APPLICATION NOTE
Influence of control loop by an Outputfilter
Output voltage filtered without losses
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1. Introduction_________________________________________________
The output voltage of switching regulators has a voltage ripple that can disturb with electrical power supplied
circuits and lead to electromagnetic disturbances. Thus output filters are often used for noise suppression,
which may under certain circumstances have an influence on the control loop. To prevent output power losses
it may be necessary to compensate the control loop.
No matter what switching regulator topology is used, as a result of the parasitic series resistor ESR and the
parasitic inductance ESL of the output capacitor, the output current causes an undesired residual ripple.
Depending on the capacitor type selected, a relatively large residual ripple is created, which has varying wave
forms. A common electrolytic capacitor, for example, can have a ripple voltage of up to a few hundred millivolt,
depending on the output power of the switching regulator. If a ceramic capacitor is chosen, the ripple voltage
may only be a few tenth of a Volt.
A high residual ripple is undesired and can disturb with electrical power supplied circuits. In particular analog
and HF circuits require a stable, smooth and clean supply voltage. Nevertheless, the high-frequency
component of output voltage harmonics, which can give rise to increased electromagnetic interference, must
also be taken into consideration. An output filter is able to reduce residual ripple and filter out high-frequency
components.
LC low-pass filters are usually used in practical application to reduce the residual ripple. If a particularly clean
output voltage is required, the LC low-pass filter is expanded with a further low-pass filter comprising a ferrite
and a capacitor. Figure 1 depicts such a two-stage output filter, which can be made up cost-effectively with,
for example, a WE-PD2 coil and an SMD ferrite WE-MPSB by Würth Elektronik eiSos.
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Figure 1: Two-stage output filter

LFilter und CFilter1 act as low-pass filter, which filter out the clock frequency of the switching regulator and smooth
its harmonics. Further high-frequency components of the switching regulator output voltage are converted into
heat by the SMD ferrite and, together with Cfilter2, their amplitude is damped. A simple output filter of this kind
reduces the residual ripple to only a few millivolt and can be used in power supplies even for radio-controlled
circuits.
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2. Main part of technical article __________________________________
On from a certain output power of the switching regulator, the output filter causes significant DC losses in the
output power and thus a reduction in efficiency of the switching regulator. The DC resistance RDC of the coils
and ferrites now causes a significant voltage drop across the output filter, which results in a reduction of the
final output voltage. Depending on the type of coil used, the RDC can be between a few milliohm up to a few
Ohm, which is not negligible at high output currents. Even an SMD high-current ferrite may have a RDC of up
to 0.04Ω.
To determine the actual voltage, the output voltage of switching regulators is taken from a voltage divider and
is connected to the feedback oin of the switching regulator IC. In order to reduce losses in output voltage
through an output filter, it is possible to include the output filter into the control loop in that the actual value is
taken at the output of the filter. Figure 2 shows the schematic arrangement of this method.

Figure 2: Inclusion of the output filter into the control loop

However, the filter coil, the ferrite and the filter capacitors cause an unwanted phase shift, which interferes
with the stability of the converter.
This unwanted phase shift leads to the reduction of gain margin and phase margin. In extreme cases this leads
to instability and the output voltage tends to oscillate. To ensure stability a gain margin of >12dB and a phase
margin of >45° is required in practical application so that the control loop does not tend towards oscillating by
any kind of perturbations. The control loop is deemed to be dynamically stable if the loop gain is 0dB before
the respective phase shift has reached -180°. Here the amplitude response of the loop gain should extend
through the intersection of the X axis, that is, at 0dB with 20dB/decade. Figure 3 shows the Bode plot of a
stabilized buck converter. This example shows a gain margin of 32dB and a phase margin of 56°.

Figure 3: Bode plot of a stabilized switching regulator
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If the stability criteria of a switching regulator with output filter are not met, compensation of the control loop is
required to ensure a stable output voltage.
If there is a change in voltage at the input of the switching regulator, the output voltage must remain stable.
Similarly, in the instance of a sudden drop or rise of the output current, the output voltage must be stable again
quickly. This is called transient response. Figure 4 shows the transient response of a stabilized switching
regulator (yellow trace) at an output voltage of 5 V and a sudden load change from 0 A to 1 A (green trace).

Figure 4: Transient response of a stabilized switching regulator

A sudden load change must cause a fast transient response of the control loop so that the output voltage is
returned quickly to its set point value. The transient response must not cause high voltage overshoot in the
output voltage or subsequent components may be destroyed at a too high voltage. Ideally, after the voltage
drop the output voltage should be brought back quickly to the set point value without overshooting or ringing.
A ringing during the equalization phase would therefore be caused by an instability of the switching regulator.
If a quick step response and a timely equalization phase are achieved, the switching regulator is deemed to
be stabilized.

3. Résumé and conclusion of the technical article __________________
If the output filter is integrated into the control loop, this is called a control loop of the 2nd order. The switching
regulator must therefore be operated with a higher integral-action coefficient, which dampens the control loop
and makes it slower. This now requires a more complex compensation of the control loop. Thus the method
of including the output filter into the control loop is not recommended. The output voltage of the switching
regulator should be taken at the output capacitor of the switching regulator, in front of an output filter. To reduce
DC losses due to the output filter, it is recommended to select filter coils and ferrites with the smallest possible
RDC.
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IMPORTANT NOTICE
The Application Note is based on our knowledge and experience of typical requirements concerning these areas. It serves
as general guidance and should not be construed as a commitment for the suitability for customer applications by Würth
Elektronik eiSos GmbH & Co. KG. The information in the Application Note is subject to change without notice. This
document and parts thereof must not be reproduced or copied without written permission, and contents thereof must not
be imparted to a third party nor be used for any unauthorized purpose.
Würth Elektronik eiSos GmbH & Co. KG and its subsidiaries and affiliates (WE) are not liable for application assistance of
any kind. Customers may use WE’s assistance and product recommendations for their applications and design. The
responsibility for the applicability and use of WE Products in a particular customer design is always solely within the
authority of the customer. Due to this fact it is up to the customer to evaluate and investigate, where appropriate, and
decide whether the device with the specific product characteristics described in the product specification is valid and
suitable for the respective customer application or not.
The technical specifications are stated in the current data sheet of the products. Therefore the customers shall use the
data sheets and are cautioned to verify that data sheets are current. The current data sheets can be downloaded at
www.we-online.com. Customers shall strictly observe any product-specific notes, cautions and warnings. WE reserves the
right to make corrections, modifications, enhancements, improvements, and other changes to its products and services.
WE 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 WE PRODUCTS OR SERVICES ARE USED.
INFORMATION PUBLISHED BY WE REGARDING THIRD-PARTY PRODUCTS OR SERVICES DOES NOT
CONSTITUTE A LICENSE FROM WE TO USE SUCH PRODUCTS OR SERVICES OR A WARRANTY OR
ENDORSEMENT THEREOF.
WE products are not authorized for use in safety-critical applications, or where a failure of the product is reasonably
expected to cause severe personal injury or death. Moreover, WE products are neither designed nor intended for use in
areas such as military, aerospace, aviation, nuclear control, submarine, transportation (automotive control, train control,
ship control), transportation signal, disaster prevention, medical, public information network etc. Customers shall inform
WE about the intent of such usage before design-in stage. In certain customer applications requiring a very high level of
safety and in which the malfunction or failure of an electronic component could endanger human life or health, customers
must ensure that they have all necessary expertise in the safety and regulatory ramifications of their applications.
Customers acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements
concerning their products and any use of WE products in such safety-critical applications, notwithstanding any applicationsrelated information or support that may be provided by WE. CUSTOMERS SHALL INDEMNIFY WE AGAINST ANY
DAMAGES ARISING OUT OF THE USE OF WE PRODUCTS IN SUCH SAFETY-CRITICAL APPLICATIONS.
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