-loop gain A = K.

As well as completely ignoring:

(¢) the op-amp output impedance (and its effects depending on the load being driven).

(d) numerous other shortcomings of real op-amps (such as bias currents, noise etc.).

As this is not an EE module, we will provide an op-amp model that only accounts for (b) and (c).

While this model is by no means complete, it is much closer to reality than the ideal case and
provides for interesting examples.

Figure 10: Non-Ideal Op-Amp Schematic

To avoid additional complexity we will use the dominant pole approximation of the (now frequency

dependant) open-loop gain: A = ,—-ﬁilv where K is still a very large constant, but now there is a pole
at s = —1.

T
(a) Vop=A- (Vi —V_), where A = —£

As the output impedance is no longer zero, we need to define a load of arbitrary impedance Zj and
include its effects in our calculations.

(Note that the load is not necessarily a resistor. It could be any combination of passive or active
components).

. Yopr—Vour _ Vour _ 1 .
(b) KCL @ N1: Rour = 7. = Vour = 1+R%UT Vop
L
1
14 Rour
Zr

We can now define v = and place it between Vpop and Voyr.



')
\[/'

Vopl(s
A )

Vour(s)

Block descriptions:

A= _H

Figure 11: Non-Ideal Op-Amp Block Diagram
Vi
Then, H(s) = ;=255 (i)U_Tv(f)(s) — A~

TASK 3

For K = 10,7 = 0.1 and Royr = 1002, use MATLAB to sketch the bode plot of H(s) when:
(a) the load is a resistor Ry = 1€, 10012, 10 k€.

(b) the load is a capacitor Cr, = 100pF, 10nF, 1uF.

(remember that the impedance of capacitor C is é)



Examples using a more realistic Op-Amp model

1. Voltage Follower (Ideal Gain: G = 1)
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Figure 12: Voltage Follower Schematic

Relevant equations:
(a) Vo =VIN.
(b) V_ =VouT

(c) Vop =

)

(d) KCL @ N1: Yop=Vour — Your — Voup =

ouT

We can see that Y= W
‘ Z
L

Corresponding Block Diagram:

A- (Vi —V_), where A = Tf‘ﬂ

1
+Rog; : VOP

defines again the relation between Vop and Voyr.

Vi(s Vor(s Varr(s
Vin(5) (s) +© N or(s) our(s)
V_(s)

Figure 13: Non-Ideal Voltage Follower Block Diagram

Block desecriptions:

_ _K
A= T

By analysing the block diagram we obtain the Transfer function:

\% E A
Hio) = ) = i

From that we can determine the Ideal Gain:

G = lim H(s)=
K—o0

10




TASK 4

(a) By examining the open-loop bode plots from the previous task, determine whether the
voltage follower is in danger of instability when the load is:

i. a resistor (Zr, = Rr).

ii. a capacitor (Z = Ci-s)‘
To accomplish this observe the gain and phase margin in each case.

Bonus question: How many poles does the open loop transfer function have in each case?
How is this relevant in our stability analysis?

(b) For K = 10°,7 = 0.1 and Royr = 10052, use MATLAB to sketch the bode plot of the
transfer function H(s) when the load is:

i. is a resistor Ry = 1€, 10012, 10 k2
ii. is a capacitor Cp, = 100pF, 10nF, 1uF

Does this confirm your findings from part (a)?
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2. Non-Inverting Amplifier (Ideal Gain: G =1+ %)

Figure 14: Non-Inverting Amplifier Schematic

Relevant equations:
(a) Vi =Vin
A R
(b) KCL @ N1: = Rlofé‘g = V. = 8= Vour
B = ﬁ will be placed in the feedback loop.

(c) Vop=A-(Vy —V_), where A = r?+1

. Yor=Vour _ Vour Vour — 1 .
(d) KCL @ N2: Fous =7 + Ri+Rs = Vour = T Four ; Rout Vop
Ri+R2 T 7],
We can now define and place it in our diagram.
Vi (5) 4 Vop (S) I—O UT ( ‘-,) Block descriptions:
I ) N
Vin(s) O A —t— | ,_
) T-5+1
- 8= i
Ri+Rz
V_(s)
3
i

Figure 15: Non-Inverting Amplifier Block Diagram

At this point, we can make the very reasonable assumption that Ry + Rs >> Royr.

This is possible because the gain of the amplifier is related to the ratio of the two resistors, not
their value. As such, any reasonable design will have at least one of R or Ry be much larger
than ROUT-

12




With that assumption, simplifies to the previously used v = . f( - and our
ZL

block diagram becomes:

' Vi (s) + Vor(s) Vour(s) | Block descriptions:
Vin(s) O A K
) T-5+1
o 8= ﬁlﬁ
V_(s) —

o

Figure 16: Non-Inverting Amplifier Block Diagram (simplified)

By analysing the block diagram we obtain the Transfer function:

Vi s A
H(s) = 10208 = 557

From that we can determine the Ideal Gain:

— —1_ Ry
G—KlgnooH(s)—ﬁ—l—l-Rf

TASK 5

For K =10°,7 = 0.1 and Royr = 1009
(a) use MATLAB to sketch the bode plot of 5+ A - for G =

i. a resistor Ry = 10 k£Q

ii. a capacitor Cp, = 1uF

1
B

=1,10%,10* when the load is:

What are the gain and phase margins in each case? Do they change as G increases?

(b) use MATLAB to sketch the bode plot of H(s) for G = % =1,102,10* when the load is:

i. a resistor Ry, = 10 kQ
ii. a capacitor Cf, = 1uF

How does the bandwidth vary as G increases?
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3. Inverting Amplifier (Ideal Gain: G = —£2)

Figure 17: Inverting Amplifier Schematic

Relevant equations:

(a) Vi =0

V_VIN Vi —V_
(b) KCL @ N1: == = 200 = Vo = { i Vour} — {5, - Vin'}

6= Rﬁle will be placed in the feedback loop.
o= — /],‘ﬁ-’/,.,) defines the relationship between V_ and Vin.
(c) Vop=A-(Vy—V_), where A = £
. Yopr=Vour _ Vou Vour=Vin
(d) KCL @ N2: Fone T = ZLT + R1T+R2 =
VOUT:ﬁ'VOP‘F R+R21 R{TR 'VIN

describes the relationship between Voyr and Vpp.

We must also define

This block will describe how Vpyr is directly affected by Vi (without passing through all
the other stages in our block diagram).
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We can now connect all the blocks together to form a preliminary block diagram.

I;r N ( S )

VOP(S)

Vi(s)=0 4+
O A
V_(s)
— _|_
o L

o

Y

Vour(s)

Ay

Figure 18: Inverting Amplifier Block Diagram (preliminary)

Block descriptions:
_ i
A=

g = yid
- R+

We can further simplify our block into the following.

Block descriptions:

A= K

Tes+1

% " Vour(s) o
s ‘ouT(s
Vin(s) | S A or(s) & ouT o m
B
Figure 19: Inverting Amplifier Block Diagram
At this point, we can once again make the assumption that Ry + Ry >> Royr.
With that assumption, simplifies to the previously used ~ = : and

simplifies to 0.
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This leads us to the simplified block diagram.

Vor(s) _ Vour(s)

_ -
Vin(s) >« O A

Figure 20: Inverting Amplifier Block Diagram (simplified)

Block descriptions:

_ K
A= Tes+1
3= i

= Tt

By analysing the block diagram we obtain the Transfer function:

_ Vour(s) _ _aA.
H(s) = B = toas

From that we can determine the Ideal Gain:
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TASK 6

To mitigate the stability issues present when driving capacitive loads, it is common practice to
place a resistor between the op-amp output and the load. This can be observed in the voltage
follower example depicted below:

Figure 21: Compensated Voltage Follower Schematic

The corresponding block diagram is of the form:

Vin () Vi(s) + A Vor(s) B Vi(s) r Vour(s)

V_(s)

Figure 22: Compensated Voltage Follower Block Diagram

Given that the gain of the op-amp is given by: A = V+2;‘))f§f_)(s) = T,ﬁl

(a) Calculate H(s) = V‘%[]]VT(S) in terms of A, B, T.

(b) By examining the schematic, determine the equations that describe blocks B and T'.

(c¢) For a purely capacitive load (Z = C;S):
i. Sketch an estimate of the gain and phase plot of B.
ii. Write down the equation for the phase ZB(jw).

iii. Assuming the circuit designer chose Ro = 0.5 - Royr:
2

a. Show that the minimum value of the phase occurs at w = 730, Rouvn

Then calculate the minimum value of the phase.
(Remember: %(arctan(am)) = i)
b. can the phase margin of A - B ever be smaller than 60°7
(Regardless of the values of K, 7, Royr, or Cr)
(d) For K =10°,7 = 0.1, Royr = 100 and Z}, = ﬁ, use MATLAB to sketch the bode plot
of H(s) when Cp = 1uF and Re = 012, 1052, 10082, 1 k€2
Which one provides the best performance? (Think about bandwidth and stability)
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