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MATLAB Function Reference

unwrap

Correct phase angles to produce smoother phase plots

Q unwrap (P)

Q unwrap (P, tol)

Q = unwrap (P, [],dim)
Q = unwrap{(P,tol,dim)}

Description

0 = unwrap (P) corrects the radian phase angles in a vector b by adding muitiples of :’l_"ln_: when absolute jumps
between consecutive elements of P are greater than or equal to the defauit jump tolerance of g radians. If Pis a

matrix, unwrap operates columnwise. If P is a multidimensional array, unwrap operates on the first nonsingleton
dimension.

Q = unwrap (P, tol) uses ajump tolerance tol instead of the defauli value, 1. ‘

0 = unwrap(P, [],dim) unwraps along dim using the defaulit tolerance.

Q = unwrap(P,tol,dim) uses a jump folerance of tcl. '

Rote A jump tolerance less than I has the same effect as a tolerance of X. For a tolerance less than oy, if
a jump is greater than the tolerance but less than . adding +2 ¢ would result in a jump larger than the |
existing one, so unwrap chooses the current point. If you want to eliminate jumps that are less than 1, try i |
using a finer grid in the domain. . _ \ ‘

[ ) . —_— . o

Examples : '
Example 1

The foliowing phase data comes from the frequency response of a third-order transfer function. The phase curve |
jumps 3.5873 radians betweenw = 3.0andw = 3.5 from-1.8621101.7252. ‘

W

B

(]|
—
<

0

.5728
L5747
L5772
.5790
.5816
.5852
.5877
.5922
.5976
. 6044
L6129
.6269
.6512
. 6998
.8621
.7252
.6124
.593¢C
.29816
.5708
.5708
.5708

1z

$.2:3,3.5:1:10]; ' _ |

semilogxi{w,p, 'b*-'}, hold

10of3 _ : _ ' 11/5/08 145 PM
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Usmg unwrap to correct the phase angle, the resulting jump is 2. 6959, which is less than the default jump
tolerance K. This figure plots the new curve over the original curve.

semilogx(w,unwrap(p),'r*—')

2
T Original jump ———»
3.9873 rudions
o} ]
- | = rutions
¥ e i ama S
] S J
-3 Comacted jump — ]
26959 rudinns K
_4Af .
¥
. e
_5 L T | Je. "
1
Note If you have the Control System Toolbox, you can create the data for this example with the following
code.
h = fregresp(tf(l,[1 .1 10 0}1)):
p = angle{h(:));
- Example 2
. Auray P features smoothly increasing phase angles except for discontinuities at elements (3,1) and (1, 2).
2= ¢ 7.0686 1.57C8 2.3562
0.1963 0.9817 1.7671 2.5525
20f3 ' : 11/5/08 1:45 PM
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Consider QWMMLW it wndtonk 1
R (s) Y ()
. —
M Y () G (s)

‘T(S) =

Py
——

R{s) - 14+ HG ()

Ldllng 5= 32wk,
G

TE) = ———

L+ HG(F)
N onppons theb oo £+ %, |

Lw HG(E) = -1
£+¥,
AA,;.@J)&-J
Lo T(é)' = Dim G(ﬁ_ =

which comesponds B o oo on the yw-axi ok 5= jumf, . The
ma ‘Cramauml— uspamae wold iz a MM-W&MW.
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o The phase margm test

e e R iR e R R e S R S S R

A test oh 7(s), o determine whether 1/(1+7(s)) contains RHP poles.
The crossover frequency f, is defined as the frequency where
It T(i2nf,) 1l = 1 = 0dB
The phase margin ¢, is determined from the phase of I(s) at £, , as
follows:
@, = 180° + £T(j2nf,)

If there s exactly one crossover frequency, and if T(s) contalns no
RHP poles, then

the quantities T(s)/(1+7(s)) and 1/(1+1(s)) contain no RHP poles
whenever the phase margin ¢, is positive.

LT(2nf,) =~ 112°
¢, =180° — 112" =+ 68°

Example: a loop gain leading to
a stable closed—loop system ‘
60 - SRR P TR BRI = A i e R e T S R | ‘
40 4B _
f‘;i Crossover ‘
20d8+ - Fo frequency
oas j—=T - 4 . o
0am] | P —90°
—40 dB t(p'" \ ~180° {
L 2700 o : J
e e =) |




i 1

Example: a 100p gain leading to
an unstable closed-loop system

SR e R R R T L S e e Rt
60dB 1 . T
(7 I T : - LT
40 dB ' ' !
Fn
Crossover
2048 frequency f
LT AN

20 4B + \ ‘ 1 —90° ,
—40dB -180°
. “\“cpm (C4))
\ -2

1Hz 10 Hz 100 2 1xHz 10 kHz 160 Kz

LT(j2f.) =~ 230°
@, = 180° ~230° = - 50°




Review of Bode plots

e o A TR z % B i L T T L S T R N R AR
Decibels l Expressing magnitudes in decibels
[ Gl =2010g,{] G|) * Actud magnitude  Magniude in dB
| 7/ - 6B
Decibels of quantities having ! o dB
. Units (impedance example): -
normalize before taking log 2 6 dB
izl 5=10/2 20 dB— 6 dB =14 dB
_ _ 1000 = 10° 3 - 20dB = 60 dB

5Q) is equivalent to 14dB with respect to a base impedance of R, =
1€, also known as 14dBQ).

60dBpA is a current 60dB greater than a base current of 1A, or 1mA.

Bode plot of f

O R P BT SRR Rty e A SR TR R LT Rl

. E G IdB =20 lOg!o(ﬁ)" =20n ]-Ogm(%)_ 204B +

Bode plots are effectively log-log plots, which cause functions which
vary as f* to become linear plots. Given:

|Gl=_(£)“ ey

Magnitude indB is 40dB

0dB y
- Slope is 20n dB/decade ~ |
* Magnitudeis 1, 0r 0dB,at =
frequency f=J, —~40dB £ )‘2
3
o, 1%,




Single pole response

T T

L R R A RPN

Simple R-C example

R

A~ +
v,(s) Cj) C== vfs)

Transfer function is

1
v,(5) sC
5= v L iR
sC

Express as rational fraction:

1
1+ sRC

G(s) =

This coincides with the normalized

form
1
G(s) = ;
( 1+ %ﬂ]
with W, = EIC—'

G(jw)

YRS B £ SRR S (B

and || G(jo) |

o) = = AT
(1 + f mﬂo] 1+ (%0]2
Magnitude is

-

Im{G(jw)) 4
Gfjm)

oy
6\\
N

|GG | = y/[Re (GG)] +[im (GGwD]
- 1

- 1+(%’;)2

Magnitude in dB:

LGw)
Re(G(jo))




SRR MR PR SR T g s L T T SR R T L R

For small frequency,
®<<w,and f<<f,:

(_@) = I GGotle 7
Then || G(ja | o | 08B
becomes
|G|~ J==1 R
Or, indB, ~40d8 1
[ G|, ~0dB | i 0.1, 5 10, ;

This is the low-frequency
asymptote of || G(jw) ||

T L I

For high frequency,
@ >>w,andf >>f,:
[01]
(&)>>1 166w 7
o )2 w 2 OdB
g er |
: . ] ' £Y

Then || Gjw) || 2005 | | (f)
becomes woas | ~20dB/decade

o= f)_l , — ;
| GGw | ,——~(%) (ﬁ, o o + o f

The high-frequency asymptote of | G(jw) || varies as f.
Hence, n = -1, and a straight-line asymptote having a
slope of -20dB/decade is obtained. The asympiote has
avalueof 1 atf =f,.
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Evaluate exact magnitude:

atf=0.5f, and 2f, :

Similar arguments show that the exact curve lies 1dB below
the asymptotes.

Summary: magnitude

S R SRR R R AR e TR T R e A R T R D R R SR SR

| Glio) Jls T

|

0dB

J 05f 0 "::::5‘ 1dB
-10dB 1 i

%o

T
S
2
3
8

8.-

-20dB A

-30dB : : i




Phase of G(jw)

’-. [ CEIRE L T L e e e e e e A U TR S e

| gy

»

| LG(o)
Re(Gjw))

LG(jw)=tan” (Re G(]'w))

Phase of G(jw)

R SRR e B £, T T T o R T A R R R TR AR SR

0

Ry
£G(jw) =—tan (m)

w LG( jew)




Phase asymptotes

BES RRTITSS  S R - A hl  eE A R

Low frequency: 0°
High frequency: —90°
Low- and high-frequency asymptotes do not intersect

Henée, need a midfrequency asymptote

Try a midfrequency asymptote having slope identical to actual slope at
the corner frequency f,. One can show that the asymptotes then
intersect at the break frequencies

fi=fie ™t~ £,/ 4.81
fi=fe"2 =481 f

Phase asymptotes - - \

e T S T R R P e e R e e R N e TR

f,=F/ 481

f=fe ' m £,/ 4.81 ]
hi=he~a81f a5t
i

L
~J
Lh:

v ®
-
T

it 4 ] . ’
0.01f, 015, - f 5= 481f, 100f,




Phase asymptotes: a simpler choice

EE— . ' I : ; :
0.01f, 0.1f; A S =104, 100,

Summary: Bode plot of real pole

T T DT R S el T TS L e VR ST et AR

16O ey —— g

—20dB/decade




Single zero response

Normalized form:
G(s) = (1 + '-(-gg] |
Magnitude: :

Use arguments similar to those used for the simple pole, to derive
asympiotes:

0dB at low frequency, m << o,
+20dB/decade slope at high frequency, o >> o,

Phase:
LG(jw) =tan™? (—ﬁ-)—)

W,

—with the exception of a missing minus sign, same as simple pole

0.5f, "_: 1dB
L e

LG(jw) O




Combinations

P TIRI SR AT 5eT a  R  EA Se s aar

Suppose that we have constructed the Bode diagrams of two |
complex-values functions of frequency, G,(w) and G,(w). }t is desired
to construct the Bode diagram of the product, Gy(w) = G,(w) Gy(w).

Express the complex-valued functions in polar form:

G(®) = R\(w) e
 G(®) = Ry{w) e
G,(w) = Ry(w) &%

The product Gy(w) can then be written
Gs(0) = G{(w) G(0) = R,(w) e”) R{w) ¢/

Gy(w) = (Rl((l)) Rz((o)} 1@ 1) + 8 20D

Combinations

G SRR T

() = (Ry() Ry()) 7010+ 02
The composite phase is |

8;5(w) = 6,(w) + 0,(0)
The composite magnitude is

Ry(m) = Ry(w) Ry(w)

| R(@) |, = | Ri@) | o + | Ret) |
Composite phase is sum of individual phases. .

Composite magnitude, when expressed in dB, is sum of individual
magnitudes.




Example 1: . G(s)ﬁ(1 *-A) (1 +_€_)

o, 0y

T G R R R N MR R A D

with G, =40 = 32dB, f, = 0,/25 = 100 Hz, f, = 0,/2 =2 kHz

_ 40 dB
el
2048 +

1¥z 108z 100 Hz 1 ¥z 10kHz 100Kz .

Detenhine the transfer funcﬁon A(s) corresponding to the folewing
asympiotes:

5 A e

A > | |
14,0l f/{é%ec ‘ | }

10, f,/10 - o ‘
LA -




NSRRI L L T T T S TR N R P i P AR TR RN

One solution:
(1 +

Analytical expfessions for asymptotes:

Forf<f, {‘1 . ﬁ%)

-4 1=
Ao 1 +fg§) Mjm‘A" g =4
Forfi< f<f,
oS s
5= jao

So the high-frequency asymptote is

Y
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Example

G(S) - vz(S) - Ll
vils) 1+ sp+ s2LC

Second-order denominator, of
the form

_ 1
Gls) = 1+ a,s+ays?

- witha, =L/Rand a,=LC

How should we construct the Bode diagram?

D R R L S e T P e T O e e A NS

_ 1
G(s) = 1+as+a,s’®

We might factor the denominator using the quadratic formula, then
construct Bode diagram as the combination of two real poles:

\

4a | ‘

G(s) = 1 with $;= —5|1—y / 1-=2 ] \
5 AR 2a 2

(1"3?)(1_3?) o o) \

__a | _4a, | ‘

8, = 3a, 1+ 1 ,a% ‘

‘ \

- If 4a, < a,2, then the roots s; and s, are real. We can construct Bode
diagram as the combination of two real poles. )

- f 4a, > g then the roots are complex. b a Penas sector, the
assumption was made that o, is real; hence, the resulis. of that
section cannot be applied and we need to do some additional work.



Approach 2: Define a standard normahzed form
for the quadratlc case

CHRRIEHI A | BT R A R SRR TS

1
AT

« When the coefficients of s are real and posifive, then the parameters z,
®,, and Q are also real and positive :

G(s) = 1 or G(s) =
1+2C wio + (E‘)‘;)z

+ The parameters g, w,, and Q are found by equating the cosfficients of §

- The parameter o, is the angular corner frequency, and we can define fo
= /2%

+ ‘The parameter ¢ is called the damping factor. £ controls the shape of the
exact curve in the vicinity of f=f,. The roots are complex when ¢ < 1.

- In the alternative form, the parameter @ is called the qualily factor. O
also controls the shape of the exact curve in the vicinity of f= f(, The

roots are complex when Q0 >0.5.

The Q—factor

g ST AT

In a second-order system, ¢ and Q are related according to

_ 1
C=2%

O is a measure of the dissipation in the system. A more general
definition of 0, for sinusoidal excitation of a passive element or system

is
(peak stored energy)

(energy dissipated per cycle)

Q_

For a second-arder passive system, the two equations above are
equivalent. We will see that Q has a simple interpretation in the Bode
diagrams of second-order transfer functions. :




Analyt1cal expresswns for fD and Q

Two-pole low-pass filter

example: we found that G(s) = vs) Ll
vi(s) 1+ sp +52LC

Equate coefficients of like G(s) = 1 |
powers of s with the "1+- s (s
standard form : Qw, Wy
Result: f= W,

I st C

0=r/<

. In the for! — 1
In the form  G(s) o, +(_S_)2
Qw; 1 W _
let s = jo and find magnitude: ﬂG(joJ)n: 212 - ' -
' (W A (W
\/(1 (&) + 3= (&)
Asymptotes are GG s 7
- 0dB
[G|—=1 for m<<w, 048 _
. ) f)_z
-2 ~20dB =
1G] — (i) for @ >> w, (fB
A\ 4088
~40 dB/decade
-60 dB
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At w = w,, the exact magnifude is
|GGy | =0 or, in dB: | 6G0o) |, =12l

The exact curve has magnitude IGl

Qatf=f,. Thedeviationofthe |" " o
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Stab111ty
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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 @ -factor-of the ciosed-
" ' loop poles in the vicinity of the crossover frequency.
\

When feedback destabilizes the system, the denominator (1+7(s)) terms in
the closed-loop transfer functions contain roots in the right half-plane (i.e.,
with positive real parts). If 7(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) "f)"((”.é% __ N » Could evaluate stability by
| o T+76) |, NG N+ DE) evaluating N(s) + D(s), then
B _ D(s) factoring to evaluate roots.
| 1 _ 1 __ D This'is a lot of work, and is
o L+T() Jl\)f ES; "~ N(s)+ D(s) not very illuminating.

Determination of stablhty dlrecﬂy from T(s)

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

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

A good design tool: yields insight into how 7(s) should be shaped, to
obtain good performance in transfer functions containing 1/(1+1(s))
terms.
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The phase margln test
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A test on 7(s), to determine whether 1/(1+T(s)) contains RHP poles.
The crossover frequency f, is defined as the f—requ'ency where
W T(2aif,) =1 => 0dB '
The phase margin ¢, is determined from the phase of T(s) atf,,as
follows:
@, = 180" + LT(jZath)

If there is exactly one crossover frequency, and if T(s) contalns ne
RHP poles, then

the quantities T(s)/{(1+T(s)) and 1/{(1+7(s)) contain no RHP poles
whenever the phase margin ¢, is positive.




Bode Plot Summary Sheet

Richard Tymerski, Portland State University

H(S) = A IH(S)I A
Simple Gain {H(s) o
H (S) = %
—20dB/dec
Or:
Pole at Zero H (s) —ga
H(s) = As
Or:

Zero at Zero

H (3) = 1+Aw—3—ﬂ
Pole at w,

(Ifw 2 Wo IH(S)l = (—w'{%m = A—:’Q)
Maximum Error @ w, = 3dB

Maximum Error @ 92 & 10w, = 5.7°

‘Exact Phase: —tan™! (;‘%) e

Approx. Phase: — 45°0ogyg (%) ’
2 <w < 10w,

-H(s):A(l—i—i) ¢

Zero at w,

Maximum Error @ w, = 3dB
Maximum Error @ % & 10w, = 5.7¢
Exact Phase: tan™! ( f:) , Ve
Approx. Phase: 45°logio (lf_"’) .

P <w < 10w,

H(s)=A(1-2)

Right Half Plane
Zero at w,

\ gy
—~45°/dec!
v ik,

— A
B = ey

Second Order
Complex Pole

[1)

~00e %
—6) 3 180°/dec) DN —1B0°
[}
w,, 1090,

Maximum Error @ w, = 3dB

Maxtinmam Error @ 4 & 10w, = 5.7°

Exact Phase: — tan™! (ju)  Vw
Approx. Phase: — 45%ogyy (f——:’) ,

e < < 10w,

wo=Commner Frequency
@ > 3 = Complex Roots

@=Quality Factor: Exact Gain @ w,
Approximate Maximum Value

RRETA
Exact Phase: — tan™? [—1—_"—‘_”—3—] . Vw
- i




