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Practical Feedback Loop Analysis for Voltage-Mode Boost
Converter

SW Lee Power Management
ABSTRACT

The boost converter offers a new set of complications in analysis and characteristics and
can be a challenging converter to stabilize when operating with voltage-mode control. A
Type 1l compensator is needed to design the loop for a voltage-mode boost converter
operating in continuous conduction mode (CCM). Right-half-plane (RHP) zero has additional
constraints on the design of loop compensation and crossover frequency, but they can be
managed well as long as the RHP zero frequency is understood and placed properly by
appropriate power stage component selection. This application report describes how to
select the placement of poles and zeros with several rules.
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Introduction

The boost converter belongs to the family of indirect energy transfer converters. The power
process involves an energy-storing phase and an energy-release phase. During the on time, the
inductor stores energy and the output capacitor alone powers the load. At the switch opening,
the stored inductive energy appears in series with the input source and contributes to supply the
output.

Figure 1 shows the boost converter with power stage elements and parasitic resistances. For the
boost converter of Figure 1, the equation for the control-to-output transfer function is:
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Where the resonant frequency is given by:
1

Wo = T.C (2)
and the equivalent inductance is determined by the duty cycle:
L
L. = Dz ()
and
_ Rroap
w,Q = - 4

The Q of the filter is a complex combination of the parasitic resistance shown in the circuit and
the load resistance. At light load, Q has its highest value and at full load, its lowest value.
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Figure 1. Boost Converter with Voltage Mode Control
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The boost converter also adds a new complexity to the control problem, an RHP zero. This is
caused by the fact that when the boost converter switch is turned on for a longer period of time,
the inductor is disconnected from the load for a longer period of time. This means that the output
initially drops, even though the control command is trying to make it increase.

This is exactly the characteristic of a class RHP zero. An increase in the command signal to the
control system causes an initial decrease in the output response. After the time constant
associated with the RHP zero has elapsed, the output starts moving in the same direction as the
control. As a result, if you have a system with an RHP zero in the control-to-output transfer
function, you cannot expect the control loop to respond immediately to change the output. The
bandwidth of the loop must be limited to considerably less than the frequency of the RHP zero if
the system is to be stabilized properly.

The frequency location of the boost converter RHP zero is:

R (1-D)?
frup = —LOA;TL (5)

Figure 2 shows the RHP zero frequency variation range depends on output loads (R = R oap)
with the design parameters (Vin=5V, Vo= 18V, L = 20 pH).
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Figure 2. RHP Zero Frequency Changing Range with the Given Conditions

Note that the very existence of the RHP zero can be traced back to the fact that is the case
where an actual LC post-filter doesn’t exist on the output. Though, by using the canonical
modeling technique, we have managed to create an effective LC post-filter, the fact that in reality
there is a switch or diode connected between the actual L and C of the topology is what is
ultimately responsible for creating the RHP zero.

The RHP zero can occur at any duty cycle. However, note that its location is at a lower
frequency as D approaches 1 (that is, at lower input voltages). It also moves to a lower
frequency if L is increased. That is one reason why bigger inductances are not preferred in boost
topology. For this reason, it is called the moving RHP zero in boost converter.

Practical Feedback Loop Analysis for Voltage-Mode Boost Converter 3
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The impacts of the moving RHP zero, as far as the magnitude of the transfer function is
concerned, has the same effect as that of regular zero. However, it causes a 90 degrees phase
delay in contrast to the 90 degrees phase boost in the case of a regular zero. Thus, the RHP
zero increases the gain slope by 20 dB/decade while bringing down the phase by 90 degrees.

2 B%st Converter (Voltage Mode) Transfer Function Plots using TINA-
T

Figure 3 shows the SPICE implementation of the small-signal model using a simple voltage-
controlled voltage source as an error amplifier. On this small-signal boost, the voltage-controlled
voltage source amplifies by about 69.5 dB the difference between a portion of V, and the 2.5V
reference. In order to avoid running the circuit in a closed-loop configuration, we can install an
LC filter featuring an extremely low cutoff frequency.

The error amplifier can be a simple voltage-to-voltage amplification device, that is, the traditional
Op-Amp. This type of Op-Amp requires local feedback (between its output and inputs) to make it
stable. Under steady DC conditions, both the input terminals are virtually at the same voltage,
and this determines the output voltage setting. However, though both resistors of the voltage
divider affect the DC level of the converter’s output, from the AC point of view, only the upper
resistor enters the picture. So the lower is considered just a DC biasing resistor, and therefore it
is usually ignored in control loop (AC) analysis.
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Figure 3. Control-to-Output Transfer Function of the Voltage-Mode Boost Converter

Figure 4 shows the effect on the gain and phase of the RHP zero with this small-signal model. At
heavy loads, the RHP zero frequency is the lowest, and the phase delay is the greatest. At light
loads, the RHP zero frequency is higher, and the converter is easier to control. Notice the large
change in phase with different loads.

4 Practical Feedback Loop Analysis for Voltage-Mode Boost Converter
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Notice that the expression for the RHP zero, given in Equations (1) and (5), shows that it is a
function of the load, as shown in the plot of Figure 4, and of the value of the inductor chosen for
the boost converter. If a large value of inductor is used, the RHP zero moves to a lower
frequency, and the converter is more difficult to control. Reducing the value of the inductor
increases the value of the RHP zero, and the converter is easier to control.

A typical value of inductor choice to make the converter controllable is one where the peak-to-
peak ripple current in the inductor at full load is about 50% of the dc output current of the
converter. Be sure that it is not necessary to reduce the inductor to such a small value that the
converter operates in discontinuous conduction mode.
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Figure 4. Effect of Changing Loads on the Control Characteristic of the Boost Converter

The boost converter also has a resonant frequency which changes with the input voltage as is
shown in the control equations. Figure 5 shows graphically how the characteristics of the boost
converter can vary dramatically with a wide input voltage. A guideline for converters with RHP
zero is to design at the lowest input line and the maximum load. This causes the lowest value of
RHP zero, and the lowest value of resonant frequency. However, when using voltage-mode
control, the moving resonant frequency can create problems at different operating points, and
the whole range of operation should be carefully checked with both predictions and
measurements.

Practical Feedback Loop Analysis for Voltage-Mode Boost Converter 5
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Figure 5. Effect of Input Voltage Variation on the Control Characteristic of the Boost Converter

More equations are created when the boost converter operates in discontinuous-conduction
mode (DCM). When this happens, the double pole of the LC filter is heavily damped, and the
converter exhibits essentially a single-pole response.

3 Important Boost Characteristics

Several important points to remember about the boost converter operating in CCM are as
follows:

1. There is a double pole at the resonant frequency of the LC filter. The frequency of this
double pole will move with the operating point of the converter since it is determined by
the equivalent inductance of the circuit, and this is a function of duty cycle. At low line, the
resonant frequency has its lowest value.

2. As with all switching power supplies, there is a zone in the control-to-output transfer
function corresponding to the ESR of the output filter capacitor.

3. The boost converter has a right-half-plane zero which can make control very difficult. This
RHP zero is a function of the inductor (smaller is better) and the load resistance (light
load is better than heavy load). The bandwidth of the control feedback loop is restricted to
about one-fifth the RHP zero frequency.

6 Practical Feedback Loop Analysis for Voltage-Mode Boost Converter
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In discontinuous conduction mode, the resonant frequency of the filter is eliminated from the
control characteristic. As with the buck converter, the LC filter is heavily damped in DCM
operation and the converter has essentially a first-order response. This simplifies the control
loop design, but it is not necessarily recommended as a solution to control problems. Higher
power boost converters are usually designed to operate in CCM for efficiency reasons and the
inductor should be chosen to optimize the converter efficiency, size, and thermal performance.

Compensation for Voltage-Mode Boost Converter

Now we are ready to design the feedback loop of the boost converter understanding the power
stage and obtaining the proper transfer function. In order to control the boost converter, it is now
necessary to design a feedback amplifier to compensate for the naturally-occurring
characteristics of the power stage.

Figure 6 shows a typical boost converter circuit with feedback and the duty cycle modulator with
voltage-mode control. The power stage is fed with a duty cycle pulse train and this is typically
generated by comparing the output of a feedback error amplifier with a sawtooth ramp
waveform. As the output voltage of the boost converter increases, the output of the inverting
error amplifier decreases, and the duty cycle fed to the power supply input is decreased.
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Figure 6. Boost Converter with Feedback Amplifier and Duty-Cycle Modulator

The system block diagram for this feedback arrangement is shown in Figure 7. This is something
of an unusual arrangement since all of the gain blocks are in the forward path of the signal
diagram. They are not separated into forward gain and feedback gain blocks. This is how a
power supply feedback system actually works.

Practical Feedback Loop Analysis for Voltage-Mode Boost Converter 7
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Figure 7. Feedback Block Diagram for the Power System of Figure 6

The output voltage is compared to the reference voltage, and the error between the two is
amplified by the compensated operational amplifier. This signal is then fed into the duty cycle
modulator and the resulting duty cycle is used to drive the gate of the power switch.

There are three gain blocks in Figure 7. The modulator gain block is a very simple function,
equal to the reciprocal of the height of the sawtooth ramp, as shown in Figure 6. It has long been
known that this naturally-sampled modulator function has no phase delay or frequency
dependence, which is one of the reasons that it has been used successfully to control converters
for many decades. It is still the predominant feedback scheme used in most power supplies
today.

The compensator gain block is what we must now design in order to complete the loop around
the control system. There are three different choices (Type I, Type Il and Type Ill) of types of
compensator that are used for switching power supply design. However, the Type Il amplifier is
the one used to compensate the voltage-mode boost converter operating in CCM.

Figure 8 shows the conventional Type Il compensation using voltage Op-Amp. There are two
poles (f,; and fy,, besides the pole-at-zero f,,) and two zeros (f,, and f,;) provided by this
compensation. Note that several of the components involved play a dual role in determining the
poles and zeros. So, the calculation can become fairly cumbersome and iterative. But a valid
simplifying assumption that can be made is that C; is much greater than Cs. So the locations of
the poles and zeros are finally:

1 1

fpo = ZIXRL(C14Ca) - 2mXR1C; (6)
for = 21T><123C2 ()
fo2 = szt e o G )~ e ®
for = m 9)
fr2 = 27r><te2c1 (10)
And the transfer function (H(s)) for the feedback block with Type Il is

() = (et y | batunan inc, ®

C1+C3
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Figure 8. Type Ill Compensator with Gain Curve

5 Voltage Mode Compensation Summary

If we consider a practical feedback loop design with the following parameters (Vi,=5V, Vo= 18
V, lowe=3 A, L =20 pH, fs= 200 kHz), Figure 9 shows its control-to-output transfer function.
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Figure 9. Control-to-Output Transfer Function with the Given Parameters

In selecting values for the Type Ill compensator, the following rules are applied when designing
the compensator for the boost converters:

1. The first pole of the comparator is placed at the origin form an integrator.
2. Compensator zeros are placed around the power stage resonant frequency.

3. The second pole of the compensator is placed coincident with the ESR zero frequency of
the power stage.

4. The third pole of the compensator is placed coincident with the RHP zero frequency of
the power stage.

5. If the RHP zero or ESR zero is higher than half the switching frequency, the
corresponding compensation pole is placed at half the switching frequency.

Practical Feedback Loop Analysis for Voltage-Mode Boost Converter 9
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6. The crossover frequency should be less than about one-tenth the switching frequency.
7. The crossover frequency should be less than about one-fifth the RHP zero frequency.
8. The crossover frequency should be at least twice the resonant frequency.

Based on these rules, Figure 10 shows an example for the compensator which has an
appropriate shape, and usually a good phase margin.
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Figure 10. Appropriate Compensator Design Example

Figure 11 and Figure 12 show the schematic and the loop gain of applying these rules to a boost
converter example. The converter switches at 200 kHz. The crossover frequency is limited to
about 1.5 kHz passing it through with —1 gain slope, and the phase margin measured to be 45
degrees at this crossover frequency. The phase drops off quite rapidly to the right of the
crossover frequency due to the approach of the RHP zero and its compensating pole, however,
the loop gain is very good, as shown in Figure 12.

10 Practical Feedback Loop Analysis for Voltage-Mode Boost Converter
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Figure 11. Simulation Schematic with the Given Parameters
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Conclusion

A Type Ill compensator is needed to design the loop for voltage-mode boost converter operating
in CCM. The phase boost of this type of compensator is very helpful to offset the sharp phase
drop that occurs after the resonant frequency of the power stage. RHP zero has additional
constraints on the design of the loop compensation & crossover frequency, but they can be
managed well as long as the RHP zero frequency is understood and placed properly by
appropriate power stage component selection.

Practical Feedback Loop Analysis for Voltage-Mode Boost Converter
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Appendix A. Voltage-Mode PWM Switch Model

The voltage-mode PWM switch model (transitioning from DCM to CCM automatically), which is

used for TINA-TI™ simulation in this document is shown here:

R

-SUBCKT PWMVM a c p d params: L=20u Fs=200k

*

* auto toggling between DCM and CCM, voltage-mode

Xd d dc limit params: clampH=0.99 clampL=16m

EvVcp 6 p Value = { (v(dc)/(vV(dc)+v(d2)))*V(a,p) }

Glap a p Value = { (v(dc)/(V(dc)+v(d2)))*1 (VM) }

Ed2 d2X 0 value = { @*{L}*{Fs}*1(WM)/(V(dc)*V(a,c)+1lu)) - V(dc)

ks
Xd2 d2X dc d2 limit2
VM 6 c

-ENDS

E SR =

.subckt limit d dc params: clampH=0.99 clampL=16m
Gd 0 dcx VALUE = { V(d)*100u }
Rdc dcx 0 10k

V1l clpn O {clampL}

V2 clpp 0 {clampH}

D1 clpn dcx dclamp

D2 dcx clpp dclamp

Edc dc 0 value={ V(dcx) }
-.model dclamp d n=0.01 rs=100m
-ENDS

EE S e

.subckt limit2 d2nc d d2c

Gd 0 d2cx d2nc O 100u

Rdc d2cx 0 10k

V1 clpn 0 7m

E2 clpp O Value = { 1-V(d)-6.687m }
D1 clpn d2cx dclamp

D2 d2cx clpp dclamp

Edc d2c 0 value={ V(d2cx) }

-model dclamp d n=0.01 rs=100m
-ENDS

Practical Feedback Loop Analysis for Voltage-Mode Boost Converter 13



IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Products Applications
Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com/audio
http://www.ti.com/automotive
http://amplifier.ti.com
http://www.ti.com/communications
http://dataconverter.ti.com
http://www.ti.com/computers
http://www.dlp.com
http://www.ti.com/consumer-apps
http://dsp.ti.com
http://www.ti.com/energy
http://www.ti.com/clocks
http://www.ti.com/industrial
http://interface.ti.com
http://www.ti.com/medical
http://logic.ti.com
http://www.ti.com/security
http://power.ti.com
http://www.ti.com/space-avionics-defense
http://microcontroller.ti.com
http://www.ti.com/video
http://www.ti-rfid.com
http://www.ti.com/omap
http://e2e.ti.com
http://www.ti.com/wirelessconnectivity

