
LOOP COMPENSATION – BUCK 
CONVERTER DESIGN AND 
MEASUREMENTS
Robert Schillinger Field Application Engineer

Mohamed AlAlami Senior Field Application Engineer



2

▪ 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
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BASICS OF CONTROL THEORY

𝑮𝐎𝐋 𝒔 =
𝑼𝐎𝐮𝐭 𝒔

𝑼𝑬𝒓𝒓 𝒔
= 𝑮𝐂 𝒔 ∙ 𝑮𝐏 (𝐬)

➢ Open loop transfer function

𝑮𝐂𝐋(𝒔) =
𝑼𝐎𝐮𝐭(𝒔)

𝑼𝐑𝐞𝐟(𝒔)
=

𝑮𝐎𝐋(𝒔)

𝟏+𝑮𝐎𝐋(𝒔)
➢ Closed loop transfer function

Closed Loop / Block-diagram

Open / Close loop transfer function
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UOut(s)
Output 
voltage

GP(s)
(Plant)

GC(s)
(Compensator)

URef(s)
Reference 
voltage

+
-

Error amplifier

UErr(s)
Error 
voltage

Power stage

transfer function s =
Output (s)

Input (s)

UComp(s)
Control 
voltage

▪ URef(s): Reference voltage = setpoint
▪ UErr(s): Error voltage = Error
▪ UComp(s): Control voltage = system input

▪ UOut(s): Output voltage = system output

▪ GC(s): Transfer function of the
compensator

▪ GP(s): Transfer function of the plant

▪ target/actual comparison + 
compensator =  Error amplifier
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BASICS OF CONTROL THEORY

▪ Cross over frequency (bandwidth) - fx
▪ 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 

▪ Phase margin - 𝝋𝐌
▪ Phase left to -180° when the gain reaches 0dB
▪ Should be ≥ 45°(60° preferred)
▪ Lower phase margin →more oscillating in transient 

response (load step)

▪ Gain margin - 𝑮𝐌
▪ Gain below 0dB when the phase reaches -180° („-”)
▪ 10-15dB is considered good
▪ Gain margin too low → low variation robustness →

oscillations could be the result Typical bode plot – Open loop 

Identify stability on an open loop bode plot
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100Hz 1kHz 10kHz 100kHz
-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

-220°

-200°

-180°
(0°)

-160°

-140°

-120°

-100°

-80°

fx≈ 𝟏𝟎𝒌𝑯𝒛

𝝋𝐌 ≈ 𝟖𝟓°

𝑮𝐌 ≈ 𝟖𝒅𝑩

solid = gain (dB)
dotted = phase (°)

GOL (s)
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IMPACT OF PHASE MARGIN

Load step response: IOut 1A → 2A /UIn=19V Bode plot - Open loop:  IOut=2A /UIn=19V

Simulation – Buck Demo Board with various compensators
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𝝋𝐌=15°
𝝋𝐌=30°
𝝋𝐌=45°

𝝋𝐌=60°
𝝋𝐌=75°
𝝋𝐌=90°

𝝋𝐌=15°
𝝋𝐌=30°
𝝋𝐌=45°

𝝋𝐌=60°
𝝋𝐌=75°
𝝋𝐌=90°

solid = gain (dB)
dotted = phase (°)

GOL (s)
100Hz 1kHz 10kHz 100kHz

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

60dB

70dB

-45°

-30°

-15°

15°

30°

45°

60°

75°

90°

105°
V(out)/V(inj)

fx= 𝟐𝟎𝒌𝑯𝒛

𝝋𝐌

rising phase margin

0°
(-180°) 

0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs
4.96V

4.97V

4.98V

4.99V

5.00V

5.01V

5.02V

5.03V
V(out)

∆T fx ≈
𝟏

∆𝑻
= 𝟐𝟎𝒌𝑯𝒛

rising phase margin
= less ringing

Maximum 
voltage drop
depends
slightly on 
𝝋𝐌
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IMPACT OF CROSSOVER FREQUENCY

Load step response: IOut 1A → 2A /UIn=19V Bode plot - Open loop:  IOut=2A /UIn=19V

Simulation – Buck Demo Board with various compensators
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solid = gain (dB)
dotted = phase (°)

𝒇𝒙=10kHz
𝒇𝒙=20kHz
𝒇𝒙=30kHz

𝒇𝒙=10kHz
𝒇𝒙=20kHz
𝒇𝒙=30kHz

GOL (s)
0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs

4.93V

4.94V

4.95V

4.96V

4.97V

4.98V

4.99V

5.00V

5.01V
V(out)

rising crossover frequency

100Hz 1kHz 10kHz 100kHz
-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

60dB

70dB

-45°

-30°

-15°

15°

30°

45°

60°

75°

90°

105°V(out)/V(inj)

𝝋𝐌 = 𝟔𝟎°

rising crossover frequency

0°
(-180°) 

63mV - Can we estimate the voltage drop?



8

PLANT TRANSFER 
FUNCTION
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➢ 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 )
▪ Input- and output-voltage
▪ Load

What does it depend on?
TRANSFER FUNCTION OF THE PLANT
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General Specification
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J3
Soft Start

Rotary Switch

Inductor

Output Capacitors: 
J14, J15, J18, J16, J17

Input Capacitors: 
J4, J5, J6

Loop compensation:
J10, J11, J12

Vout

Compensation pin
Switching 

signal

FB

Vout

Injection signal

Vin

▪ DC/DC Buck Converter 
▪ Voltage Mode control
▪ CCM
▪ Vin = 9-26V
▪ Vout = 5V
▪ Iout,max = 2A 
▪ Pout,max = 10W
▪ fsw = 285kHz – 1.52MHz

▪ Inductor: 10µH/3A WE-LHMI 
74437346100  

▪ Control IC: A7987 ST Micro

Buck Demo Board
TRANSFER FUNCTION OF THE PLANT
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TRANSFER FUNCTION OF THE PLANT
Schematic and setup - Buck Demo Board
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𝑈In = 19𝑉

𝑅Load = 2,5Ω
𝐼Out = 2𝐴
𝑈Out = 5𝑉

𝑓Sw = 510𝑘𝐻𝑧

L: 10µH/3A LHMI - 74437346100

switch position 2

885012207103
WCAP-CSGP 

X7R 0805
1µF 50V

885012108021
WCAP-CSGP 

X5R 1206
10µF 25V

875015119006
WCAP-PHGP 

H-Chip Polymer
220µF 6.3V

45mΩ 22mΩ 5mΩ

C18 C19 C22

𝐶Out_eq = 𝐶18 + 𝐶19 + 𝐶22 = 227.5µF 
considering DC Bias effect

RESR_eq ≈ 20mΩ at 20kHz & 
considering jumper resistance, etc.

𝐸𝑆𝑅 @ 20𝑘𝐻𝑧 

REDEXPERT
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▪ How?
▪ IC datasheet
▪ Mathematical modeling (MATLAB, Mathcad, etc.)
▪ Simulation (average model of the plant)
▪ Measurements (used this presentation)

Evaluate the transfer function
TRANSFER FUNCTION OF THE PLANT
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Measure

Evaluate

Tune

Compare

Open

LOOP
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TRANSFER FUNCTION OF THE PLANT

▪ simplified transfer function
▪ Plant (in CCM) is basically a second-order response (like a LC-filter)
▪ LC double pole (complex conjugate pole) 

➢ 𝜔0 =
1

𝐿∙COut
→ 𝑓0 =

1

2𝜋∙ 𝐿∙COut
→ 𝑓0 =

1

2𝜋∙ 10µ𝐻∙227,5µ𝐹
≈ 𝟑, 𝟑𝟑𝟖𝒌𝑯𝒛

▪ Quality of the LC double pole:

➢ 𝑄0 =
𝑅Load

𝐿

𝐶Out

=
2,5Ω

10µ𝐻

227.5µ𝐹

≈ 𝟏𝟏. 𝟗𝟐

𝐺P 𝑠 = 𝐴PWM ∙

1 +
𝑠

𝜔Z,ESR

1 +
𝑠

𝑄0 ∙ 𝜔0
+

𝑠2

𝜔0
2

▪ more detailed transfer function
▪ LC double pole (complex conjugate pole) 
➢ 𝜔0 =

1

𝐿∙COut∙ 1+
𝑅ESR

𝑅Load

=
1

10µ𝐻∙227,5µ𝐹∙ 1+
20𝑚Ω

2,5Ω

≈ 20,882 ∙ 103 𝑟𝑎𝑑

𝑠

→ 𝑓0 ≈ 𝟑, 𝟑𝟐𝟓𝐤𝐇𝐳

▪ ESR-zero:
➢ 𝜔Z,ESR =

1

𝑅ESR∙𝐶Out
→ 𝑓Z,ESR =

1

2𝜋∙𝑅ESR∙𝐶Out

➢ 𝑓Z,ESR =
1

2𝜋∙20𝑚Ω∙227,5µ𝐹
≈ 𝟑𝟒, 𝟗𝟗𝟕𝒌𝑯𝒛

▪ Quality of the LC double pole:
➢ 𝑄0 =

1

𝜔0∙
𝐿

𝑅Load
+ COut∙ 𝑅ESR+ 1+

𝑅ESR
𝑅Load

∙𝑅Ldc

=

1

20,88∙103𝑟𝑎𝑑

𝑠
∙

10µ𝐻

2,5Ω
+227,5µ𝐹∙ 20𝑚Ω+ 1+

20𝑚Ω

2,5Ω
∙75𝑚Ω

≈ 𝟏, 𝟖𝟔

Plant transfer function - model accuracy

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

▪ The model accuracy depends heavily on 
the parasitics included

▪ Red: Simplified transfer function 
(Laplace transform) from the slide 
before 

▪ Yellow: Transfer function (Laplace 
transform) including the damping 
effect and the natural frequency shift 
of the double pole due the ESR and 
DCR (inductor) 

▪ Grey: Measurement of the plant 
transfer function using RTA4000 
Oscilloscope. 

➢ The quality is strongly influenced by 
the parasitic resistances simulated

➢ If you start from the simplification, you 
get an overcompensated control loop 

➢ The ESL has an effect at higher 
frequencies

Bode plot – calculation and measurement (model accuracy)
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100Hz 1kHz 10kHz 100kHz
-40dB

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

60dB

-180°

-160°

-140°

-120°

-100°

-80°

-60°

-40°

-20°

0°

20°V(out)/V(comp)

𝒇𝐙,𝑬𝑺𝑹

gray = measured
coloured = Calculated

solid = gain (dB)
dotted = phase (°)

grey = Measured

Desired
fx=20kHz

Gf,x≈-4dB

GP (s)

𝝋𝐟,𝐱 ?

𝒇𝒐
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TRANSFER FUNCTION OF THE PLANT

▪ A small injection resistor is inserted 
into the feedback voltage divider
➢ The injection resistance is small 

compared to the series resistance 
of R1 (4,32kΩ) and R2 (825Ω)

➢ The test signal (sinusoidal 
frequency sweep) is fed in via the 
injection resistor with an injection 
transformer

▪ The oscilloscope plots the gain and 
the phase by measuring the signal 
input/output ratio at each test 
frequency 
➢ Depending on which input/output 

ratio is evaluated, the plant, 
compensator or open loop 
transfer function can be 
determined

Frequency response measurement - Bode plot
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+
- +

- R     Q 
S      

OSC

EA

UComp PWM
comparator

Clock

URef

UOutfeedback

UIn UOut

R2

R1

sawtooth

RInj=10Ω

1:1 Injection
transformer

UInj

Gen CH1 CH2

Transfer function Input -
CH1

Output -
CH2

Plant GP (s) UComp UOut

Compensator GC (s) UInj UComp

Open loop GOL (s) UInj UOut

COut

Oscilloscope
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TRANSFER FUNCTION OF THE PLANT

Test setup Measurement

Frequency response measurement – Bode plot with RTA4004-K36 (Rohde&Schwarz)
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2,5Ω resistive
Load*Injection

transformer

Low impedance
power source
(10mF/25V
- capacitor)

*An resistive load is mandatory for frequency 
response analysis because a controlled electronic 

load affects the measurement

Injection level

Gain (dB) Phase (°)

*The injection level must be 
chosen carefully:

Too big: wrong result 
(not the small signal behaviour)

Too small: bad SNR (noisy)

Buck Demo Board
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COMPENSATOR 
DESIGN

LOOP COMPENSATION
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COMPENSATOR DESIGN

▪ 1 pole of origin (integrator)
▪ High gain at low frequencies
➢ Small static error

▪ 2 poles & 2 zeros

▪ Gain and phase at crossover 
frequency can be affected

▪ Phase boost up to 180°
➢ Due 2 zeros
➢ Suitable for voltage mode

▪ Commonly used for voltage mode

▪ 𝐺C = (−)
𝜔P0

𝑠
∙

1+
𝑠

𝜔Z1
∙ 1+

𝑠

𝜔Z2

1+
𝑠

𝜔P1
∙ 1+

𝑠

𝜔P2

▪ Type III:
➢ 𝜔Z1 =

1

𝑅2 ∙ 𝐶1

➢ 𝜔Z2 =
1

𝐶2 ∙(𝑅1+ 𝑅3)

➢ 𝜔P0 =
1

𝑅1 ∙ (𝐶1+𝐶3)

➢ 𝜔P1 =
(𝐶1+𝐶3)

𝑅2 ∙ 𝐶1 ∙ 𝐶3

➢ 𝜔P2 =
1

𝑅3 ∙ 𝐶2

Type III - Compensator

LOOP COMPENSATION
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Type IIIUOut

+

-
URef

UComp

C2

R1

R4

R3

C1R2

C3

𝜔𝜔𝑝0

𝐺C

𝜔𝑧1

𝜔𝑝1

𝜑

𝜔

-90°

𝜔𝑧2

𝜔𝑝2

+90°

0°
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COMPENSATOR DESIGN
Type III - Compensator - Design example*

LOOP COMPENSATION
MAT | 14.09.2023

Type IIIUOut

+
-

URef

UComp

C2

R1

R4

R3
C1R2

C3

*Based on the plant transfer function 
of the Buck Demo Board 

▪ Compensator A (R1=4,33kΩ; R2=10kΩ; R3=82Ω; C1=4,7nF; C2=4,7nF; C3=3.3nF)
▪ Compensator B (R1=4,33kΩ; R2=2.55kΩ; R3=82Ω; C1=10nF; C2=4,7nF; C3=1.5nF)*

▪ Compensator B + C (R1=4,33kΩ; R2=2.55kΩ; R3=82Ω; C1=10nF; C2=9,4nF; C3=1.5nF)

▪ Different locations for poles and zeros result in different open loop characteristics.
▪ Optimized performance going from compensator A -> B -> B+C.

Comp A Comp B Comp B+C

R1 4.33E+03 4.33E+03 4.33E+03

R2 1.00E+04 2.55E+03 2.55E+03

R3 8.20E+01 8.20E+01 8.20E+01

C1 4.70E-09 1.00E-08 1.00E-08

C2 4.70E-09 4.70E-09 9.40E-09

C3 3.30E-09 1.50E-09 1.50E-09Comp A Comp B Comp B+C

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
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Bode plot – Compensator X Bode plot – Plant: IOut=2A /UIn=19V

Compensator and plant

DC/DC TOPOLOGIES PRACTICAL DESIGN CONSIDERATIONS - PWE 2023
EXTERNAL | M ALALAMI | 9TH OCT 2023

V(comp)/V(inj) V(comp)/V(inj) V(comp)/V(inj)
Compensator A Compensator B Compensator B + C

100Hz 1kHz 10kHz 100kHz
-5dB

0dB

5dB

10dB

15dB

20dB

25dB

30dB

(-90°)
90°

110°

130°

150°

170°

190°

210°

230° V(out)/V(comp)

100Hz 1kHz 10kHz 100kHz
-50dB

-40dB

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

-160°

-140°

-120°

-100°

-80°

-60°

-40°

-20°

0°

black = Measured

solid = gain (dB)
dotted = phase (°)

coloured = Measured

solid = gain (dB)
dotted = phase (°)

GP (s)GC (s) Desired Crossover

Phase 
Boost
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PRACTICAL LOOP 
MEASUREMENTS 
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