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Control Theory and stability criteria

Plant Transfer Function

Compensator Design

Practical Loop Measurement
= Bode plots using the oscilloscope

= Time domain Transient Response
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CONTROL THEORY
AND STABILITY
CRITERIA




BASICS OF CONTROL THEORY |
= Up(s): Reference voltage = setpoint

Open / Close loop transfer function = Ug,(s): Error voltage = Error
= Ugompls): Control voltage = system input

. __ Output (s)
transfer function (s) = Input (s) = Up,ls): Output voltage = system output
£ lif P = Gc(s): Transfer function of the
rror amplifier ower stage compensator
4 ) 4 ) = Gp(s): Transfer function of the plant
Ug, (s) Ucomp(S) i
UR f(S) . + : Err GC(S) Comp R GP(S) r >l (S) target/actual comparison +. .
e X Eror Control Out compensator = Error amplifier

Reference -| voltage (Compensator) | |\oltage (Plant) Output
voltage \ j \ ) voltage

GOL(S) = UOu—t(S) — GC(S) ) GP (S)

Ugrr(s)
— — » Open loop transfer function

GCL(S) — UOut(S) _ GOL(S)

Uget(s)  1+GoL(s)
» Closed loop transfer function

Closed Loop / Block-diagram
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BASICS OF CONTROL THEORY
Identify stability on an open loop bode plot

= Cross over frequency (bandwidth) - f, 50dB : -80°
= Frequency at which the gain crosses 0dB (,1")
= Usually a maximum of 1/10th of the switching
frequency is desired
= Higher cross over frequency - Faster transient
response 20dB-

40dB- Rk .

30dB-

= Phase margin - @y 1048+
= Phase left to -180° when the gain reaches 0dB
= Should be = 45°(60° preferred)
= Lower phase margin - more oscillating in transient 1048
response (load step)

0odB

-zodB T T T T T T L) I T T T T T T L) I T T T T T T L) -2200
100Hz 1kHz 10kHz 100kHz

= Gain margin - Gy
* Gain below 0dB when the phase reaches -180° (,-") — solid = gain (dB) Go, (s)
. . .+-« dotted = phase (°)
= 10-15dBis considered good
= Gain margin too low = low variation robustness -
oscillations could be the result Typical bode plot — Open loop
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IMPACT OF PHASE MARGIN

Simulation — Buck Demo Board with various compensators

V(out)
5.03V . -
] ]
] ]
] ]
] ]
5.02V i rising phase margin
] . .
i = less ringing
5.01V- -
s.oov -----------------
4.99V i
' Maximum :
voltage drop i
498V depends P
slightly on i
497V PMm 1 ;
1 1 ~ . —
: AT ] f.= T 20kHz
] ]
4.96V | | L S | | | | |
Ops 50ps 100ps 150ps 200ps 250ps 300ps 350ps 400ps 450ps 500ps
—_— Py=15° = @y=60°
— ¢y=30°=— @u=75°
— (pM=90°

Load step response: f,, 1A 2 2A /Y ,=19V
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V(out)/V(inj
70dB - (outh\ J.) : 105°
) e
60dB _| Mo e, i ............................. | 90
L]
50dB - T o L 75°
A S
40dB - Beeennis . 60°
P
30dB - ’ "L a5°
H
20dB | [ S . 30°
L
' ----------
10dB S, L 15°
- R AT SR PR 0°
0dB N (-180°)
1
~10dB] f=20kHz i | 150
1
-20dB] i —-30°
1
-30dB T T T IIIIII T T T IIIIII ; T T LI -k5°
100Hz 1kHz 10kHz 100kHz
= solid = gain (dB) GOL (S) —_— Py=15° == @Py=60°
..+« dotted = phase (°) — Py=30° == @y=75°
— (pM:90o

Bode plot - Open loop: /=2A /Y,=19V



IMPACT OF CROSSOVER FREQUENCY

Simulation — Buck Demo Board with various compensators

5.01V V(out) 70dB _ V(out)/V(inj) 105°
5.00V 60dB— -k 90°
l.llllllllll.lllllll SOdB— _75
4.99V
40dB - - 60°
| rising crossover frequency
498V 30dB | ‘1 a5°
4,97V 20dB - L 30°
.~ ) 10dB k15e
4.96V+ ~63mV - Can we estimate the voltage drop? o
odB (-180°)
4,95V !
-10dB [ -15°
4,96V ' -20dB E i i \_ -30°
L
A'QB‘I I I I I I I I I I -30dp T T T T T LI} I T T T T T LI ; ! ! T T T LI I | -['50
Ops 50ps 100ps 150ps 200ps 250ps 300ps 350ps 400ps 450ps 500ps 100Hz 1kHz 10kHz 100kHz
= f,=10kHz = solid = gain (dB) Go|_ (S) = f,=10kHz
= f=20kHz ++++ dotted = phase (°) = f»=20kHz
= f,=30kHz = f,=30kHz
Load step response: f,, 1A 2 2A /Y ,=19V Bode plot - Open loop: /=2A /Y,=19V
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PLANT TRANSFER
FUNCTION




TRANSFER FUNCTION OF THE PLANT
What does it depend on?

» The plant transfer function depends on:
= Control technique (e.g. voltage- / current-mode control)
= Topology of the converter (e.g. buck, boost)
= (Conduction mode (DCM — discontinuous conduction mode, CCM — continuous conduction mode)
= Controller IC (internal gains, compensation ramp)
= Components used (capacitors, inductors, power semiconductors )
* |nput- and output-voltage
= |Load
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TRANSFER FUNCTION OF THE PLANT oremmios

14, 15,16

Inductor

e —

Buck Demo Board

Vin

General Specification

= DC/DC Buck Converter
= oltage Mode control

Output Capacitors:
J14,)15, )18, J16, J17

= (M
= |/ =9-26V
= |/, =5V
. /out max — 2A | Switching
. Pout,max = 10W signal
= f.,=285kHz — 1.52MHz
Vout
B2 X AL 3 IS — —
= |nductor: 10pH/3A WE-LHMI 3 - = R Pover - Injection signal
74437346100 Soft Start i
i | - o0 ) Loop compensation:
ELEKTRONIK . . _
= Control IC: A7987 ST Micro WE MORE Tl o L: ] 110,111, 12

DEMONSTRATION BOARD

PN: 600006
Rotary Switch Switching Frequency in kHz V2022.4
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c18 c19 C22

TRANSFER FUNCTION OF THE PLANT o8 e 2
REDEXPERT | /CAP-CSGP WCAP-CSGP WCAP-PHGP

X7R 0805 X5R 1206 H-Chip Polymer

1HF 50V 1OHF 25V ZZOHF 6.3V
ESR @ 20kHz 45mM() 22m() 5mQ

Schematic and setup - Buck Demo Board

R1&4

Cout eq = C18 + C19 + €22 = 227.5pF

LED—GRM

D4 100k

[ Lz 10uH/3A LHMI - 74437346100) considering DC Bias effect
P 2N7002 L /
Jumper_Gnd_Open a1 -
—1—0’_\‘ OpnCollector = MIN. LOAD RESR—eq ~ zomn at ZOkHZ &
o 37 5y Low=OutafReg considering jumper resistance, etc.
- O———(EGND| oo 3 END GND
UL [EGHD)—
= A7987 :
DL L GND - s |
3A, L0V 2204 e ,“_Bﬁ;‘ 1 N\ AAAY ‘ y .
'v'inl‘ e e I I t § :: Bo0s 118 100nF ) e a N P —m— [ o0
1 aSaps B Jursclurs &l yer Lx jﬁ I ! A ° ° —
: b2 .J_—.u .1_T—.’5 lc3 cs ch 50 L i - 4 . UOut - 5V
= < —— 6 s 9 0.V ) 7 3
U =19V = ST TR TETR (TR 5 Joe = 24
5 TV P T S
50V GNDS S T oM
e T ' i — ii ' Rioaq = 2,50

- AN k)
N [ole) [] !
47 INJ2
Injection
compL © i G
Soft Start 0.8V 50A Enable : it GND y Resistor GND

GND
43 ¢
i' . . 0.3-0.9 <
A B R3 JPg eND
P2 P3 [l:lic'c'k o [
11ms 20ms 4ms LY aa— B C
i RIU. & JPLD Jr11 JPi2
_ 29k4 2
c2 c4 I R4
47nF 100nF 22nF k15 _
L R11 R13 CZ . (16 R19
10k 2k55 Py o 4k32
. ( ~ N — 11 - 15 | TN
GNDS GNDS GHDS GNDS GNDS o irent Limit —_ G —_— 5
10 C14 R16 RZ0

—|_-".7-nF TIOnF 82R B25R
fow = 510kHz |

Compensation Type Il 47

switch position 2
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TRANSFER FUNCTION OF THE PLANT

Evaluate the transfer function

Open Measure

LOOP

Compare Evaluate

= How?
= |C datasheet
= Mathematical modeling (MATLAB, Mathcad, etc.)
= Simulation (average model of the plant)
= Measurements (used this presentation)
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TRANSFER FUNCTION OF THE PLANT

Plant transfer function - model accuracy

S
1+ o
Z,ESR
Gp(s) = Apwm 5
14— 42
Qo wo = wo?
= simplified transfer function = more detailed transfer function
. . . _ _ = LCdouble pole (complex conjugate pole)
= Plant (in CCM) is basically a second-order response (like a LC-filter) ) . rad
_ > wg = = ~ 20,882 - 103 —
= LCdouble pole (complex conjugate pole) JL-COut-(1+ LESID \/10uH'227:5uF-(1+220$10) s
oa ’
1 _ 1 _ - fo = 3,325kHz
> ~ JiCou COut = fo= 2n-JLCout fo= 2m-[100H 227,50F 3,338kHz =  ESR-zero:
1 1
e v L T —,
1
> Jfresr = 2 20m0227 50F 34,997kHz
= Quality of the LC double pole:
_ Rioad _ _ 250 = Quality of the LC double pole:

~ 11.92 1

10uH ’ —
w’com \I2275uF > Qo = L RESR
wo{ =L—+C ~(R +(1+ )R )
0 RLoad Out ESR RLoad Ldc

1

~ 1,86

. grad (10pH 20maQ
20,88-1037% (259 +227,50F (20mﬂ+(1+ o0)-75ma)

As in real life, quality makes the difference!
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TRANSFER FUNCTION OF THE PLANT

Bode plot - calculation and measurement (model accuracy)

The model accuracy depends heavily on

the

14 |

parasitics included

Red: Simplified transfer function V(out)/V/(comp) °
, 60dB —— : 20
(Laplace transform) from the slide / :f !
before 50dB IETIIr Ittt e e et e e e ! 0\ E 0°
............. RN 1) . I
Yellow: Transfer function (Laplace sodB4 el e / 1./;\ Desired i -20°
transform) including the damping i 21\ f=20kHz |
effect and the natural frequency shift 30dB — i i \ : -40°
of the double pole due the ESR and L~ frEsk .
DCR (inductor) 20dB o | : -60
Grey: Measurement of the plant 10dB % -80°
: : b
tran_sfer function using RTA4000 odB k- -100°
Oscilloscope. \ t. -
[
o : -10dB S — -120°
The quality is strongly influenced by 0d \ £ 0
the parasitic resistances simulated -20dB - . ) i -140°
= solid = gain (dB) \ e .
_ o 15
If you start from the simplification, you  _3048 """ nggﬁfe(‘j Ehé‘;ilflgted kY -160°
get an overcompensated control loop — grey - Veasured \ i /-
-40dB — T T T '180°
;’he ESL has an effect at higher 100Hz 1kHz 10kHz 100kHz
requencies
Gy (s)
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TRANSFER FUNCTION OF THE PLANT

Frequency response measurement - Bode plot

= A smallinjection resistor is inserted Un o
into the feedback voltage divider In LYT

Ucomp PWM — Cout

comparator

UOut

» Theinjection resistance is small
compared to the series resistance
of R1 (4,32kQ) and R2 (8250)

> The test signal (sinusoidal U(%.t
frequency sweep) is fed in via the feedback
injection resistor with an injection Clock

transformer 1:1 Iniecti
jection 0SC M
transformer | \

= The oscilloscope plots the gain and
the phase by measuring the signal sawtooth [~ CH1
input/output ratio at each test
frequency

Transfer function
» Depending on which input/output

ratio is evaluated, the plant, Plant G, (s)
compensator or open loop
transfer function can be Compensator G (s) Uy Ucomp

determined Open loop Go, (s) Uy

S Oscilloscope

UComp UOut

UOut
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TRANSFER FUNCTION OF THE PLANT
Frequency response measurement — Bode plot with RTA4004-K36 (Rohde&Schwarz)

RTA4004; 1335.7700K04; 101217 (01.700 2021-11-11)

O 0T Q@ w & . Y
Riickgangig  Laschen Zoom FFT Markieren - T'T
%  Start: 100 Hz Stopp: 100 kHz Points: 100 Pts/ Gen.: Nl £ Ampl.Profil —
40 dB N o 200 ®
Gain (dB) Phase (°)
- 20 dB 150 ]
: b 100
e 50
b Y- -t ! s
= e Y, | 10 B o
-0 e encey __Injection level——}
71 > ATV > iz > iz
. power source g —
g} F —G0 dB 1kHz 10kHz -250 °)
4 (10mF/25V K >
G . Bode-Diagramm: Eingang = C1, Ausgang = C2
% capacltor) 5 R Index Frequency Gain Phase Amplitude
3= J e 2 102.33Hz 27.02dB -1.80° 2vpp
‘1\ o S— et ' Marker Frequenz Verstirkung Phase
: ; Z'SQ resistive 1 15.8 kHz 0.03 451,44 ° > (:) S ¥ 72 X
|nJect|0n ‘ * & 2 100 kHz 2819 dB a11.9° :
7 LO ad A (1_,2) 84.2 kHz 28.21 dB 39,53 ° Eingang Ausgang Start  Wiederh. Zuriicks. Einstell. Help Yerlassen
>, ; i T50mY
* transformer ) T
. : o s &N Bmip 6.dmy N IE c 10 g/ 50 ¢
11 1
B £, 73 oy S P
o ) *The injection level must be
*An resistive load is mandatory for frequency chosen carefully:
Test setu P response analysis because a controlled electronic Measurement Too big: wrong result
load affects the measurement (not the small signal behaviour)

Too small: bad SNR (noisy)
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COMPENSATOR
DESIGN
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COMPENSATOR DESIGN

Type Il - Compensator

C Uout Typel lll
= 1 pole of origin (integrator) o s (H s ).(P s )
= High gain at low frequencies = = [Ge = ()220
R2 1 . I
» Small static error o ——|— (1T(UP1) (1'wp2)
= UComp
= 2 poles & 2 zeros ER" Ure —>— = Typelll:
1
> W71 = g
= (Gain and phase at crossover N > wo. = 1
frequency can be affected . 227 C2-(R1+ R3)
1
> Wpo = R1-(C1+C3)
= Phase boost up to 180° . _(c14C3)
» Due 2 zeros ©“P1 = Rzoc1-c3
> Suitable for voltage mode al > wpy = R;Cz
+90°
= Commonly used for voltage mode 92 K
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COMPENSATOR DESIGN

_ _ . * *Based on the plant transfer function
Type Il - Compensator - Design example of the Buck Demo Board

]
.

= Compensator A (R1=4,33kQ; R2=10kQ; R3=820Q; C1=4,7nF; C2=4,7nF; C3=3.3nF) s fowd SRR

R1 4.33E+03 4.33E+03 4.33E+03
= Compensator B (R1=4,33kQ; R2=2.55kQ; R3=820Q; C1=10nF; C2=4,7nF; C3=1.5nF)* R2 1.00E+04 2556403  2.55E+03
R3 8.20E+01 8.20E+01 8.20E+01
= Compensator B + C (R1=4,33kQ; R2=2.55k(; R3=82Q; C1=10nF; C2=9,4nF; (3=1.5nF) _ 470505 J
C2 4.70E-09 4.70E-09 9.40E-09
Comp A Comp B Comp B+C C3 3.30E-09 1.50E-09 1.50E-09

fz1 3387.99 6244.54 6244.54

fz2 7679.04 7679.04 3839.52

fp0 4596.87 3197.82 3197.82

fp1 8213.32 47874.78 47874.78

fp2 413169.87 413169.87 206584.94

= Different locations for poles and zeros result in different open loop characteristics.
= Optimized performance going from compensator A -> B -> B+C,
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Compensator and plant

Compensator A Compensator B Compensator B + C
30dB V(comp)/\V(inj) \/(comp)/V(inj) \/(comp)/V(inj) 230°
25dB— -210°
200B- T oo
15dB— -170°
Pe.e

10dB ~150°

5dB ~130°

0dB 110°

(-90°)
-5dB 90°
T T T T T LI I T T LI I T T T T T T LI )
100Hz 1kHz 10kHz Y 100kHz

- 50lid = gain (dB)
-+« dotted = phase (°)

= coloured = Measured

G (s)

Desired Crossover

Bode plot — Compensator X
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30dB e Vlout)/\icomp) 0°
woaed e - -20°
10dB - - L -40°
0dB -60°
-10dB- —- -80°
-20dB --100°
-30dB— < F-120°
-40dB— --140°
-50dB ——r Ty ——— ——1-160°
100Hz 1kHz 10kHz 100kHz
— solid = gain (dB) G, (s)
«++« dotted = phase (°)
= black = Measured

Bode plot — Plant: 4, ,=2A /{,=19V



PRACTICAL LOOP
MEASUREMENTS
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