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Presenter
Presentation Notes
Mention this is focused on analog control in the script.


Compensation design and objectives

Why do we need feedback and why do we need compensation?

Power Stage:
Vin Inductor/Transformer Vour r _Loa 9— -
Power Switches T ' | + Feedback is needed to
Modulator 7 I | | regulate the output voltage
I I
Ve Viour L 1
¢—— Compensation Test L - | _
| _l Signal » The control loop bandwidth
~ * influences the response time
Error :
Amp Vrer =
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Feedback is needed to keep the output at the voltage we want. 
For a converter, we care about two transfer functions: the TF of the power stage and the TF of the compensation we place around the error amplifier. Together, they form the complete control loop
The bandwidth of this control loop determines how quickly the output voltage is brought back into regulation when there is a change in load current or a change in input voltage



Control loop response

Poor transient response Objective Good transient response
M . . V
1 ° |
louT J aximize crossover louT
frequency for fastest
transient response | . .

o \/ n
Vout \[Wm Vour
A S . . B
: « Adjust compensation for /

best setting behavior

* Response is well damped

* Response is under-
with good setting behavior

damped causing
oscillatory behavior
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The control loops characteristics also determine how stable our control system is. Here we are looking at the change in output voltage as the load current is suddenly increased and suddenly decreased. In the left hand side, we see that the control loop overcorrects and the output voltage oscillates around the regulation point. This is known as an underdamped response. On the right hand side, we see a smooth and controlled return of the output voltage to the regulation point. 


®
Phase margin and gain margin

5 Control loop - frequency response . Phase margin and stability

« Sufficient phase margin needed to prevent

40 2N . 90 oscillation (45° min.)
@ 20 45 = | Gain margin goal of 10 dB min.
w Phase margin EJ;
(]
B 0 dl—— AN < |+ Slope of -20dB/decade when passing
= I_ . through 0 dB
2 Gain margin
2N == —[* |+ Bandwidth rule of thumb is 1/5 to 1/10 of

40 | | | 90 switching frequency

100 1,000 10,000 100,000 1,000,000
FREQUENCY (Hz)
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How do we determine how stable a control loop is? This is typically quantified in terms of phase margin and gain margin of a control loop and is typically measured using a graph as shown on the left where the gain and phase vs frequency is illustrated. To achieve a well-damped transient response with good settling behavior, we want our control loop to have at least 45 degrees of phase margin. This is measured on the phase curve at the point where the gain crosses 0 dB. In addition, we ideally want at least 10 dB of gain margin. This is measured on the gain curve at the point where the phase crosses 0 degrees. 

A slope of 20dB/decade when passing through 0dB is preferred so that as the gain and phase changes with operating point, temperatures, etc., the bandwidth and phase margin remains consistent.

The control loop bandwidth refers to the frequency at which the gain crosses 0dB. A good rule of thumb for buck converters is to target between 1/5 and 1/10 of the switching frequency for the loop bandwidth. Other topologies have their own rules of thumb depending on if they possess a RHP zero, may be limited by opto-coupler bandwidth, etc.


Poles, zeros and right-half-plane zeros
Right-half-plane zero
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When we look at the small signal transfer functions that make up the power stage and compensation blocks, these typically consist of a combination of poles, zeros and RHP zeros. Shown in the first row is what each of these look like mathematically.
At the frequency of a pole, the gain reduces by 3dB and the phase reduces by 45 degrees. Here we see the gain decrease at 20dB/decade as the frequency increases. The phase eventually settles to a total reduction of 90 degrees.
The zero can be thought of as the opposite of a pole. At the frequency of the zero, the gain increases by 3dB and the phase increases by 45 degrees. The gain increases by 20dB/decade as the frequency increases. The phase eventually settles to a total increase of 90 degrees.
A right half plane zero is an unfortunate characteristic of several power stage topologies. These show up in topologies in which power is transferred to the output during the off time of the main switch. The reason that these are unfortunate is that at the frequency of the RHP zero, the phase decreases by 45 degrees and the gain increases by 3dB. From a practical standpoint, you cannot compensate a RHP zero and therefore you must set your loop bandwidth to be smaller than RHP zero frequency.


®)

Complex conjugate pole and ESR zero

Complex conjugate pole With ESR zero

1 S
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A complex conjugate pole refers to two poles at the same frequency that are mirror images of each other across the real axis in the real-imaginary complex plane. From a practical standpoint, what we see is that at the frequency of the CCP, the phase has reduced by 90 degrees. We see different behavior for the gain depending on the quality factor of the complex pole (Q). Above the CCP frequency, the gain decreases at 40dB/decade. The phase eventually settles at -180 degrees. 

On the right hand side we see a CCP and zero together where the CCP is at 1kHz and the zero is at 20kHz. This structure will show up later when we talk about common power stage transfer functions


Control methods and operating modes

Control methods

Operating modes

Switching frequency
and period

* VVoltage-mode control

* Current-mode control

* Fixed frequency

 Continuous conduction-mode (CCM)

» Switching frequency — fg, 1

» Switching period — T = Jg
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The control method of the power stage does have an impact on the transfer function of the power stage. In this presentation, we will focus on voltage mode control and current mode control. Variable vs fixed fsw and DCM vs CCM will also have impacts on the small signal behavior of power stages. In this presentation, we will focus on fixed frequency and CCM.


DCMvs CCM

Amps A

Al

0A > t

Continuous Conduction Mode (CCM)
Amps A

0A > t
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As a brief refresher on the difference between DCM and CCM, this is used to describe the behavior of the inductor current in a power stage. Here, I am showing the inductor current in a buck converter. For DCM, the inductor current goes to 0A and remains at 0A for a certain amount of time before the main FET is turned on again. For CCM, the inductor current is always non-zero throughout the entire switching period.


Buck, boost, and buck-boost derived topologies

Buck, forward, push- . -
pull, bridge = Vour Vour =Vin XD
_ 1
:Vo-u-r OUT_VIle_D
D

Buck-boost, SEPIC,
flyback — >

L vour Vour =Vin X 1-D
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For power topologies, we will focus on buck, boost, buck-boost and flyback today. A buck converter is used to step down an input voltage to a lower output voltage. Power is transferred from input to output when the main FET is on. A boost converter is used to step up and input voltage to a higher output voltage. Power is transferred from input to output when the main FET is off. A buck-boost or flyback can be used to either step up or step down an input voltage depending on the duty cycle.


®
Voltage-mode buck power stage
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Looking at our first power stage, here we have a voltage mode buck converter. Looking at the small signal transfer function of this power stage, we have a complex conjugate pole that is depending on the load, inductance and output capacitance. The quality factor of this CCP is determined by the ratio of these 3 elements. 
Here the CCP is located at 1kHz. Above 1 kHz, the gain rolls off at 40dB/decade until we reach the ESR zero. After the zero, the gain continues to roll off but at 20dB/decade. We also see some phase boost as a result of the zero. 


S
Current-mode buck power stage
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For a current mode controlled buck converter, the power stage transfer function is slightly different. Here we have a real pole at low frequency created by the load and output capacitance. The gain then rolls off at 20dB/decade until we reach the ESR zero at which the gain stops decreasing. Current mode control is prevalent today because it is generally easier to compensate as we don’t have to deal with the quality factor of a CCP. The softer roll off of the gain also makes it easier to achieve higher loop bandwidths.

At ½ of the switching frequency, there is a CCP from the sampling of the inductor current. The quality factor of this CCP is determined by how much slope compensation is added.


.

Current-mode boost power stage
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Current mode boost shares some similarities to current mode buck in that we have a low frequency pole from the load and output capacitance and a zero coming from the output cap and ESR. CCM boost does have a RHP zero proportional to the inductance, duty cycle and load. Due to the nature of RHP zero, it is important to set your bandwidth to be less than the RHP zero frequency. 


Current-mode buck-boost power stage

Vin

L Rs

] LOQiC MW T C 1
ouT

I s Rour

w/ Resr

+ ¢ o 'VOUT
PWM -~ —®+— Vsiore 1

+H—— V¢
Ri:A-RS w ~Rout'(1_D)2
r L-D
o Rwer=Dy
ve (1-D)-R; ‘ Risr - Cour atD=0.5
1
Yoo 14D Fy(s) = . 2
" Cour * Rour 1+a)n'Qp+<(‘)—n)

20 45
m 0 : 0
E /,—\\ g
w V—-ﬁ 45
o -20 et i) )
D T <
= T w, [ 90 T
& -40 21 =
G - 135
=
-60 ‘ : ‘ ‘ ‘ —- =180
10 100 1000 10000 1000001000000
FREQUENCY (Hz)
s s
S 1+>)(1-=
Vout ( wz)( wr)
B, Ayc 5 Fp(s)
p

W3 TExAS INSTRUMENTS



Current-mode flyback power stage
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S
Type | error amplifier
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Now that we have covered transfer functions for some common power stages, let’s now look at the transfer functions for the compensation block. The first type we will look at is known as a type one compensator. This consists of a single capacitor connected between the error amplifier output and the sampled output voltage. This structure has a pole at the origin and roles off at 20dB/decade


.

Type Il error amplifier
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If we add a resistor and capacitor, Rcomp and Ccomp between the amplifier output and sampled output voltage, we have what is known as a type 2 compensator. Similar to the previous case, we have a pole at the orgin. At a frequency determined by Rcomp and Ccomp, we have a zero. This zero is typically used to provide some phase boost near the crossover frequency of the control loop. Here we see the gain level off and stop decreasing. This level is known as the midband gain of the compensator. Rcomp nad CHF then form a pole at higher frequency at which point the gain resumes decreasing at 20dB/decade

Type 2 compensators are commonly used with current mode controlled power stages.


Type Il transconductance amplifier
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A slight variation of this block is a compensator using a transconductance amplifier. A transconductance amplifier is different from a traditional opamp in that it’s output is a current proportional to its input voltage. The key difference here is that the compensation components are connected to ground instead of back to the sampled output voltage. The location of the zero and pole are the same as before. A slight difference here is that the midband gain is now dependent on not only the feedback divider ratio but also on the transconductance of the amplifier. 


Type lll error amplifier
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The type 3 compensator has an additional cap and resistor in parallel to the top feedback resistor. This adds an additional zero (Rfbt, Cff) and pole (Rff, Cff). 

Type 3 compensators are commonly used for voltage mode controlled DC/DCs.


S
Type Il isolated feedback with fixed bias
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For isolated converters that must maintain electrical isolation between primary and secondary, an opto-coupler is commonly used. Inside the opto is an LED that emits a light proportional to its forward current. A phototransistor then sinks a current that is proportional to the light. In this particular case, the opto is biased from a fixed voltage that is not the output voltage, here labeled Vbias. Shunt regulators are commonly used as an error amplifier + voltage reference. Similar to the previous case, we have a zero formed by Rcomp and Ccomp. A high frequency pole is formed by Rp and Cp. The midband gain can be modified by adjusting the ratio between Rp and Rd. 

This type of compensator is typically used with current mode controlled isolated DC/DC converters


S
Type Il isolated feedback with Vout bias
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A slight variation of the isolated type 2 feedback structure is that instead of biasing the opto from a fixed output voltage, we now bias the opto directly from the output voltage. RFBT now plays a role in the location of the zero when doing this. There is also a slightly higher midband gain compared to before. 


'S
Current-mode buck

o Vour
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$ Rres Error
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Next, let’s walk through an example for a voltage mode controlled buck. 


.

Current-mode buck compensation strategy

» Choose a value for Regr based on bias current and power
dissipation

* Find the modulator transconductance in A/V
+ Pick target bandwidth, typically fg,,/10:
we = 2-mfe
* Find the mid-band gain A, to achieve target bandwidth
« Set w e, equal to 1/10 the target crossover frequency:
Wzea = W/10
+ Set wye equal to the ESR zero frequency:
Wy = Wz

1

G (mod)=—

,»(mod) R
_ 9 Cour
™G (mod)

Reovp = Apyy - Regr (0p amp)

Reoup = (9m @amp)
comp ¢ K, m
1
C. -
o @4 " Reoyp
1
CHF =

3-23
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Compensation guidelines for the current-mode buck with Type II compensation are outlined here. A large value for RFBT should be chosen; typical values for RFBT are between 2 kΩ and 200 kΩ. At frequencies after the output filter pole, the power stage gain is set by the modulator transconductance and output filter capacitor. The mid-band gain AVM is adjusted to achieve the target loop bandwidth, typically 1/10 of the switching frequency. To give the maximum amount of phase boost, the error amplifier zero ωZEA should be placed a decade below the target crossover frequency. The high frequency pole ωHF should cancel the ESR zero of the output capacitor. For capacitors with very low ESR, the pole may be set to 10 times the crossover frequency. If the error amplifier has a relatively low unity-gain bandwidth, CHF may not be required.

For an ideal current-mode buck, the upper limit for the loop bandwidth is fSW/5. For non-ideal parameters such as a relatively high amount of slope compensation, the loop bandwidth may need to be lowered to less than fSW/20.



Current-mode buck compensation results
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Here we see the transfer functions for the power stage and compensation block. When a pole and zero are at the same frequency, they cancel each other. This is why even with voltage mode control, we see a nice 20dB/decade roll off of the gain all the way up to ½ of the fsw.


Bandwidth vs transient response

Current-mode transient response

Current-mode bandwidth
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The transient response behavior can be approximated if the loop bandwidth is known. The delay time before the loop begins to correct the output voltage is shown as tp. The deviation in the output voltage from a load transient can be approximated by the loop bandwidth, load step and total output capacitance. It is worthwhile to mention that a critically-damped current mode controlled converter will perform slightly better than voltage mode control for the same loop bandwidth, load step and output capacitance.


Switching regulator with poor compensation
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Switching regulator with revised compensation
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Practical limitations

Error amplifier bandwidth Optocoupler bandwidth Switching frequency

' Error amplifier BW limit Opto frequency response Voltage-mode control loo
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maximum f. transistor forms a pole in of fsyy
+ Wider BW op amp needed kHz range e Rule of thumb is 1/5 to
for voltage-mode due to  More of an issue for forward 1/10 of fg,
Type Il compensation topologies at higher f;
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Measuring transfer functions

Power stage Compensator Closed loop
Network Analyzer Network Analyzer Network Analyzer
Out Ch1 Ch2 Out Ch1 Ch2 Out Ch1 Ch2
A B A B A B
Injection Injection Injection
Transformer Transformer Transformer
VIN Vout VIN Vout VIN Vout
Vin sw e, ] Vin sw ) Vin sw " )
PGND :I: PGND A PGND A :I:
= A = — B — —_ —
% COMP FB % COMP FB % COMP FB
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Presenter
Presentation Notes
Transfer functions of the power stage, compensator or total closed loop can be measured directly using a network analyzer. This is commonly done by inserting a small resistance in between the top feedback resistor and injecting an AC signal across this resistor. The network analyzer would then give you the transfer functioion of Ch2 / Ch1. To measure the power stage, we would hook up ch1 to the output of the error amplifier and ch2 to the output voltage. To measure just the compensator, we would place channel 1 at the top of the FB divider and ch2 at the COMP pin. To measure the total loop, we would measure directly across the injection resistor. 


DCM vs CCM characteristics

Current-mode buck power stage

Discontinuous vs. continuous conduction-mode

40 90
= 20 - 45
= 0 0 T
L w
o
E-zo 45 0
= -40 "'"-:"-:— - =90 o
©) CCM Phase ~
< .60 b -135
= DCM I

-80 y . r — -180

001 041 1 10 100 1000

FREQUENCY (kHz)

Voltage-mode buck power stage

40 90
- 45
0 fommmaa -0 T
-20 -45 %
------ -90 =
-60 -135
-80 - | L PP L -180
001 01 1 10 100 1000

FREQUENCY (kHz)

* DCM causes a reduction in loop bandwidth compared to CCM

» Generally, if the loop is stable in CCM, it will be stable in DCM

DCM duty cycle

e Buck

D:\/z'L'fSW Lour Vour
Viv (VIN _VOUT)

Boost

D= \/2'L'fsw 'IOUT'(VOUT_VUV)
Viy

e Buck-boost

D= \/2'L'fSW 'IOUT'VOUT
Vi
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Filter considerations

Input filter stability Second stage filters

|
LIN R, «— Zout I Zn—> VOUT Vin - . NI;;V\ VO_UT szv‘ )
Yy ym AAA o J_‘u.
Cn | ¥ 1 1
| Vi Court Courz
VN ! N = - | Rout EE :E Rout
Rc : IN Resri Resr2 ]
. L L
l = = =
INPUT FILTER CONVERTER

For stability: Filter Z5,; << Converter Z Capacitors: make Cq 4 smaller than Cq 1,
7 Inductors: make L, smaller than L,
« Characteristic impedance 45 = C’N Resonance: make second stage filter
" resonance 3 times f,
¢ :l.[M+éJ Damping: make second stage filter damped
20 4w toa Qof 1

« Damping factor
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Summary

* |dentify poles and zeros of the power stage

« Select appropriate compensation network based on control mode and
topology

« Tune compensation and loop gain to achieve required loop bandwidth
and transient response
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Resources and references

+ “Closing the Feedback Loop” by Lloyd Dixon, SEM300

* “Current-Mode Control of Switching Power Supplies” by Lloyd Dixon, SEM400

* “The Right-Half-Plane Zero -- A Simplified Explanation” by Lloyd Dixon, SEM500
* ‘“|solating the Control Loop” by Robert Mammano, SEM700

» “Control Loop Design” by Lloyd Dixon, SEM800

+ “Control Loop Cookbook” by Lloyd Dixon, SEM1100

* “A New Small-Signal Model for Current-Mode Control” by Ray Ridley

* “Current-Mode Control Modeling” by Ray Ridley

+ “Designing Stable Control Loops” by Dan Mitchell and Bob Mammano, SEM1400

» “Current-Mode Modeling — Reference Guide” by Robert Sheehan, SNVA542

» “Understanding and Applying Current-Mode Control Theory” by Robert Sheehan, SNVA555

» “Frequency Compensation and Power Stage Design for Buck Converters to Meet Load Transient Specifications” by S. Bag, R.
Sheehan, et al., APEC 2014

+ Power Tips: Compensating Isolated Power Supplies by Brian King

» Practical Feedback Loop Analysis for Current-Mode Boost Converter by SW Lee
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http://www.ti.com/lit/ml/slup068/slup068.pdf
https://www.ti.com/seclit/ml/slup075/slup075.pdf
http://www.ti.com/lit/ml/slup084/slup084.pdf
https://www.ti.com/seclit/ml/slup090/slup090.pdf
http://www.ti.com/lit/ml/slup098/slup098.pdf
https://www.ti.com/seclit/ml/slup113a/slup113a.pdf
https://ridleyengineering.com/images/current_mode_book/CurrentModeControl.pdf
https://www.ti.com/seclit/ml/slup173/slup173.pdf
http://www.ti.com/lit/an/snva542/snva542.pdf
http://www.ti.com/lit/an/snva555/snva555.pdf
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6803433&tag=1
https://www.eetimes.com/power-tips-compensating-isolated-power-supplies/
https://www.ti.com/lit/an/slva636/slva636.pdf?ts=1746623464611&ref_url=https%253A%252F%252Fwww.google.com%252F
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