Y(s) Sum parallel connections of transfer
R(S)=G1(S) ¥ GZ(S) functions

Systems with feedback - unity gain feedback

Write equations

R(s) y(s)

> G(s) >  Y(s)=G(s)-E(s)
E(s)=R(s) - Y(s)

combine the above equations
and simplify

Y(s)=G(s)(R(s) - Y(s))

Y(s)=G(s)'R(s) - G(s)-Y(s)

sy = BE) W (8)=C(s)RLs) Place into transfer function
Y(s)(1+G(s))=G(s)-R(s) form

Y(s) G(s) Transfer function of system with unity gain
R(S) _1 N G(S) feedback

For systems without non-unity gain feedback
| — Y(s) G(s)

i) ,@ oo L0 R(s) 1+ G(s)H(s)

G(s) = forward path
gain

H(s) = feedback path
gain

H(s)
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Bode Plots of Transfer Functions

Two Plots: a.) gain vs frequency semilog plot
Gain in db - linear scale. Frequency logarithmic

b.) phase shift vs frequency semilog plot
Phase shift - linear scale. Frequency logarithmic

Bode plot is frequency response of 3 control system

Gain G- output
input |
For Bode Plot db =20-log(G)

Phase shift = output angle - input angle

To compute points for a Bode plot
1.) Replace s with Jo in transfer function.

2.) Select frequencies of interest (rad/sec) o = 2xf
3.) Compute magnitude and Phase angle of complex expression

Magnitude and phase of complex number

/ b
Z=a+j'b Izl= az+ b2 e=arctan(g)

Example: a self-regulating liquid tank has 3 transfer function of the
form shown below. The tank has a time constant of 1 = 1590 sec
and a gain of 2000 s/m2. Determine the amplitude and phase shift
of the system to a sinusoidal input that has a frequency of
0.0001592 Hz.

H(s) G

-_—
-

Q(s) 1+ s

et438a-7MCD 8



Example: solution
Substitute in values into transfer function and replace s with jo

G = 2000 T == 1590 f - 0.0001592-Hz

H(jo) 2000
Q(jjo) 1+ 1590'j-®

Convert frequency to rad/sec

o = 2-nf o - 2-7-0.0001592 o =0.001
H(jo) _ 2000 H(jo) 2000 3
Q(jo) 1+ 1590-j-0.001 Qo) 1-159] o°
H(jo) 2000 Simplify complex number to get

Qo) 1+ 1.59]

T% = 566.877 - 901.335i Convert to polar form
+ 1. J

a - 566.877 D= -901.335
mag_z - a? :+ b? mag_z = 1064.779

0 - atan (E) 0 = 57.833.deg  1he outputlags input
2 Gain of 60.545

£ 0.001 rad/
db - 20-log(1064.779) db =60.545 - radrs
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Using Matlab to Define Transfer Functions and
Construct Bode Plots

To define Linear Time-invarient System (LTI)
Use the following Matlab functions from the command line
sys=2zpk(z,p,k) Turns arrays of coefficients into LTI
Linear time invarient system called sys
z = array of system zeros

p = array of system poles
k = array of system gains

bode(sys) Plots the gain and phase plots of the system, sys

Given transfer function

V(s) 0.005-s Function has 1 zero at

= s =0 and 2 poles
Vi(S) (0.001'8 + 1)(00015) s =-1/0.001 = 1000

Dividing top and bottom by 0.001 gives the transfer function in
standard form

Vols) 55 __ oS
Vi(s) '(s + 1000)-(s + 1000)-(5 + 1000)?

Code to generate the bode plot. Type at the command line
k =[5] '

p=[1000 1000]

z=[0]

sys=zpk(z,p,k)

bode(sys)
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The bode(sys) function produces a plot window on the screen in
Matlab that can be cut and pasted into wordprocessors and other
programs.

To plot more than one transfer function on the same axis use the
syntax: bode(sys1, sys2,..). The parameters are different system
defined with the zpk(z,p,k) function

Change the gain of the original transfer function by a factor of
100 and plot both together on same graphs.

Vo(s)_ 500-s _ 500-s
Vi(s) (s + 1000):(s + 1000) " (s , 1000)?

Code to generate bode plots

k=[5]

z=[0]

p=[1000 1000]

sys1=zpk(z,p,k)

k1=500

sys2=zpk(z,p,k1)

bode(sys1,sys2)

to change colors and line styles use
bode(sys1,'ro--',sys2,'b-)

The first style changes sys1 lines to red with circles at each
data point. The line is dashed. The second style change the
color of the line to blue and makes the line solid.
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Bode Diagrams
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Plot with circles is sys1. Notice that gain change only affects the
Magnitude of the response, not the phase shift.
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Steady-state Operation of a Separately Excited Dc Motor

Steady-state model o (1)

iz = armature current
e, = back emf
€5 = armature voltage

®n, = motor speed rad/s

T = motor torque
T¢ = static friction torque

Current torque curve Back emf curve

Kr = AT,/ A, K, = Aey/ Ao,

Speed torque curve

O = 0p-(Aoy,/ AT)T
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- Steady-state Motor Equations
T=Kyia=-Tt. Nm ep=Kgom V
eg=igR+ep V Pzo T W
Combining the above relationships gives

KT'ea-(T—Tf>'R=CD ea—ia-R
KTKe m Ke

=&)m

If load torque is zero then the above equation gives the no-load
speed.
KT'G a- (Tf)R
K1Ke

Example: Armature controlled dc motor has the following ratings
T;=0.012 N-m, K7 = 0.06 N-m/A K, = 0.06 V-s/rad R =1.2 ohms

maximum speed of 500 rad/sec with a maximum current of 2 amps
find: a.) maximum output torque, b.) maximum output power
c.) maximum armature voltage, d. no-load speed at maximum

armature voltage
- e N- - 0,012 N-M
CL) qu,{ ocecurs Q_‘l‘ Iqu TYV\CLX ) K']‘ IMQ - '{ -(0,0(. m/ﬂ)ZA IZN

!mag’E_looN - ] Ang
b Pr,™ Winex Ty = (03 Rad[5) (0 108 8-m) = m/QNg

¢ ) Co Max mum e 5 ,'L&Qi-elo > ek- ,{,QQ b ke W ma x
e = 1.2 (24) £0.0C V=5/red)(Eoo redfs) =[32.9V | AVs
d) KT eq (HT@)Q Lu at no Loa.,& FE¥ < KT GQ‘T(Q N UJNL

Kokq :
(6.06(24) - ~@.or) (1) _ Sgcoma
et438a-7MCD 14 (0.06\(0 OQ
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Transfer function model of a armature controlled Dc motor

NE> Write electrical equations
22 I and mechanical equation
P L use electromechanical
W ES relationships to couple the
et Bm two sets of equations
E’b(‘t) Jm

- Te2 E. and Ep are

inputs |, is output

e a(t):L-z_ti a(t) + Ri5(t) + ey (t) KVL around armature loop
T(t)=J m'%m m{t) + Bmom(t) Mechanical dynamics

Find tranfer function between armature Q(s)
voltage and motor speed E . (s)
a

Take Laplace of above equations and write in /0 form

E a(s)=L's1 5(s) + Rl 4(s) + E (s)

| 5(s)= -(Ea(s) - Eb(s))

L-s + R

T (s)=K11 4(s) Ep(s)=KaQ(s)

T g(s)=J ;'s'Q(s) + B m’ Q(s) Laplace of mechanical equation
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Rewrite mechancial equation as an 1/O equation

T(s)=(d s + By ) Q(s)

Draw block diagrams Q(s)= ‘T 4(s)
from these equations (J m'S + B m) a
E p(s)=Kg Q(s)
| g(s)= - (E g8}~ E b(s))
T (s)=KT1 5(s)
Eq(s) 1 Iy(s) T(s) : n(s)
X P . KT ——P> It >

Note that the dc motor has an inherent feedback from the cemf
this can improve the stability of the system be adding an electro
mechancial damping

To get transfer function must reduce the system using the
feedback formula. H(s) = Kg

G(s) is the product of all the blocks in the forward path
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Q(s) i} G(s) KT 1
Ea(s) 10 G()HG) SIS R (U s B )

H(s)=K¢ G(s)- KT
(LS R)-(J m'S + B m)
KT : : m
o s e o) i
- a(S) A L K ?IYSTFGQ)E(:::-SBm)

Q(s) KT Expand factors

“l.c . R) . K — and collect like
Ea(s) (Ls+R)(Jyys+Bpy)+KyKg 0067 2%
Q(s) KT

E Ei(s')-‘L-J-S2 + (B mL+RJ m)-s + (KT-Ke - R-Bm)

Roots of the denominator can be effected by values or R, By, Kr
Jm and Kg Second order system roots could have imaginary
component.

In SI units Ky numerically equal to K,
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To find the motor position with respect to the armature voltage, the
following block diagram must be reduced.

To find position, integrate the velocity

d—9=ﬂ) (d_e) dt:J C[)dt:@

dt dt
Eo(®) 1 1,(s) 1(5) . n(s) o)
Ls+R K1 B = _;_ -
1 L
O(s)=—2(S) Positon found by multiplication by 1/s
S
d
Define ——=f o mechanical time constant
Bm
E -t electrical time constant
R i -

Electrical time constant much small than mechanical time
constant. Usually set to zero. Transfer function reduces to

Q(s) Ks K KT - RJm
= S= S= .
E 5(s) 1+fg8 RBmy+Ke KT R'Bm+KTKIe
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Consider motor and load - Load has inertia J; and viscous
friction B, . Consider load connect through a speed reducer

motor connected to smaller gear with N4 teeth. load to larger
gear with N, teeth.

Gear ratio similar to transformer action

N
® |_=*1'0~‘* d/ T I\JZ-T N
N, m radisec =5 -m

Effects on friction and inertia

Without speed change B1=Bmph +BL N-m-s/rad

Jr=dmdL N-m-s?/rad

With speed change N 4

2
Br=Bn (N_2> ‘Bl N-m-s/rad

2

N 1
J N-m-s2/rad

Jr=d g+ P

Speed changer reduces speed but increases torque. Increases
affects of both load friction and inertia
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New block diagram

QL(S)

1_(s) T(s)
Eq () 9 3 Q,,(s) N,

1
e K
Ls+R T Jrs+B Ny

E)L(s)

N 4
K| —
QL(S) N2

E () L. s+ (BrL+RJq)s+ (KpKg+RB T)

Example: A dc permanent magnet motor has the following

specifications: Maximum speed = 500 rad/s
Maximum armature current = 2.0 A

Voltage constant = 0.06 V-s/rad
Torque constant = 0.06 N-m/A
Friction torque = 0.012 N-m
Armature resistance = 1.2 ohm
Armature inductance = 0.02 H

Armature inertia = 6.2x104 N-m-s2/rad
Armature viscous friction = 1x10-4 N-m-s/rad

a.) Determine the voltage/velocity and voltage/position transfer

functions for this motor
b.) Determine the voltage/velocity and voltage/position transfer

functions for the motor neglecting the electrical time constant
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Example Solution Qml Kt o
Furl model o€ melor £, (RBFKKY)HRT, 4B, LT 52

Kp30Q:06  Kgro0e  J = 6.2xig®

R=1l2a [ =:0.0z1 Be I X107
R Bt K KT—' LZ('XIJq) ¢ 0,0é(@.%}t 0.00372
R\Tm* RmL 2 fZ(Q;‘?_,\(}f:q) {»(}x )Q_q)(a Q')__) < "F QX Yo

LIMZ 0.0ZQQ.ZXIO"‘!) 3 1529 %19 S
) Q.06 C{w;de Top and bottom
1 S o q <2 by ©.00272
1.29% 16 S5 Y

E.GY 003?z+7<?@<10

(o A
\Q_m(?a} ﬁL—/ T T pt&s: ) isi
-HME o = +Olols+0003333 | lﬂ*ejf‘m*e uelucl"‘j
- Cd!‘wde_ Lb‘-& S)
G é-&m@y o
16,13 i 16,13
_Lﬁml "1 S 10.2015% 4 0.003338°

E’)mG): S[ s R
La) _[_ammna& E[edr‘\c;n_] llmQ Cen&‘%@m% S @) Ks
Q0.0& EQCS) [-!—/YBS
Ko so T = T 000 .
R8mt KeKy Ny e’
- T T S eee——— |
o l'*f..\Tm ) I?.(C: 1¥)od) = L2 _\-} fq.D.:i.E 5

—_———

ST ERL K&KT" 2 as) @ISR0

)»\(SB = l‘f\@)
9 Tiers
T G) s+
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L ‘Modes 0fContr Ok somr L
~ Proportional Control
Process characteristics for optimum Results

1.) Small Capacitance
2.) Rapid load Changes

Need gain high enough to reduce steady-state error
to acceptable level.

Defining Equations

Time function v=K p€* Vg

Laplace function V(s)=K D’ E(s)

Transfer function V(s) )
E(s) P

Initial condition v, = 0 on Laplace functions

- € = time domain error signal
Where _ : .
Ky = proportional gain

Vo = controller output with e=0
v = controller output
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. Bode plots of proportional controller -

Kp1 iz 1 Kp2 = 1 Kp3 o= 100
60
40 o000 oo S 0000
8, 20
£
8 0 % Na R % 2 %
=2() peewepise oo :
40
1 10 100 -1.10°  1.10%
Frequency (rad/sec)
—= Kp1
0 Kp2
— Kp3
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Determlne how feedback affects performance
el | F-mcl Ql"“a(“ C‘-ﬂvd Se«‘lpomf

SP
Qm\: Kfac_wl = 01 V/’"““d*sec (3°° P“&/se°'>
5 . 29 Tecl, 3
('m; 2V Cth Qu PH..T
Con, e - (glﬁ = Lo Vg 19,24 v Powe~ Euephf(
\JULE'P’-LT
2, b ,__V_,_T
K | G 4 oG I
P G mp P anp
b
™ 5 |
s ~—~ s S a1 Uciugs
L .. (SP o | <'|:I'.:}“-"'P4 le P j TEVEN
Kpba M Pk " KFGQm?: (o V/U
DY gy iz 34.92qv = SP| Errer veltoge g (SP-Gh)
1o\ A\ o .
’\:j!:C’i‘f.O’l‘q"li’ :I,,'/ﬁ?.q V SE%{:@:.«.%‘ \:-1.[ 39929 Praduce:
Spead of 3w Mad/gec with T =008 N~

b -{-w—iue pnCreaxws Nw VT’ de-(mei Ej

Voz (57 ConlKpGang D Vo7 (5P~ Flady) Ko Gar

Sibl: SPZ Erred M s Cka.r\je +o InCr€as, VT

[dU'."‘* megaer eL: k&wl lQaC;): er\{
VA :J‘-azg * QLL Substitue above
2

\/'T::_: Iazﬁ + Ke Y2
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Example: Motor Speed Control

shaft
Speed_ Controller Power Y 5 ol
setpoint e b Suppl ¥ =ReS
=~ K 2APPLY | Motor >
F G and lood
amp and lood
|
| ach
| Jererat
K

With open loop control torque change produces

following results

TL1 = 005 N-m
VT =19.24
.4 = 1.033 A

®4 = 300 rad/sec

Motor parameters

R=1.2 Ohms

K tac = 0.11 V/rad-sec

et438a-8.MCD 3

T, »=0.075 N-m
Vr=19.24
o = 1.45 A

Wy = 291.7 rad/sec

K 1= 0.06 N-m/A
K o= 0.06 V/rad-sec
K p-G amp = 10 VIV



Example (cont )

(SP Kh(w,_)K

\p,? (34‘|°}7_q ~0.w,\ 1o

V757341929 1w, O
N lse L Th T, 0.975 N-m ‘I-Cf-?_,: .45 A

Vi (s ay(l 22 + 0.06 Wy,

Vi 1794906 w; Q)
Selve @ and 2 'SlmuHQAE-oLLE"L] Sor wz_ and VTZ

T 399.2 D i
R a5 Stand ard Sorm

Vgym 0061 ™ 179 D
Vs 9Ty Wat 2996 mdfs
T2 ’ ) i
C:IG"LQI"‘W\'H'\Q SRR -S'I,%Y\Cx.l SP SP 24V

G’ Kia s = (011V/rad- s\(% @,Qa{3)= 32.95¢

be'_

€, (SP{CMQ: (34.929-3295) = 1962 ermve velia e

InCrRaseg, (Check Speed €rror

Set pond 300 rad (s -
E ™~ (qu Luq,d kau{n:{ (.,Ua'“.q {éa&tsai

CSoo - 299. 6)red e

3% rad/s

}(00/3“2 76.70/ j(_eed Laack f‘e_du.ceg
Speed €rmanr L‘"j factor of

19. 38

LL) - Lo
¢ 1%/,

X)m% 10.343?2

t

CQQO“ O)l?\l,ac.l

32, rad /g
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Integral Control Mode

Produces an output that IS proportlonal to the integral
of the error input. Adds a pole to system at s=0.
Pure integrators tend to make system less stable.

Equations
t
time vV(t) = K,-J e(t)dt - v
0
K
Laplace V(s)=—E(s)
S
K
Transfer Vis) = I
Function E(s) s

Note: initial conditions zero for transfer function model
as per theory.

Where:
K, = integral gain (proportionality constant)
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OP AMP Reahzatlon of Integral Control

Ideal OP AMP Intergrator

c Transfer Function
‘—)’__
=1
L ‘D Gt Vo(S)=Ri.C_S-Vi(S)
; One pole at
£ s=0

-~

— One pole at

Ry ' 1
Sz_—_
= Rf'C
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