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ABSTRACT

DC-DC Converters can be regarded as control systems whose goal is maintaining a constant output voltage. 
The regulated output voltage should be robust against all kinds of disturbances such as input voltage steps, load 
variations and noise.

This application note explains how to achieve a stability analysis only by performing an output impedance 
measurement. This method is compared to the commonly used voltage injection method and then described 
step-by-step to enable power engineers to quickly start performing these measurements.
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1 Introduction
The loop gain measurement shows the stability and robustness of the control loop of a power supply and 
provides insight to improve output transient response. For the characterization of the loop, the open loop gain is 
commonly measured by using the voltage injection method.

Figure 1-1 shows a common method to measure loop gain of a DC-DC converter, the voltage injection method. 
This method consists of breaking the control loop in a single place with a resistor and injecting into the loop a 
sinusoidal disturbance at different frequencies with an injection transformer. Relative magnitudes and phase of 
the input signal and output signal versus frequency will be subsequently measured.

The voltage injection method approach ensures correct quiescent operating conditions in the system and avoids 
a common difficulty in systems having a large DC loop gain. However, the limitation is that the voltage injection 
method requires breaking the control loop by placing an additional resistor at a suitable point.
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Figure 1-1. Output Impedance Setup for TPS62816

Adding additional components could weaken the noise immunity of a device by making the feedback signal 
trace longer. Thus, making control loop more sensitive to fast switching signals. Besides, the voltage injection 
approach might not be an acceptable method for space-limited designs.

To avoid breaking the feedback loop, an alternative method is proposed to obtain the loop gain from the output 
impedance measurements of a DC-DC converter.

The output impedance is an important parameter to characterize a switching voltage regulator and help evaluate 
how the converter will respond to load changes at different frequencies. Valuable information such as control 
loop stability, decoupling networks powering the device, dynamic load response and the susceptibility of the 
power supply to complex loads can be derived from an output impedance measurement.

This application report shows the details of the loop gain measurement of a switching voltage regulator using 
output impedance measurements and results obtained with TPS62816.
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2 Loop Gain Measurement
Step-down converters have basic blocks that contribute to the closed loop system. Figure 2-1 shows a closed 
loop system for a generic step-down converter.

Figure 2-1. Closed Loop System for a Generic Step-down ConverterZool s  is the open loop output impedance of the power stage loop gain and T s  is defined as the product of all 
gains around the loop. When the loop is open, the power stage is running at a constant operating point meaning 
the controller signal stays constant.

When the loop is closed, converter is running in normal operation. The closed loop output impedance is Zocl s :

Zocl s = Zool s1 + T s (1)

From this equation we can deduct that the higher the loop gain is, the more the output impedance is reduced 
by the feedback loop. While designing a power supply, reducing the output impedance is possible by adding 
output capacitance to lower the open loop impedance. Especially for high-current operation, making sure that the 
output impedance is low across the frequencies is important to enable good load transients. Though, this method 
comes to a size and bill of material cost, it might also degrade performance for some designs where a maximum 
output capacitance should not be exceeded.

From the previous formula we can derive the loop gain:

T s = Zool sZocl s − 1 (2)
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3 Output Impedance Measurement of TPS62816
Figure 3-1 shows the output impedance measurement test setup. For more details regarding the impedance 
measurement method and different steps for a good calibration, refer to the How to Measure the Power Delivery 
Network Impedance of a DC-DC Converter.
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Figure 3-1. Output Impedance Setup for TPS62816

Figure 3-2 shows the output impedance comparison when the loop is open Zool s  and when loop is closed Zocl s
with a 500mΩ resistive load connected to GND at the output. The respective Phases are plotted in Figure 3-3.

Figure 3-2. Output Impedance Measurements Magnitude for TPS62816
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Figure 3-3. Output Impedance Measurements Magnitude for TPS62816

For the open loop impedance, at low frequencies the impedance curve is influenced by the constant output 
resistance of 500mΩ. Above 10 kHz, the measured impedance tracks the impedance of the output capacitor 
bank, flattening out with its ESR value at 500 kHz. The far right part of the curve is dominated by the inductive 
behavior of the capacitance at very high frequencies.

For the closed loop impedance, at low frequencies a high DC loop gain value can be observed which results in a 
low output impedance. At higher frequencies, the measured impedance curve shows a similar behavior as in an 
open loop condition.

A particular characteristics of loop gain stability is that for the frequencies of interests the closed loop impedance 
is higher than the open loop. This behavior is due to control loop stability and can be observed between 100 kHz 
and 500 kHz. This specific frequency range will help us determine by calculation the phase margin as well as the 
crossover frequency of the TPS62816.

To facilitate further processing, a math function can be used to divide the open loop output impedance Zool s  by 
the closed loop output impedance Zocl s :

Zool sZocl s (3)

Figure 3-4. Open Loop Impedance Divided by Closed Loop Impedance
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4 Bode Plot Reconstruction and Comparisons with Voltage Injection Method
The loop gain is a complex number with a real and an imaginary part due to the complex impedance. 
The information needed to calculate the loop gain are the magnitude Mag[T(s)] and the phase Phase[T(s)] 
respectively shown in Equation 4 and Equation 5.

Mag T s = 20log10 ℜ ZoolZocl − 1 2+ ℑ ZoolZocl 2
(4)

Pℎase T s = arctan ℑ ZoolZoclℜ ZoolZocl − 1 . 180π (5)

To visualize data and apply formula to taken values, the use of an analytics solution may be required. All 
Network Analyzer do not provide flexible interface to analyze data.

Figure 4-1 shows a comparison of the reconstructed gain to measured voltage injection method.

The reconstructed gain using the Equation 4 from the impedance measurements shows a very good matching 
result until the lowest frequency. The red curve shows the real loop gain and the blue curve the calculated loop 
gain.

Figure 4-1. Loop Gain Magnitude with Output Impedance Reconstruction (blue) and with Voltage 
Injection Method (red)

Operating Conditions: Vin=3.3 V, Vout=1.0V, Iout=2 A

Crossover Frequency: 141.25 kHz (Red curve), 146.27 kHz (Blue curve)

Figure 4-2 shows a comparison of the reconstructed phase to measured voltage injection method.

The red curve of Figure 4-2 shows the measured voltage injection method phase and the blue curve shows the 
calculated phase, reconstructed using the Equation 5 from the impedance measurements.
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Figure 4-2. Loop Gain Phase with Output Impedance Reconstruction (blue) and with Voltage Injection 
Method (red)

Operating Conditions: Vin=3.3 V, Vout=1.0V, Iout =2 A

Phase Margin: 69.28° C (Red curve), 61.17° C (Blue curve)
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5 Conclusion
As demonstrated in this application note, a loop gain reconstruction can be performed by measuring the output 
impedance of a DC-DC converter in different operating states. An output impedance measurement can give 
very useful insights regarding the DC-DC converter performances. In addition to bandwidth and phase margin 
evaluation of a power supply, an output impedance measurement can also help to evaluate the converter ability 
to recover from a certain load or to verify that a target output Impedance is met to achieve a strict load step 
requirement.
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