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Control Theory — Definition in Wikipedia

 Control theory deals with the control of dynamical systems in engineered
processes and machines. The objective is to develop a model or algorithm
governing the application of system inputs to drive the system to a
desired state, while minimizing any delay, overshoot, or steady-state
error and ensuring a level of control stability; often with the aim to
achieve a degree of optimality
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From Physical Circuit to S-Domain

Laplace Transform
(S-Domain)

Physical World Circuit Model
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Ch1: 1st and 2" order Transfer Function

15t Order Transtfer Function To Understand Basic System Dynamic
p  Poles : Determine stability
G(s) =

« LHP stable
* RHP unstable

Zeros : Affect transient dynamic
* LHP increase overshoot

S+p

214 Order Transfer Function

5 « RHP step response starts in wrong direction
G(s) = Wn « Damping factor and natural frequency
s2+2{wys + w? - Overshoot

» System response time
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Ch2 : System Identification Method

[3] Identify System Transfer Function G(s)

Input Output
[1] Inject step response
0.02 Bl.:ck_Cun\.:erter_DZl_Same::thDrive_ILZDu_C1IDDu_R1 txt
0.0
0.01 i
o , , . , , , [2] Measure output profile
0 1 2 3 4 5 5} 7 3
1073

t(Ts=1us) <1073
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Ch3 : Close Loop and Open Loop System

Close-Loop Transfer Function
VOU'(

_ Vour G(s)
H(s) T(s) = Vi, 14 G(s)H(s)

Goal is close-loop

Open Loop and Close Loop Relationship
Bode Method (Frequency Domain)
DC Gain — Steady State Error
Open-Loop Transfer Function * Phase Margin — Damping Ratio
* Gain Margin — System Robustness
Vin + Verror G(s) Vout * Gain/Phase Crossover Freq — Natural
Frequency

" _ GH(s) =2 = — G()H(s)
§)=—/= =G(s)H(s
H(S) Vin Verror

But firstly back to something we familiar
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Effect of Poles and Zeros in Transfer Kelvin Leung
Function 7-8-2021




Effect of Poles in 15t
and 2" Order System

First_Order_System.m
Second_Order_System.m




First-Order System Response

Summary

»  Stable First Order System with
one LHP (Left Half Plane) pole

*  Magnitude of pole determine
system response rate
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First-Order System Response - Cascade

Summary

For cascade system, if real part
magnitude of two poles are far
away, less magnitude is always
dominate

1st Order System Step Response
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Second-Order System Response — Effect of Damping Factor ¢

Summary

. Damping factor ({) affect
overshoot and ringing

* ¢ within 0.7 to 1 yield best
response with minimizing
overshoot

* ¢ > 1will generate 2 poles
without imaginary part, which is
equivalent two 15t order system
in cascade

Amplitude

2nd Order System Step Response
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Second-Order System Response — Effect of Natural Freq w,,

Summary
*  Natural Frequency (w,) affect 2nd Order System Step Response Pole-Zero Map

system speed 1.4
*  Natural frequency has no

impact on overshoot or

undershoot magnitude
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Effect of RHP Poles

Summary
*  System response cannot

converge with RHP Poles —

Unstable System

Amplitude

12

10 ¢

2nd Order System Step Response

Pole-Zero Map
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omega=1

0,76
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Effect of LHP and RHP
yA=] (o)

Effect Of Zeros.m




Effect of LHP Zero — Part 1

Summary
*  The major effect of the LHP Step Response - Pole-Zero Map of sys1
zero is to increase 0.7 - : - ., 2 - - - - ;
overshoot | sys1 2 1=_5*1
o5l Overall response sys2 § 1t SYS T T o512 %
' sys1-sys2 n
"HE" 0t ©
<
==
s -1 x
£
! Original response 3_2 , . . . ; .
© '~ (without zero) E% 4 3 2 4 0 1 2
ke
= Real Axis (seconds'1)
= 03]
E- . Pole-Zero Map of sys2
0.2F ‘Tw 2 T . . .
= Sys2 = —————
Sl VT 2x2s 2 x
0.1 &
Lot
/ <<
O B e T ————— .
s -1 X
=
£ |
-0.1 : g-2 : : : : : :
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Effect of LHP Zero — Part 2

Summary
* If the zero is far away from Step Response = Pole-Zero Map of sys1
r?c?I part of ipr%pl)lex poles, 0.6 - - - ‘7% 2 ; . : : :
effect is negligible e
Overall response g 4 %
é’, |Re(zero)| >> |Re(poles)|
1.- ______________
% 0d
sys1 > s+5
sys2 @11 sysl =02 —
[N sys1-sys2 %, +2s5+2
/ Original response 3_2 . . . . ; .
803} (without zero) = 5 -4 -3 -2 -1 0 1 2
= Real Axis (seconds'1)
j=9
E- 02t . Pole-Zero Map of sys2
w2 : : : -
3
&
017 [/ o 1 #
Lot
=
TP brer: S OUTTTTTTIN <
’ g 2 ! x
1r sys2 =——7——
= Y s2+2s+2
o z
-0.1 ' g-2 : : : : : :
0 2 4 6 8 = 5 -4 -3 -2 -1 0 1 2
Time (seconds) Real Axis (seconds™)
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Effect of RHP Zero

Summary
*  The major effect of the RHP Step Response - Pole-Zero Map of sys1
zerccjj is :]o cause arr: initial 0.6 Original response’ - - - P 2 - - ) - - ;
undershoot (l.e..t e step (without zero) _——_ g sysl = -s+
response Starts in Wrong 0.5 b /,f" ...................................... — 8 1F SZ+25+2 w
. . n
dlrgctlon) 04l Overall response @2 ol o
*  This represents a system : 3
when increase its control s S“S; =y .
. . . . 3 F 5Ys T -
input, its output WI||.fIrSt|y go sysi-sys2 £
into a reverse direction 02| 3 . . . . ; .
g ' = 5 -4 -3 -2 -1 0 1 2
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E- /' . Pole-Zero Map of sys2
0 .......................................................................................... .lT 2 ) i i i
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Buck Converter

- L i
\) +
=/ D c—= Vo g R
(a) ¢
i i
.“!;pﬂ- ,"L,p L
s -
+ l
-V, C=— V, %R ET Vo %R

Switch ON Switch OFF
by (3]

Inductor current profile

Al

t1 t2 t3

Switch ON
. o= dl  Lygx — Lmin Al
L= by - = =
V1 = AL _ AL dt t2 —tl ton
ton dTs
L AI

o = AW - V)

S

Switch OFF

. VL=L% ?zlmin_lmax__AI

. _ g ZAL —AI t t3 —t2 t
O_V"_Ltoff_Lu—d)Ts of f

- =1 -dY,

Combine formula
c dVip = V)= 1A -adV,

- 2o — ¢ : steady state is not affected by L or C

mn

Question
*  What is the effect of having different L and C ?
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Buck Converter with L = 20uH, C=100uH,

R=10hm

B? LTspice XVII - Buck_Converter_02_SawToothDrive.asc
Eile Edit Hierarchy View Simulate Tools Window Help

MEEH XN RAOQR KLU ERE IBEM S LSD e £ 3 2xDOD Az op
+, Buck_Converter_02_SawToothDrive.asc § Buck_Converler_02_SawToothDrive raw
{ Buck_Converter_02_SawToothDrive.asc EI@
.tran 0 {1100/fsw} {300/fsw} {1/fsw/1000} uic
Buck Converter with Ideal Switch and Diode Model
.model IdealSW SW(Ron=1p Roff=100Meg Vt=0.5)
.model IdealD D (N=0.01)
.param fsw = 100e3
.param duty1=0.49 duty2=0.51
sawtooth sw
vi Bl Comparator - Square Drive
Simulate sawtooth
PULSE(0 1 0 {1/fsw} 1n 1n {1/fsw}) V=if(V(d)>V(sawtooth),1,0)
d
V3
Simulate changing duty
PULSE({duty1} {duty2} 0 1n 1n {200/fsw} {400/fsw})
Export Data for System Identification
1. Select .raw windows
2. File > Export Data as Text
3. Select V(d) and v(o"'t) 0.8ms 1.6ms 2.4ms 3.2ms 4.0ms 4.8ms 5.6ms 6.4ms 7.2ms 8.0ms|

Buck_Converter_02_SawToothDrive.asc
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Buck Converter with L = 100uH, C=100uH, R =1 Ohm

B’ LTspice XVII - Buck_Converter_02_SawToothDrive.asc
Eile Edit Hierarchy View Simulate Tools Window Help

PEEHPFH QAR RIEBF IREHSE SR 3 FDID

+ Buck_Converter_02_SawToothDrive.ase § Buck_Converter_02_SawToothDrive raw

{ Buck_Converter_02_SawToothDrive.asc

.tran 0 {1100/fsw} {300/fsw} {1/fsw/1000} uic

Buck Converter with Ideal Switch and Diode Model
.model IdealSW SW(Ron=1p Roff=100Meg Vt=0.5)
.model IdealD D (N=0.01)

.param fsw = 100e3
.param duty1=0.49 duty2=0.51

sawtooth

Simulate sawtooth
PULSE(0 1 0 {1/fsw} 1n 1n {1/fsw})

d

V3
Simulate changing duty

PULSE({duty1} {duty2} 0 in 1n {200/fsw} {400/fsw})

Export Data for System Identification
1. Select .raw windows

2. File > Export Data as Text

3. Select V(d) and V(out)

vi Bl Comparator - Square Drive

V=if(V(d)>V(sawtooth),1,0)

0.8ms

1.6ms

2.4ms

3.2ms

4.0ms

4.8ms

5.6ms

6.4ms

7.2ms

8.0ms|

x=8000ms y=0729V

Buck_Converter_02_SawToothDrive.asc
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Control System of Switching Mode Power Supply

Open Loop System

Input : Duty (d) Output : Output Voltage (Vo)

Close Loop System

Duty (d) Output : Output Voltage (Vo)

Sl Compensator .

Setpoint
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Example : Analog Device LTC3703 Switching Regulator

IN c2 -
Gl e |C1 = z Duty (d) Output = g
R1§?3 © —6dB/OCT 3 _— =z 2
Wir Veg GAIN =
o ouT o GAIN +6d8/ OCNdB/OCT fREQ 9.3V TO 15V M ~12dB/0CT
Vrer=1+ \/ \ — 90 0 FREQ
PHASE — 180 lj [ St A L L PHASE — 90
0 t 22yF ¢ i VN T
| -360 L5y VBASIO 15V T0 100V oo
MODE/SYNC Vi = —% - I
Figure 14. Type 3 Schematic and Transfer Function 20k i B8uF
----------------- it iz =1 BOOST ' | — . .
1783703 I : Imsmwnp = Figure 11. Tra.nsfer Function of Buck Modulator
S - 8] Compensator comp : TG —t ] :
etpoint : T0.1=1F 8uH Vour |
1
B 1 SW ' 3 Y 12v
. i i +| :: 5a
1 1 1 270pF 1
i Imax 1 Vee I 16V i
1 1 1 1
1 1 10Q 1 H
' INV. T DRVg; e AAA— ' i
i i : : Si74560P '
| RuvsE gl i !
| 1 _—10 F 1 MBRHDDT 1
1 1 v 1 1
! GND ! BGRTN 1 : I
- ——1yF
| : =Sl = :
1 . bl ) e e - Y e e |
I

Figure 1. High Efficiency High Voltage Step-Down Converter

3702 Fn
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Example : Analog Device LTC3703 Switching Regulator

GAIN (dB)

—6dB/0CT 2

GAIN +BdB/OCNdB/OCT
ouT 0 FREQ
\/ \ e

PHASE — ~180

— -360

Figure 14. Type 3 Schematic and Transfer Function

§R2
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First Course on Power Electronics and Drives -

Mohan

In Cha pter 4 L, =1L (Buck); "z?=“—_!—:[}-)-._;— (Boost and Buck-Boost)
L,
YT Y -
N oL +
7 sC
! R ¥

(4-14)

Figure 4-8 Small signal equivalent circuit for Buck, Boost and Buck-Boaost converters.

Transfer functions of the three converters in CCM from the Appendix on the

accompanying CD are repeated below:

v V. 1+ srC
V_:__% + 51l (Buck)
d LC » [ 1 r] 1
STt |+
RC L Lc
v, v, L 1+ srC
(1=p)L L¢C'{.€:+‘i LA R
\ C L) LC)
%: ‘Vm E[I_SD;;‘\IJ - I+.‘H‘C . (Buck—BQUFjl}
{I_D) LcC .¥2+.¢(L_+L +—--I- -
RC L ) LC

(4-15)

(4-16)

(4-17)
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Transfer Function in Switching Converter

The modeling ignore behavior within switching action
But to average each switching cycle to calculate its
transfer function

e.g. state-space averaging technique

1.0v
0.9V
0.8V
0.7v
0.6V
0.5V
0.4V

0.2v
0.1V
0.0v

NOOoORONDO R
PP rrrrrkd>

6.
6.
6.
5.
5.
4.
4.
4.
3.
3.
.2

2

] 1.6ms 1.7ms 1.8ms 1.9ms 2.0ms 21ms 2.2ms 2.3ms 2.4ms 2.5ms 2.6ms 2.7ms 2.8ms 2.9ms 3.0ms|

U
T
T

H

V(sawtooth)

Model capture transient characteristic
of converter

This may need
in current
mode control

iy
=3

v
6=
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Buck Converter Transfer Function with L = 20uH, C=100uH, R = 1 Ohm
Calculate from Textbook Formula

G =
7 1+ srC =e09
— = Buck 4-15
d 1C . [ 1 7y 1 (Buck) (4-15)
SENRe L) e s°2 + 10000 s + 5e08
Continuous-time transfer function.

40

Matlab Implementation
20
EFirstCourseOnPowerEIectroincsAndDrives_CCM_TF_-‘-I-_S.m x|

1 L = 20e-6 g ot
2 C = 100e-6 %
3 E =1 § 20 |

. - =
4 Vin = 10
5 D= 0.5 -40 | I
6 Ir = 0 T T
8 num = Vin/L/C*[r*C 1] 45 L
9 den = [1 {(/R/C+r/1) 1/L/C]
10 R
11 G = tf(num,den) 3
12 figure; £ b
13 h = bodeplot({z) o
14 setoptions(h, 'FregUnits','Hz'") ' X J—— I—
- 10 10 10

Frequency (Hz)

FirstCourseOnPowerElectroincsAndDrives_Buck CCM_TF 4 8.m kskelvin.net



Buck Converter Transfer Function with L = 20uH, C=100uH, R = 1 Ohm

Estimated from System ldentification Method with LTspice Simluation

| Itspice_export_system_identification.m |+ | Gs =
4 L
49 % system identification
50 — z = iddata(out,in,Ts); From input "ul" to cutput "yl":
51 - nb=1; % order of numerator 2475 5 + 4.958e08
52 - nf=2; % # of poles
E3|= nk=1; % # of delays
54 — m = oe(z, [nb nf nk]); % output-error polynomial model 502 + 1.002e04 5 + 4,95%=08
= Gz = tf(m) % z-domain transfer function
56 — Gs = d2c(Gz, "zoh') % s-domain transfer function . . 3
57 Continuous-time transfer function.
58 — out_est = sim(m,in): % simulate a Simulink model 40 T T
)= subplot(2,1,2); hold on;
60 — stairs(t,out_est);
Buck_Converter_02_SawToothDrive_L20u_C100u_R1.txt 20 B
0.02
T T T T T T T
001 | 4 o 0
S L N
)
°
0 3
c r ~ =
N 5
g 20 | i
-0.01
0.02 L I I I L L L 40 ! :
0 1 2 3 4 5 6 7 8 0 T T
3
><1()
-45 | A
0.2
0.1 =) 90 | -
o)
=
o 3
5 ©
-
3 £ 135 L N
-0.1
-180 L L P | L L P | L L P
-0.2 2 3 4
10 10 10 10
0 1 2 3 4 5 6 7 8
t(Ts = 1us) 10 3 Frequency (Hz)

ltspice_export_system_identification_forBuck.m kskelvin.net




Understanding Poles and Zeros Effect in Transfer Function

Pole-Zero Map of Gs - System ID

Step Response . . ‘e .
" P . P o xiof . Gs is system identification
0 :
Gs - System ID B ol * Gs =
Gi - Textbook 8
Gls-[(:i g From input "ul™ to output "yl":
L 2475 5 + 4.958e09
g 0r O
< 542 + 1.002e04 5 + 4.959208
Py
E 2+t v Continuous-time transfer function.
3 , . . . .
/ E
@ 5l | \ = 25 -2 -1.5 -1 -0.5 0
2 | Real Axis (seconds™) %108
g 5! Il | Pole-Zero Map of Gi - Textbook
< — b ..
| < x10 , , , , , Gi is textbook formula
| g é
47l 2ot x -
II § 5e09
2 F S e
[
| ‘3 Or
f < 542 + 10000 s + 5e08
0 P r— e =
E 2t . Continuous-time transfer function.
0 0.5 1 1.5 2 = 25 -2 -1.5 -1 -0.5 0
Time (seconds) %107 Real Axis (seconds™) %108
kskelvin.net
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Compare System Identification Results with AD Datasheet

With System Identification In Analog Device Datasheet

GAIN

\ —12dB/0CT
FREQ

PHASE — 90
—sds/ocT —| ~180
— 270

— -360

p=
<

o

3703 F11

eeeeeeeee Figure 11. Transfer Function of Buck Modulator
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Boost Converter with L

20uH, C=100uH, R =1 0Ohm

« Boost_Converter_02_SawToothDrive asc % Boost_Converter_02_SawT oothDrive raw

1: Boost_Converter_02_SawToothDrive.asc

.tran 0 {1700/fsw} {500/fsw} {1/fsw/1000} uic

Buck Converter with Ideal Switch and Diode Model
.model IdealSW SW(Ron=1p Roff=100Meg Vt=0.5)
.model IdealD D (N=0.01)

in L1 D1 out

.param fsw=250e3
.param duty1=0.48 duty2=0.52

sawtooth sw

Simulate sawtooth
PULSE(D 1 0 {1/fsw} 1n 1n {1/fsw})

d

V3
Simulate changing duty

PULSE({duty1} {duty2} 0 1n 1n {300/fsw} {600/fsw})

Export Data for System Identification
1. Select .raw windows

2. File > Export Data as Text

3. Select V(d) and V(out)

vi Bl Comparator - Square Drive

V=if(V(d)>V(sawtooth),1,0)

0.5ms

V(sawtooth)

Change duty cycle between 48% and 52%

3.0ms 4.5ms

3.5ms 4.0ms

1.0ms 1.5ms 2.0ms 2.5ms

Right-Click to manually enter Horizontal Axis Limits

Control input increase, output firstly in reverse direction
(i.e. system with RHP Zero)

Boost_Converter_02_SawToothDrive.asc
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Boost Converter with L = 20uH, C=100uH, R =1 Ohm

System Idenification Method in Matlab

Boost_Converter_02_SawToothDrive.txt

T T T T T T

in
T

-0.02

t(Ts = 1us)

Gs =

From input "ul™ to output "yl":
-3.045e05 s + 4.77e09

52 + 1.017=04 s + 1.184e08

Continuous-time transfer function.

Pole-Zero Map

«10*
1 5 : : : ,

0.8 1

RHP Zero

Imaginary Axis (seccnds'1)
S5 & o o o
<> BN N S (=T ST N
6 dp—

o

[e]
.
.

-1 -0.5 0 0.5 1 1.5 2
Real Axis (seconds™") x10*

'
Y
b

ltspice_export_system_identification_forBoost.m
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Appendix




Fundamentals of Power Electronics - Erickson

8.2.2. Transfer functions of

In Chapter 8
some basic CCM converters

Table 8.2. Sdlient features of the small-signal CCM tramsfer functions of some basic de-de converters

Converter G Gao (O} 0 m,
buck D % % R ’\? oo
boost o % é)‘c DR % DZR

buck-boost B % J[J—l:;)‘2 LC DR \@ %

where the transfer functions are written in the standard forms
Ay
o)

[ g (e

Gis) =Gy

kskelvin.net



Use of Simulink and Close Loop Kelvin Leung
Feedback with Bode Plot 716-2021




Open Loop Response
in Simulink and
Matlab Command




Create a Simulink Model

New =2 Simulink Model

4\ MATLAB R2020b

HOME

New New

Script  Live Script |

<E+EHA

Current Folder
MName «

j OpenLoop_Cl
ﬂ OpenLoop_Cl

dub " [ Find Files

New | Open |{Z| compare
-

-

Ctrl+Nf—
EU

Script
Live Script
Function
Live Function
Class

Systemn Object  »
Project >
Figure

App

g% 0 & & 00 Ok o~ & @ [

Stateflow Chart

Blank Model

4 Simulink Start Page

3 Open...

Recent

Projects

E} From Source Control «

Learn
’:_p Simulink Onramp

Ep Stateflow Onramp

New Examples
I
> My Templates
v Simulink
R |
i
i
, :
i
i
i I i
i
i
i i
1 1
i i
: Blank Model 1 Blan
ep——— 4
“. e
{3
Folder to Project Proj

Show mare

Library Browser

SIMULATION DEBUG MODELING FORMAT
] Open ~ 1] Stop Ti
du\j Hs [C[5] »
ave - - i -
New Library Bt
v = Print ¥ Browser i Sus F
FILE JRRABY. PREPARE
g untitled
£ | ® [Pauntitied
2
= @
Q ES Simulink Library Browser
a Enter search term
= simulink
E [+ Simulink ~ -
&= Comrnonly Used Blocks
Continuous ]
o Dgshbolard‘ i Additional Math  Cor
D}scontmumes & Discrete Use
Discrete
Logic and Bit Operations &
Lookup Tables
Math Operations ‘
Messages 8 Events Dashboard  Disco
Madel Verification =
Madel-Wide Utilities 'I*I‘ = E
Ports & Subsystems =
Sianal Attributes [P A e .




Create a Simulink Open Loop Step Response

HS Simulink Library Browser

Simulink/Sources

vﬁqv:{v_‘v-ﬁzw

riLL

Messages 8 Events
Model Verification
Model-Wide Utilities
Ports & Subsystems
Signal Attributes
Signal Routing
Sinks

Sources

String

~ cier sEar wn TR R Rt

Simulink/Continuous

User-Defined Functions

Additional Math & Discrete

E signal 1 F

Signal Builder

booo
00 D

Signal
Generator

T}

Step

LI P T FRLEARL

OpenLoop_Simulink_Example

|"&| OpenLoop_Simulink_Example

N

Gopen =

v Simulink &
Commonly Used Blocks
Continuous
Dashboard
Discontinuities
Discrete
Logic and Bit Operations
Lookup Tables
Math Operations
Messages & Events
Model Verification
Model-Wide Utilities
Ports & Subsystems
Signal Attributes
Sirnal Rentina

PID Controller

i At B
b
y=Crt Du

State-Space

Variable

10

PID Controller (2DOF)

1
s+1 [
Transfer Fen
b

1y

Variable
Time Delay

(s
s(s+1)

Zero-Pole

(s+1-=-20D)(s+1+2i)

I 2e105(5) O /

poles(s)

- / Zero-Pole Scope

)

//

Mck Parameters: Zero-Pole

Zero-Pole

Matrix expression for zeros. Vector expression for poles and gain.
Output width equals the number of columns in zeros matrix, or one if
zeros is a vector.

Parameters

Zeros:

Simulink/Commonly Used Blocks

(1) You can now use 'Ctrl+.' to search for and perform available actions. aald Discrete
Logic and Bit Operations

~ simulink b §
Commonly Used Blocks Mux outl
Continuous
Dustbord B <
Discontinuities Product Relational

Operator

Lookup Tables @
Math Operations -
Messages & Events Saturation Scope

m

Poles:

[-1-2% -1+2%]

Gain:

[10]

&«

File Tools View Simulation Help

G- BOP® - Q- FA-

OpenLoop_Simulink.slx

kskelvin.net



Method to Improve Simulation Result Precision

Step 2: Reduce Relative tolerance

Other Displays
Requirements at This Level SONER Simulation time
zeros(s) Data Import/Export 7
*| poles(s) > O Coverage Math and Data Types Start time: 0.0 Stop time: [10.0
5 » D 1i
Model Advisor Agnostics Solver selection
. Hardware Implementation
Ste 1 Metrics Dashboard Model Referencing Type: |Variable-step ~ | Solver: |auto (Automatic sqiver se\ectmn)‘ -
p Fixed-Point Tool Simulation Target
H 1 H Xed-roint [ool...
* Right-Click to bring menu > Code Generation ¥ Selver detalls :
" . Mg = aTm T E T =T = = = = = e e 1 Coverage
* Select Model Conﬁg uration |_@ _Mg@l EOﬂfEUEIlE)n_Pa_ralne_tELS _ _C‘ﬂ"f | » HDL Code Generation Max step size:  auto Relative tolerance:
Pa rameters Model Properties Min step size auto Absolute tolerance:  |auto
Help Initial step size: |auto Auto scale absolute tolerance

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

kskelvin.net



Equivalent Command for Open Loop Step Response

Control Toolbox Command

Plot Results

B& Editor - C\ sktop\Power Converter Control 2021\04 Basic Open and Close Loop\OpenlLoop_Simu|
_J OpenLoop_Simulink_equivalent_Command.m [+ Step Response Gm = Inf (dB); Pm = 44.2326 (°)
il|= clc; 25 — 20
2 - close all; ™S B
3= clear all; . — I ™
; 2 ~ B —
. R & 0 \
= N
5= Gopen = zpk([], [-1-2%1i -1+2%1i], [10]); © g AN
_ . ‘ 515 S -20 N
6 display (Gopen) zpk 2 2 \
7 Constructs zero-pole-gain model or converts to zero-pole-gain format ‘_El g \
g — h = figure; < 1 = 0 \
9 — set (h, "position', [50 50 900 500])
10 — subplot (3,2, [1 31) 0.5 .
11 -  step(Gopen): step o
.
i3 |= subplot (3,2,5) Step response of dynamic systems 0 ™
_ . ] 0 2 3 4 5 45
13 pzrflap (Gopen) ; . N Time (seconds) P
14 - axis([-1 1 -1 11*3); B Pole-Zero Map z
15—  subplot(3,2,[4 6]) 8, p 3
16 — hs = bodeplot (Gopen); ﬁ §
17 |= setoptions (hs, 'FregUnits', "Hz'); ‘ﬁ 0 -135
: < N
18 — [Gm, Pm] = margin(Gopen); =0 % H‘\-‘\_ﬁ
19 — title(['Gm = ',num2str(20%1logl0(Gm)),' (dB); Pm = ',num2str(Pm),' (~0)']l): e -180 =
. o -3 -1 0 1 2 3 102 107! 10° 107
20 = grid on; © . -1
E Real Axis (seconds ') Frequency (Hz)
Gopen = = ; :
P s24+25s+5 (s+1-2D(s+ 1+ 2i)
kskelvin.net

OpenLoop_Simulink_equivalent_Command.m



Equivalent LTSpice for Open Loop Step Simulation

LTspice Schematic .tran 10 uic .ac dec 100 1e-2 10

V(out) V(out)

Voltage dependent voltage source (E)

AC1

.tran 10 uic
.ac dec 100 1e-2 10

Transient simulation

OpenLoop_Simulink_LTspice.asc kskelvin.net



Close Loop Response
in Simulink and
Matlab Command




Create a Simulink Close Loop Step Response

Simulink/Commonly Used Blocks

~ Simulink A

Commenly Used Blocks
Continuous @
Dashboard

) . Saturation Scope
Discontinuities
Discrete - )Q
Logic and Bit Operations
Lookup Tables Subsystem Sum
Block Parameters: Sum X

Sum

Add or subtract inputs. Specify one of the following:

a) character vector containing + or - for each input port, | for spacer
between ports (e.g. ++|-|++)

b) scalar, >= 1, specifies the number of input ports to be summed.
When there is only one input port, add or subtract elements over all
dimensions or one specified dimension

Main  Signal Attributes

Icon shape: |round @

erator

CloseLoop_Simulink

® ||*a| CloseLoop_Simulink

o

Z

roso] - 1
5

Resize to see the formula

[10] - — L : J

h J

B U E

B

h J

(s 1=2wjlis+14+2wj)

Add Integrator as Compensator

Block Parameters: Zero-Pole1
Zero-Pole

Matrix expression for zeros. Vector expression for poles and gain.
Output width equals the number of columns in zeros matrix, or one if
Zeros is a vector.

Parameters

Zeros:

X

O

Poles:

0]

Gain:

[10/30]

4 Scope - o X

File Tools View Simulation Help >

Q- GOP® - A G- F@-

Ready. Sample based |T=10.000

CloseLoop_Simulink.slx



Equivalent Command for Close Loop Step Response

(=B s (]

11
1z
13
14
15

Gorant = ——————
plant = ¢2 4 25+ 5

Gconn9:= §_

Control Toolbox Command

Gplant = zpk([],[-1-2%1i -1+2%1i],[10])
Gcomp = zpk([1,[01,[10/301);

Gopen = Gplant*Gcomp;
feedback (Gopen, 1) ;

display(Gclose) feedback
Feedback connection to multiple models

Gclose =

h = figure;
set (h, 'position', [50 50 1200 6007)

Amplitude
o = -
[=2] -] - n

o
s

subplot(3,2,[1 31)
step (Gelose) sys = feedback(sysl,sys2)

sysl,sys2

Y

u —>(O—>

sysl

10

-

o
Mo

(=}

Nnoo N

Imaginary Axis (seconds’1)

S

Plot Results

Step Response

S
0 2 4 6 8 10 12
Time (seconds)
Pole-Zero Map
X
o
X
-3 -2 -1 0 1 2 3
Real Axis (seconds‘1)

Magnitude (dB)

Phase (deg)

-100
0

-180

-270

Bode Diagram

-20

-40

-60

-80

-90

1073

107

107
Frequency (Hz)

10° 10!

CloseLoop_Simulink_equivalent_Command.m
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Equivalent LTSpice for Close Loop Simulation

LTspice Schematic .tran 10 uic .ac dec 100 1e-2 10

V(out) V{out)

» } 1
5 “DBU]'; o D0y ijlluilDij
t
Vi B1 E2 e
L L
1

V=V(in)-V(out) Laplace=1/(3*s+1p) Laplace=10/(s"2+2*s+5)

.tran 10 uic

.ac dec 100 1e-2 10
** remark

1/s can cause Laplacian singular at DC error in LTspice
add a pole (1 pico) [pole in GHz region] as solution

CloseLoop_Simulink_LTspice.asc kskelvin.net



Control Theory in
Close Loop Control
with Bode Plot
Method




Close Loop Transfer Function

* Close Loop Transfer Function
« Eqn1:Voue = G(S) Verror
* EqQn2:Vy = H(s) Voyut
* BY Verror = Vin — Vf
. Tout Vin — H(S) Voue

G(s)
. Vout _ 1 _ 1
Vin H(s)+$ 1+Pg(SS))G<S>
V G
o T(S) — Yout _ (s)

Vin a 1+G(s)H(S)

* Open Loop Transfer Function is
defined as
« GH(s) = VVf = va = G(s)H(s)

n error

* where V;;, = V,or IT lOOp is Open

Close-Loop Transfer Function
Verror Vout

Open-Loop Transfer Function

Vin + Verror Vout

vf[ )
H(s)

kskelvin.net



Bode Plot Method

 Bode Plot Method

* A method to determine close loop performance T(s) =
function GH(s) = G(s)H(s)

G(s)

1+G(s)H(s) from its open loop transfer

* Limitation
* It can only be used to design close loop feedback from system with stable open loop
transfer function, i.e. no RHP poles in GH(s). Otherwise, root locus or Nyquist design
technique is required

« Stability Criteria
» Open Loop Gain of GH(s) at -180° phase angle must <0dB (or 1) to achieve stable close
loop T(s)

kskelvin.net



Understand of Physical Meaning of Stability Criteria

* By imagine the system with discrete

timing
o ViuIn] = sin(w t[n])
« @ —180° phase

¢ Vf[n] = Gain X (—Verror[n —11)

* If closing the loop

Verror[nl = Vipln] — Vf [n]

Vin + C )V ror V
n erro G(s) out

v,[ i
H(s)

t = [0:pi/360:2%pi*10];
omega = 1;

Vin(l) = sin(omega*t (1))
Verror(l) = 0;
VE(l) = 0;
for n = 2: length(t)
Vin(n) = sin(omega*t(n)):
Vf(n) = Gain* (-Verror(n-1));
Verror(n) = Vin(n)-vfin);
end

BodePlot_Stability_Explanation.m

kskelvin.net



Understand of Physical Meaning of Stability Criteria

Gain < 1(0dB)

oop Gain = 0.5 (-6.0206dB)

ST

AL

Vs achieved Vi + Verror
o —»O—» a(s)
equilibrium and Open Loop @ 180° /
stable Gain = 0.5 v
Vf = —0.5Verror He)

Gain > 1 (0dB)

Loop Gain = 1.0005 (0.0043419dB)

TN

SSSSSS

nnnnn

Time (s)

error and feedback keeps amplifing with a positive feedback!!

That why open loop gain @ -180 degree must less than 1 (0dB)
for a stable system design

kskelvin.net



Meaning of Gain Margin and Phase Margin

Stable System Unstable System

Bode Diagram

Bode Diagram
Gm = -28 dB (at 1.41 rad/s), Pm = -64.6 deg (at 4.63 rad/s)

Gm =12 dB (at 1.41 rad/s) , Pm = 60.5 deg (at 0.496 rad/s)

50 100
) T~ Gain margin (+ve) @ 50 \
- -
o \ = 0dB — |GH(s)|_1g¢° ©

80 -~
- ] e ——— S | § ofe e — |
z . "““--x,u = Gain margin (-ve) ol
£ : N £ 50l = 0dB IGH(S)|—180°§ ~__
N : : ~.
™~ : :
-50 -100

-90 —x

i N

Phase margin (+ve)

Phase margin (fve)
= 180 - LGH(‘é)OdB

Phase (deg
2
Phase (deg)

225 t =180 — £GH(S)pap "
; i T
e ~ —
270 : SR : ' '
1072 107" Fo10% 10! 102 1072 107 10° 10! 102

Frequency (rad/s) Frequency (rad/s)

Gain crossover frequency  Phase crossover frequency

gain_phase_margin_basic.m kskelvin.net



Relationship between Open Loop and Close Loop Performance

 Natural frequency (w,)
* w, in closed-loop system is somewhere between the gain crossover frequency and phase

crossover frequency in open-loop system.
* page. 473-474 of "Modern Control Engineering”, Ogata, 5th Edition

« A very rough estimate is that the bandwidth (freq @ -3dB) is approximately equal to the

natural frequency.
 [http://www.engin.umich.edu/class/ctms/freq/freq.htm]

« Damping ratio (C)
» Phase margin in open-loop system has linear relationship with C of closed-loop system
» Exact Formula : Phase Margin (y) and Damping Ratio (¢)

1 2¢

J1+47%4-2¢
» Approximation: for ( < 0.6 > =001y

e y=tan~

kskelvin.net



Design Guideline with Bode Plot

* DC Gain : Determine the steady state error
* Increase of DC Gain, Decrease of Steady State Error

(if Gain - o0, Vyppor = 0 if)

* Phase margin : Determine the damping
ratio and overshoot

* Phase margin is normally selected to between 30°-

60°.

» Gain margin : Determine the robustness of

system

. TOé;uarantee stability even if the open-loop gain
and time constants of the components vary to a
certain extend. Normally > 6dB.

* Gain/Phase crossover frequency :
Determine the transient response speed

* Increase the crossover frequency, Increase transient

speed.

= = =
-l [un} [iu] —y

=
o

Damping Ratio [Close Loop]
- =2 o o O
p— [} [ah] I m

[}

Fhase Margin {degree) [Open Loop]

1 2¢
Ty =tan
J1+40 =2 /
:"r:
/
/ ’
///
/'/
//
// Exact Relationship
_ Approximation
-
10 20 a0 40 50 B0 70 a0

PhaseMargin_DampingRatio_ExactRelationship.m kskelvin.net



Design Example — Estimate Close Loop from Open Loop TF

* An example to estimate close loop Bode Plot of Open Loop System GH(s)
performa nce from open Ioop transfer Gm = 9.54 dB (at 2.24 rad/s), Pm = 72.6 deg (at 0.707 rads)
function 10}

gl
» Open Loop Transfer Function g
10 10 2-107
" Gplane(s) = (1s+1—2j)(s+1+2j) 5242545 Eu’_zo I
¢ Gcomp(s) =35 30l
* H(s)=1 w0
* GH(s) = Gplant(s) Gcomp(S)H(S)
5 -135 ¢
CloseLoop_Simulink ﬁ

® |[*a CloseLoop_Simulink % e

=
o 2251

@" Gcomp (S) Gplant (S)

-270 & ' .

E 1 1 -1 0 1

10/30] - = = > 10 10 10

- J__'@_. [ 15 T " eremaerey — Frequency (rad/s)

] Estimation of Close Loop Performance from GH(s) Bode Plot

- « DC Gain & o : Steady State Error = 0

L *  PMis 72.6° damping ratio is ~0.8 (from exact curve)

M «  From Gain/Phase crossover frequency, natural freq ~ 1 rad/s

kskelvin.net



Design Example — Close Loop Performance

* Close Loop Transfer Function

e T(s) =

G(s)

1+G(s)H(S)

Close Loop System Response

Step Response

Amplitude

No steady state error
in step response

®

B < 13 ¥ A I ©

CloseLoop_Simulink

4 6 8 10 12
Time (seconds)

Pole-Zero Map

(seconds'1)

2

[*a] CloseLoop_Simulink

0w n

System: Gclose

-

(10730 - 1
5

—»

[10]

1

Pole : -0.827
Damping: 1
Overshoot (%): 0

h 4

h|s+l-1'j][s+l+2~j:n

System: Gclose

Pole : -0.586 + 1.92i

Damping: 0.292

Overshoot (%): 38.3

Frequency (rad/s). 2.01 | 3
J

Frequency (rad/s): 0.827 AXis (seconds™’)

Magnitude (dB)

Bode Diagram

10 107
Frequency (Hz)

CloseLoop_Simulink_equivalent_Command.m

kskelvin.net



Design Example — Close Loop Response with Increased | Gain

CloseLoop_Simulink

Close Loop System Response

@® |[*al CloseLoop_Simulink
Q Step Response Bode Diagram
. 141 20
1 1 kl \
= [W]'; e e (] 12 / "| 0 _7_7/\
| /\a —
| \ ~ m
= o A oememem——— B \
Changed from stoz N [ / \ 2 ., AN
== ° | .
& R goe I‘ \/ 2 \\
. = \ g 60
o Increase Gain of Integrator, E061 = N
reduced phase margin 0.4 |‘ -80 AN
Bode Diagram |‘
Gm = 3.52 dB (at 2.24 rad/s)| Pm = 33.8 deg (at 1.66 rad/s) [/ predicted 02 *108
50 ! j  —
Open Loop Bode Plot | Pm=338 represents o & ™~
) damping rate is just ~ ) — \
T Qe R ——— ~0.3 on Time (seconds) > .90 \
3 h ’ 2 Pole-Zero Ma z |
E : \-\_\ Ringing and 5 5 ; P 2 |
c H @ \
2 50 T~ 1 Overshoot can be & -nC“: -180 \
= H \"‘\\ @0 *
~ expected % \
-100 k = =2 Pt
3 270 o
S 3 2 -1 o 1 - 3 107 107 10° 10’
- E Real Axis (seconds'1) Frequency (Hz)
g
2
£
o -
Frequency (rad/s)
kskelvin.net
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Design Example — Close Loop Response to Unstable

®

e dEe

CloseLoop_Simulink

[*a] CloseLoop_Simulink

Magnitude (dB)

Phase (deg)

) - 1

—» (10

1
s+ 1=2%jlis+14+2%

Changed from i to %

h

E@

Further Increase Gain of
Integrator, Pm becomes -ve
Bode Diagram

Amplitude

Gm =-2.5 dB (at 2.24 rad/s) | Pm = -15.6 deg (at 2.53 rad/s)

Open Loob Bode Plot

As predicted, Pm is

Frequency (rad/s)

negative and close =,
-
e S 1 loop system unstable &
3
: ~_ =
-50 | ~_ £
~_ <
— 2
~ £
-100 =
-90 =
E
135
180 |
-225
-270
107 10°

Do N

Close Loop System Response

Step Response

=104

0 100 200 300 400
Time (seconds)
Pole-Zero Map
X
x
X
-3 -2 -1 0 1 2 3
Real Axis (semnds’1)

Magnitude (dB)

Phase (deg)

Bode Diagram

20

-20

-40

-60

-80

-100

-225

-270

-315

-360 —

-405

107

107 10°
Frequency (Hz)

CloseLoop_Simulink_equivalent_Command.m
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Appendix : System Stability for Close Loop Transfer Function

* Close Loop Transfer Function

. _ G(s)
T(s) = 1+G(s)H(S)
 Assume
. __numg __ numgy
G(s) = o and H(s) = donn

e num is numerator and den is denominator

* T(s) is stable

« if all its poles are in LHP, this represent roots of (1 + G(s)H(s)) =0
e 1+G(s)H(s) =0

. numg numy _ dengdeng+numgnumpy 0

deng dengy dengdengy
* dengdeny + numgnumy =0
+ Solve above equation and to verify if all roots are in LHP

kskelvin.net



Ch4 - PID and Loop Gain Measurement 7-18-2021




Understanding PID
Controller




Fundamental of PID Controller

* PID Standard form

Bode Diagram

s u(t) = Kye(t) + K; [ e(r)dr + Kg .
. w0 | +20dB/decade
* PID in Laplace form a
. _ K; _ Kqs®+Kps+K; g .
G.(s) =K, + -t K;s = : S
 Example to explain meaning of K, ot
K; and K; in PID format P
* K, =10=20 log,0(10) = 20dB g o L
o . 1 10 10 - y1(0HZ) 10 0
d ™ 21(105) :
W4 0dB =K_

kskelvin.net

PID_Bode.m



Simulink Close Loop Feedback Example with PID Controller

I

5

S +25+6

]

Gplant - Open Loop

PID(s)

5

£ +25+6

Gplant - Close Loop

Main  Initialization

Controller parameters

Source: |internal

Outp

Proportional (P): |20
Integral (I): |1*2*pi
Derivative (D): |1/0.1/2/pi

Gplant - Open Loop
Gplant - Close Loop

10

Close_Loop_withPID_Simulink.slx

kskelvin.net



Simulink Close Loop Feedback Example with PID Controller

Gplant (S)

||||||||||||||||||

Gpid (S)

o
oL _— 4
50
o | 1
. g w
8 g
5] 3
H E
g or 1 g o |
£ £
60 . . » . .
o i i

/ |

T

;;;;;;;;;;;;

| \Sring phase upiwith K, “ |
-180 - -90 i

—

* Plant  PID Controller
« K, =20

oooooooooooooooooo

2 .
3
2
g o | ]
g
w0 . . .
0
5 / ]
) 90 [
g ]
g | ,
Pm=52°
-180 L L L
! 10° 10! 10 2

* Open Loop GH(s)
* GH(s) = Gplant Gpid

Close_Loop_withPID.m

kskelvin.net



Simulink Close Loop Feedback Example with PID Controller

I

5

Overall Gain

S +25+6

Gplant - Open Loop

5

o2 +25+6

Gplant - Close Loop

Overall Gain Increase

Bode Plot of Gopen(s)
40
T

— -

/

N
>

Gain becomes 10

Gplant - Open Loop
Gplant - Close Loop

0dB crossover frequency increase, but Pm still +ve, therefore, natural frequency of close loop increase

10

Close_Loop_withPID_Simulink.slx

kskelvin.net



PID with Operational Amplifier Circuit

Proportional

. _ Zyg _ Rp2
* Gaingpamp = = _R_pl
° Kp = @
Rp1
* Integration
1 1
; _ _Zr _ _sCi _ _ CiR;
* Gaingpamp = T TR T TS

1

° K e
t CiR;

Differentiation

i Zr Ra
* Gaingpamp = =T = —C4Rys
sCq

* Kyg=C4Rq

In this example )
* Wioap = 2Tfioap = R = fioas = CR 159Hz

* Wgoas = 2Tfg0a8 = > fa0ap = s—— = 159Hz
C4qRa 2nCqRg

kskelvin.net
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Loop Gain
Measurement




Review Open Loop Transfer Function Definition

* Open Loop Transfer Function Definition Vi +

]

Verror
 Itis defined as cutting the feedback path as G(s)
* GH(s) =G(s)H(s) = GC(S)Gplant(S)H(S) Vig
: : T— H(s)
* When V¢ is break from the loop and AC test signal
is from V, )
¢ GH(s) = L= - acv‘” @ TS
vip
 If V;, 1s DC only and inject an AC to feedback path {Q_ Hes)

as test signal

* Verror = —Vf
Vout! Dout!
e GH(s) = Yout! _ _ Yout
error Vr

° |f H(S) = 1: Vout — Vout’ N N
¢ GH(S) = GC(S)Gplant(S) = Nvout — _vout

Verror Uf

!

Vout

VOUt




A Simple Close-Loop System

V(out)/V(error)

.ac dec 100 1 1e3
lib opamp.sub

V(out)/V(error)

This is to simulate a simple close-loop system with only an o o o Sapene)
Integrator as compensator. 0 ]
Open Loop Transfer Function is % = ﬁv"—“[ if feedback is open, | |
m error g . i
L : . Dout 1] 1000 1 1
which is equivalent to AC sweep from v;,, and to plot p 5 GHs) =
error . s 0.01s+2 -

For Transfer Function: e ‘

T .1 X g 1
T *10 H
__ 1000 _ __0.001s 00015401 __ 1 < ~
Ge(s) = B and Gy(s) = T 1o 1#1000001s+01) ~ 01542 g ) ]
i .1 0.0015+0.1
T *10 w | ‘ ‘ |
0.001s ‘

Frequency (Hz)

PID_CloseLoop_01_Std.asc and PID_CloseLoop_01_Std.m



Circuit and Simulink Relationship

.tran 0.2 startup
.ac dec 100 1 1e3

.lib opamp.sub

PID_CloseLoop_01_Std_Simulink

%[ PID_CloseLoop_01_Std_Simulink

V(out)

20ms 40ms 60ms 80ms 100ms 120ms 140ms 160ms 180ms 200ms;

PID_CloseLoop_01_Std_Simulink.slx kskelvin.net




Loop Gain Measurement Injection Technique (Idea Explanation)

.ac dec 100 1 1e3 V(out)/-V(feedback)

_lib opamp.sub

|ldea to measure open loop response without breaking close

loop
Add AC source between Vout and feedback of error amplifier
When Vin is DC signal, Terror = —Tfeeanack: therefore, cut the

loop and add ac distribute, can superposition a small signal ac
to feedback path to measure open loop transfer function

Vout

Sweep ac source and measure GH(s) = — =
Vfeedback

kskelvin.net

PID_CloseLoop_02_LoopGainMeas_ldea.asc



Loop Gain Measurement Injection Technique (Practical)

.ac dec 100 1 1e3
.lib opamp.sub

{out)/-V(feedback)

00m
L2 KilLllL21

L :

Vi Cursor 1
AC1 V(out)/V(feedback)
. . . . . Freq: 100Hz Mag: -12.346386dB
Injected ac signal need to be isolated as AC source is always GND in Phase: | 16235973
one end. An isolated transformer is required to isolate ac signal Group Delay 260702065

injection in practice.

A small resistor is added (for DC feedback path to close loop), it should
be low as compare to resistance in feedback compensation network

kskelvin.net

PID_CloseLoop_03_LoopGainMeas_Practice.asc



Loop Gain Measurement Injection Technique (@100Hz)

Om
L2 KiLlL21

S
SINE(D 0.1 100)

This example show a 100Hz small signal is injected into the loop
Simulate a transient response with v;, as a step input

v . 5 2
—_Pout . Gajn = —%eutl g Phase = ot

f’feedback |'7feedback| L_ﬁfeedback

ZLﬁout_L(_ﬁfeedback) 20ms 40ms 60ms 80ms 100ms 120ms 140ms 160ms 180ms 200ms

PID_CloseLoop_04_LoopGainMeas_Practice_Transient.asc kskelvin.net



Loop Gain Measurement Injection Technique (@100Hz)

100Hz : Ts=10ms

179ms 181ms 183ms 185ms 187ms 189ms 191ms 193ms

v
189.36ms

 Gain and Phase @ 100Hz

e Gain =

|Doutl

s
Gain = = = 0.2407
0.1292

« Gain = 201log;,(0.2407) = —12.37dB

 Phase = Lﬁout — L(_ﬁfeedback)

Assume 2(—Dfeeapack )as 0° reference
189.36ms—184.85ms

Phase = X 360° — 0Q°
10ms

Phase = —162.36°

o

Cursor 1
V{out)V(feedback)

Freq: 100Hz Mag: -12.346386dB @

Phase: -162.35973°

Group Delay: 460.70206)s

PID_CloseLoop_04_LoopGainMeas_Practice_Transient.asc
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Type | to lll Compensator Overview

Type |

ouT

GAIN (dB)

o

One pole at s=0

GAIN
-6dB/OCT
PHASE T
fo= 21C,R,

Type |l

-6dB/0CT

GAIN (dB)

-6dB/OCT

PHASE

zero

Type Il

2 poles

-6dB/OCT l

GAIN +6dB/OCV\—6dB/OCT

PHASE —

2 zeros
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Type | to lll : DC Steady State Condition

« Opamp basic formula : v, = v, , As Vg = Vggp

— Rp
REF FB R, +Rp in

« Structure of Type | to lll compensator includes
different amplifier and G.(s)

Vier -I:‘ | ouT
A _
IN q

R
Vin = AgVour -2 VREr = _BAHvout

R R1¥Rp
L+ 1) Vigr

* To calculate V,,;; = Ay (

R \RB
* To calculate Rg = ——

AQ VREF

IN C1

Rg ouT

" 4

— OUT
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Type | Compensator Using Opamp

 Transfer Function
Error amplifier in small signal, FB=V¢g , Ry is ignore
1

T(s)=—SL=_%2___1

Zi R1 SC2R1

« Refer to control block diagram, Type | compensator T(s)
include different amplifier and G (s)
T(s)

- _
IN q

« Therefore T(s) = —G(s) 2 G(s) =

1
SCle

 Bode
1

fo= 21CyR,

Cc2

ouT
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Type | Compensator - T(s) and G.(s) Relationship

Te(s)=-1000/s

Ge(s)=1000/ oede 1061 1%
Type I Compensator €2 et T (S )
Gplant(s)=1/(0.015+2)
feedback | R3
4 arl R2 out j 1000 N 1 . [:] I —1000 1
i g: : Yo g gl s 0.01s+2 s 0.01s+2
- m"10
1 Gc(s) Gplant1(s) T(s) Gplant2(s)

10ms 20ms 30ms 40ms &50ms 60ms 70ms 80ms 90ms 100ms]

Typel_CloseLoop_Transient.asc kskelvin.net




Loop Gain Measurement Injection Technique

.tran 0.1 startup
--------------------------------------------- . .acdec 100 1 1e3

.lib opamp.sub

V(out)/-V(feedback)

V(out)/-V(feedback)

AC1

Add AC source between Vout and feedback of error amplifier
When Vin is DC signal,
Sweep ac source and measure GH(s) = —

ﬁout

17'fee'dback
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Type Il Compensator Using Opamp

* Transfer Function

* Zi=Ry
1 1 1 1 1
’ Zf - E IRz + E T T T oSG T sC(sCiRp+D+sCy T
1 1 2
E R2+E sC1Rz+1 sC1Ry+1
SCiRy+1
S(S 61C2R2+(61+CZ))
SC1Ry+1
o T(S) — _Z_f __ s(sC1CaRa+(C1+Cp)) SC1Ry+1 _
Zj Ry S (s C1C2R1 Ry +(C1+C2)R1)
1 1
_ C1R2(5+C1R2) _ 1 (S+C1R2)
Ci1+Cy \ — sC-R C1+C>y
C1C2R1Ry s (S+—C1C2R2) 2R1 (S+C1C2R2)
1
° G (S) _ 1 (S+C1R2)
¢  SCaRy (s+ Cl+c2)
C1C2Ry

 Bode

1 1

. e
fO 2T C2R1
1 1
. e
f21 2T ClRZ

_ 1 C1+C
s
277:C1C2R2

Zy
C2
| |
IN 7 RO Il ct
--w»—| |-
R1 ~
:B _
Rp
VREF=—] +

ouT
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Type Ill Compensator Using Opamp

* Transfer Function

_ 1 _ 1 _ 1 _ 1 _ R1(563R3+1)
¢ Zl - Rl " R3 +; - 1 . 1 -1 | SC3 - SC3R3+1+SC3R1 - sC (R +R )+1
3 Rq IR3+% R1 sC3R3+1 R1(sC3R3+1) SR
3
« Zi= R +1= SC1Rp+1
F 7 sc, " T2 T sy T s(s CLCaRp+(C1HCR))
sC1Ry+1
. T(s) = _Zf _ s(sC1C2Ra+(C1+C2)) _  (5C1Rp+1)(sC3(R1+R3)+1) _
Zi _Ri1(sC3R3+1) R15(5C1CoRy+(C1+C5))(sC3R3+1)
sC3(R1+R3)+1
1 1 1 1 1 1 1 1
B C1C3R2(R1+R3)(5 - C1R2)(S y C3(R1+R3)) _ 1 (S ' cle)(s ' C3(R1+R3))
L C11Co L1 - R1R3 L C1tC2 L1
C1C2C3R1R2Rs S(STclcsz)(STc3R3) SCZ(R1+R3) (STclcsz)(STc3R3)
(54 ) (s )
c G.(s) = 1 C1Ry C3(R1+R3)
c _SC(R1R3) (LC1+C2)(L 1 )
2 R1+R3 "C1C3R; "C3R3

ouTt
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Type Ill Compensator in Texas Instrument SLVA633

|
z
C2 °R3
C20.161nF § g §
I [ .
A z Transfer Function G.(S)
C417nF  R5 50kOhm R1 2 g
'—’VV\(—‘ Bode Diagram
— L 1:C3
1 R2 8 2 ystem: Ge3 [T System: Gc3
-\ Nl | Frequency (Hz): 5.29e+03 Frequency (Hz): 1.99e+04
7 o Magnitude (dB): 0.267 Magnitude (dB): 0.273
oL o -

.
Vref 25V =

A
R4 150kOhm

Magnitude (dB)

 Calculated Frequency
* fo =30.138kHz .
* f =187.24Hz L
* fz2 =186.76Hz . | fzz’fz1 |
* fp1 = 19.958kHz o W wt e
* fp2 = 5.2953kHz

Phase (deg)

Frequency (Hz)

kskelvin.net
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Type lll Compensator in LTC3703 Datasheet

R2 10k C2 LTC3703
—==—¢—{ comp
C1 1000pF | 470pF
I
15k
gosk T YWV lnax
1%
A INV DF
0.1yF
RUN/SS
113k I_
R3 21000 1%
GND

—|_

 Calculated Frequency
* fo =3.3893MHz

* fz,1 = 15.915kHz
° sz = 639Hz
o fo1 = 49.778kHz

foz = 723.43kHz

Magnitude (dB)

N
S

Transfer Function G.(S)

Bode Diagram

L+ . ... System:Ge3

Magnitude (d

| Frequency (Hz

): 640

B): 6.53

System: Gc3
Frequency (Hz): 4.98e+04
Magnitude (dB): 10.8

\.

T
f pl f p2
System: Gc3
Frequency (Hz)
Magnitude (dB)
—
.:1
System: Gc3

Frequency (Hz): 1.52e+04
Magnitude (dB): 5.93

Typelll_Compensator_TI_Analog.m
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Type lll Compensator in LTC3703 Datasheet

LTspice AC Sweep can be used to plot Bode Plot

Transfer Function G.(S)
c2 V(out)/-V(feedback)

V(out)/-V(feedback)

feedback

AC1 lib opamp.sub . |
.acdec 1001 1Meg T roomz 1KHz ToRHz | 100KHz | iWHz

Typelll_Compensator_Bode.asc kskelvin.net



Calculate Type lll R & C from f,4, f72, fp1: fp2: Ry @and R,

* User Input Parameters
ler szr fpl and pr

* R;andR,
 Basic Formula for Type 1 Compensator
.f:_ f 1f ;f:iﬂf_il
0" 2mg, (RRl1+RRB3) Z1 = 3nCiRy ' 172 T 2n G (Ri+Rs) P T 2w ciCoR, ' TP2 T 2m CaRs
Calculation
* Put R, to calculate 63 and R
* Byegnfp, (3= an and egn fyo Ry = an;CB — R, can calculate Ry = an;CB — an;cg = 2;3 (i — fp%)
. o=t (r_2
37 2nR, <fzz B fp_2>
. __ 1
5 2mfp2Cs

* Put R, to calculate C; and C,
© Byegnfu (=
© Byeqgnfp G =

27fleR21

R2(2nfp1—T1Rz)
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Calculate Type lll R & C from f,1, f72, fp1: fp2: fo and Ry

* User Input Parameters
y fz1: fz2: fo1 and fp2

* fo : higher this vaIue overall gain becomes higher

* Basic Formula for Type llI Compensator
1 C1+G 11

fo = ECZ(R1R3) = 2 CiRy ' 772 T 2m C3(Ry+R3) fp1 = 27 C,C4R, ' fp2 = 27 C3R3
R1+R3

« Calculation
* Put R, to calculate C5 and R4

, 1T 1 _ 1 1 1 (1 1
By egn fpzl.C31 - ]%R andegn f;; Ry = T FCa R; , can calculate R1_2nf22c3 Tty 276, (fzz fp2>

« DCi=—|———

2Ry \f22 fpf
. By eqn fpz R3 —Zﬂfp2C3
* Put f; to calculate ¢; and R,
* Byegnfy: (= Z”W

Ritfac
* Byeanfp1 i fp1 = 2ncl—2

- S0 =(2-1)c

fai .
* Byeanf; iRy, =

for _ Ci1+Cy

can calculate &=
1 G

= 2mfz1C1

21f71C1
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Typelll_Compensator_Calculator.m

| Typelll_Compensator_Calculatorm

il=
2=
gl=

10 —
11 -
1z
13
14
15
16

[+

clc;
close all;
clear all;

%% Input Parameters

ButtonName = questdlg('Input Parameters?', ...

'Question', ...
'fzl,fz2, fpl, fp2,R1, 0",
switch ButtonName

'fzl,fz2, fpl, fp2,R1,

case 'fzl,fz2,fpl,fp2,R1,£0"

prompt={

"frequency of 1st zero (fzl) [Hz]:'
"frequency of 2nd zero (fz2) [Hz]:'
"frequency of 1st pole (fpl) [Hz]:'

'frequency of 2nd pole (fp2) [Hz]l:'

'R1 [ochms]:'

4L — X

frequency of 1st zero (fz1) [Hz]:

—| frequency of 2nd zero (fz2) [Hz]:

1e3

frequency of 1st pole {fp1) [Hz]:
10e3

frequency of 2nd pole (fp2) [Hz]:
50e3

R1 [ehms]:
10e3

frequency f0 [Hz]:

4.5e6

Cancel

R1,f0"):

Bode Diagram

sgo@an

Magnitude (dB)
B
o

20

or

-45

Phase (deg)

—

~_|

-90
10°

10! 10%

10* 10°

107
Frequency (Hz)

108

-« - X

Type Il Compensator Opamp R and C Value
R1 = 100000hms
R2 = 100000chms
R3 = 204 08160hms
C1 = 1.5915e-09F
C2 = 1.7684e-10F
C3 = 1.5597e-08F

poles and zeros frequency
f0 =4500000Hz
fz1=1000Hz
fz2 = 1000Hz
fp1 = 10000Hz
p2 = 50000Hz

* A matlab script Typelll_Compensator_Calculator.m is written to help
engineer compute resistors and capacitors value to achieved desired type Il
compensator bode response

Typelll_Compensator_Calculator.m



Loop Gain
Measurement with
Type lll Compensator




Loop Gain Measurement Injection Technique

V(ctrl)/-V(feedback)

1] i .ac dec 100 1 1e6

R3c C3c Rac ' cic| | e e Ge(s)
' Alib opamp.sub Compare to next slide,

same Bode response

i| 833 1.9n
feedback Ric

20k

Compare to chapter 4, an ac small signal test signal can be
used to identify system transfer function

Vout

GH(s) = ———
vfeedback

10Hz 100Hz 1KHz 10KHz 100KHz

kskelvin.net
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Type Il Compensator Calculated by Matlab

ouT

Bode Diagram

Magnitude (dB)
B (=2} o]
=] =] =

%]
(=}
T

Phase (deg)

10"

102

10°
Frequency (Hz)

10*

4 — x

Type Il Compensator Opamp R and C Value
R1 = 200000hms
R2 = 375000hms
R3 = 833.33330hms
C1=1.061e-09F
C2=4421e-11F
C3=1.9099e-09F

poles and zeros frequency
f0 = 4500000Hz
fz1 = 4000Hz
fz2 = 4000Hz
fp1 = 100000Hz
fp2 = 100000Hz
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Transient Response Simulation

o W R
f"e"b“'“é Pé}fg}n—‘ in '37&1!1_' 152 5 . o

: EMMH il S [Jl|[|l'i1'Ir*l|l'il'l|1.'il'lil’|l'li'l|l'I\'Iil’Il'J\'f|l'i\'I|‘lll'lI'l|l'l\'l|l'I1'l'I'f|l'I\'1|1'Il"I'J|l'Il']|‘]I\"Il'lll‘I'J|l'|l"l“ll'h“ll’il"lvl]|‘W|l'ﬂ|h“|)I““ﬂ"llhwl““’“‘l"’“ﬂlWMi"’“'\lmm")WWI’
feedllack% Y R?"r' l ; S o -l When gain is slightly larger than Gain margin

. (35.26dB), Vout starts oscillation

0.0ms 0.2ms 0.4ms 0.6ms 0.8ms 1.0ms 1.2ms 1.4ms 1.6ms 1.8ms 2.0ms|
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