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Sketching Bode Plots
by Hand
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Recall what a bode plot is

 |ItIs the particular solutionto a LTI
differential equation for a sinusoidal input

It shows how the output of a system will
responds to different input frequencies
(including constant inputs, 1.e. ®=0)

 |tIs plotted as gain and phase where gain

s the 124PU 5hd phase is the phase
linput]|

difference between the input sinusoid and
output sinusoid
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Why know how to sketch?

 Matlab can plot a bode plot and calculate the gain and phase from any
transfer function

 So why do we need to know how to sketch (approximately draw) one?

— Its not to be a pain
— |ts not because we don't like matlab

* By understanding how to sketch a bode plot we can do two things as
systems engineer where we might not have the transfer function to begin
with

— Design
« If I am designing a system | don’t have a transfer function to put into matlab — I am
building the transfer function

« By understanding how to sketch a bode plot, | understand how to make a system
with a given response

— Analysis
* | might just be given data to look at and need to understand what the system might
be (i.e. be able to back out the transfer function from frequency response)

* | might be analyzing a specific phenomena and by understanding how to sketch a

bode plot | can understand what is happening or how to fix/change the phenomena.
3



Bode Sketching Rules

* You will notice that these sketching rules essentially
come from the gain and phase calculations

— The rules for 1st and 2"d order systems are “extended” by
understanding how gains multiply and phases add.

— From these relationships you will notice that the rule for a
pole is inverted (or flipped) for the rule from a zero
e Gain and phase of the numerator vs. denominator

num(jw)| _ laG)] le(je)
denG)l ~ 1G] 1dGw)]

G(w) = |H(jw)| =

O(w) = tH(jw) = tnum(jw) — 2zden(jw) = 2a(jw) — 2b(jw) + 2c(jw) — 2d(jw)



Bode Sketching Rules

 Draw your vertical and horizontal axis
— Label horizontal axis o (rad/s)
— Label the top vertical axis Gain
— Label the bottom vertical axis Phase (or ¢)

e Mark the magnitude of all zeros and poles on
the frequency axis

— It Is sometimes helpful to draw the poles and zeros
on the s-plane (or at least calculate their
magnitudes and damping ratios if they are under-
damped)




Bode Sketching Rules (Galin) E

o Start by sketching the asymptotes:

— Start from the DC Galin

e If the DC gain is 0 or « then start with a line of correct
slope (depending on the number of zeros or poles at the
origin)

— Move In frequency until you hit the frequency (in
magnitude) of a pole or zero

e This is the absolute value of the pole or zero if it is real

e This is the w,, of the pole or zero If it iIs complex

— The slope then changes +1 for every zero and -1
for every pole

* Note this means the slope would change +2 for a
complex zero or -2 for a complex pole.



Bode Sketching Rules (Galin) E

— Label the slope of the asymptotes

e Label the gain at DC and at the corners

— Use your slopes and start from the DC gain
e This requires you understand logarithmic plots (and
their “slopes”)
3 Gz/G1 — (Z_j)slope 5 Gy = Gl(z_j)slope
o If the DC Gain is 0 or «, then you must select another

portion of the graph to start your gain from

— Generally this means calculating the gain from the transfer
function for a particular frequency to use as your starting point



Bode Sketching Rules (Galin) 3

— Calculate (and label) the gain at the corners
* Real Pole: 0.707G,
* Real Zero: 1.414G,

« Complex Poles: 5_2

« Complex Zeros: 2(G,
e Draw the Gain line



Bode Sketching Rules (Phase) E

e Start with the phase at ©=0

— This will be zero unless there is a pole or zero at
the origin
 In which case the phase will be

90*z (where z is the number of zeros at the origin)
-90*p (where p is the number of poles at the origin)

— The phase changes +90/zero and -90/pole at the
magnitude of the zero or pole

« Half of the phase change (+45/zero, -45/pole) occurs at
the magnitude of the eigenvalue



Comments

* Note that these sketching rules produce
very rough ideas for the bode plot (or the
frequency response)

— But the provide insight into design and
analysis.
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Maxon DC16 Spec Sheet E

UNIVERSITY

DC-max 16 § Precious Metal Brushes
DC motor &16 mm

b
E Key Data: 2/4.3 W, 4.1 mNm, 11 000 rpm
1
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el
Terniral 2.8:0.4
[+ Terminal] :
Ml x3.h tiofoeen i1 0.5
My IL=3.2 min.J 2.5 Ncn mex, M 1.1
Mowwr Data
1_ Maominzl voltzge W 3] 12 24
2_ Mo boad speed pm Fae0 TaRd 470
Z_ Mo bad cument ma, 4.7 B0 .40
4_ Mominal sp=ed rprn 4820 4350 4290
5_ Mominal forque (mees. continuo us omue) i 4.06 2.892 2.80
B Morniral cument | rees. continuous cu mend) A 0877 0.267 0125
7_ Shall tomue rnhlm 0.5 9.4 875
&_ Shall current A 1.45 R 0259
S_ I efliciency k] a1 &0 &0
10_ Terminal esistancs %] 4.10 191 g3.2
11_ Teminal inductancs rmH 0140 0.a10 249
12_ Tomue constant il A, 719 150 .3
13 Spesd constant ity 1320 B3F 215
14_ Spe=dtomue gradient rprnrin b 754 E=n =] 864
15 hechanicaltime constant s a.a7 g.83 9.00
16_ Rotor inertia = [=Tirs 1.12 1.05 0594

https://www.maxongroup.com/medias/sys master/root/8833376059422/19-EN-94.pdf 1


https://www.maxongroup.com/medias/sys_master/root/8833376059422/19-EN-94.pdf

Example #1 (12 V Maxon DC 16 Motor) . 5

w(s) K; 0.015
Ve (s) L]s2 + (JR + Lb)s + (K;K,, + Rb) 6.405¢~ 1152 + 2.006e76s + 2.249¢ 4

 Two eigenvalues: S=-3.12e4, -112
e 7,=0.032 ms, 1,=8.9 ms

e Note the dominant time constant is the “mechanical”
time constant on the data sheet.

 Gp-=66.7 rad/sec/Volt (this matches the no load

speed on the data sheet).
flm

-3.12e4  -112 ¢
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Hand Sketch E

Ty

o
) i %zﬁ w 279
67
Tk €7

CZ'{{L?.Z? -

&

s

— T

—

T

— (&0

13



>> bode(Ki.[J*L J*R+L*b Ki*Kb+R*b]) ..,
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Example #2 (LRC Circuit) ,,

I1(s) Cs 0.01s L=1H
= = R=100 Q)
V(s) LCs?+RCs+1 0.01s?+s+1 C=10 mF
oyl i
G(10) = TS 0.01
~X—x— e
-99 -1
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Hand Sketch E

il ,
¥ _BqncJ = PQLJ
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>> bode([C O],[L*C R*C 1])

|
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Example #3 (PID Controller) Alg‘N

F(t) = Kye + K;é +K,fedt

F(s) K,  Kgs*+K,s+K;, s?>+ 155450
=Ky, + Kgs +—e = =
e(s) S S S
“m
-— o e
10 5 *
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Hand Sketch

<+ 90 - ﬁ

o * Notice positive phase shift (output “leads” input)
— This is a property of derivative control

It “anticipates” the output by using the derivative

« However, notice the increasing gain
— Amplifies noise!

O
l
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>> bode([1 15 50],[1 O])
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Example #4 (Random System) AUBURY
e 50 B 50
) = ¥ 25 £ 100)s £ 1) _ 57 + 352 + 102 + 100
AIm
NCE
10
- < Re

1

X | -V99
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Hand Sketch A
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>>pbode(50,[1 3 102 100])

AUBURN
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Example #5 (1/4 Car Model) E

e Used to model vehicle ride (vertical motion

only)
* For this example, we will ignore the

damping —
o :.
A

7777 y




1, Car Transfer Functions

x1(S) _ k1
F(s) mym,s*+ (mk; +mik, + myk,)s? + k.k,

x(s) mq.s® + k4
F(s) mym,s*+ (mky + mik, + myk,)s? + kqk,

A Im Im
X 60 )‘(60
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X, Hand Bode Sketch (Car)

)
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X, Hand Bode Sketch (Wheel)
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X, Bode Plot (Car) E

>>bode(kl,[m1*m2 0 m1*(k1+k2)+m2*k2 0 k1*k2])

Gain (m/N)
I
i [ | ]

Phase (deg)

-400

Frequency (rad/s)
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X, Bode Plot (Wheel) E

>>bode([m1 0 k1],[m1*m2 0 m1*(k1+k2)+m2*k2 0 k1*k2])
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Effect of Wheel Imbalance

 What Is the force acting on the wheel due
to a wheel imbalance

— Same as the reaction forces on the pendulum
you did in a prior Matlab homework

/—\ /y\ sz=mj}=Ry—mg
R/X » % > j = RO sin(6) — RO%cos(H)
“m “

If w=const
+mg j = —R6%cos(6)
0 =wt+ 06,

R, = mg — mRw?sin(wt + 6,)
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Effect of Wheel Imbalance

* It creates a sinusoidal force input!

— Frequency of the sinusoidal input is the speed
of the wheel

— Notice the magnitude of the input force
Increases by frequency (i.e. speed) squared!
 2nd order low pass filter would not remove

R, = mg — mRw*sin(wt + 6)
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|x,| (Car position) g

AUBURN

. Remember the Bode Plot is 124744
linput]|
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x,| (Wheel position) iy

AUBURN

. Remember the Bode Plot is (24Ut
linput]
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Calculating Gain & Phase Graphically E

» Also, since the gain and phase are calculated by
evaluating the magnitude and phase of the transfer
function at jw, you can also do it graphically.

 Recall that jw Is essentially the imaginary axis on
the s-plane

— Can find the gain and phase by calculating lengths from
the imaginary axis to the poles and zeros and the angles
from the poles and zeros to the frequency on the
Imaginary axis:

6(w) product of the lengths from w on the imaginary axis to all the zeros
w) =

produce of the lengths from w on the imaginary axis to all the zeros

O@) = ) Breros = ) Bpotes
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Graphical Example #1

d,=53
| d,=45
G(4) = W2
5
¢(4) = -7 deg
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Graphical Example #2

s+ 3
s24+12s 452

H(s) =

5

¢(4) = 0deg
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