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01. INTRODUCTION AND THEORETICAL BACKGROUND

A switching power supply requires one or more capacitors across the output voltage rail. Their main purpose is to provide a
low-impedance path to filter out the AC current ripple at the converter switching frequency and any high-frequency noise,
resulting in a ‘clean’ DC voltage to supply the load. In addition to this, they also act as an energy reservoir. In the case of a
sudden change in the load current demand, the output capacitor(s) will provide or absorb energy to or from the load, limiting the
output voltage excursions until the control loop reacts and can adjust the amount of energy transferred from the input to the
output stage of the converter as necessary. Hence, for a set bandwidth of the feedback control loop, the capacitance and
equivalent-series-resistance (ESR) of the output capacitor(s) will dictate the amount of overshoot and undershoot of the

output voltage during load transient events.

Although these are their two main roles in the converter, the output capacitors also influence the feedback control loop. As they
are part of the power stage, their parameters appear on the plant transfer function of the system, shaping its magnitude and
phase over frequency. Therefore, once the compensator circuit has been designed for a specific plant characteristic, changes in
the output capacitor parameters will in turn affect the phase and gain margins of the control system, with consequences
ranging from just a degradation of the transient performance up to full-blown instability in a worst-case scenario.

It is therefore important to understand the way such variations affect the stability margins of the system, as well as to verify
stability of the control loop whenever changes in the output capacitor(s) are made, as a redesign of the compensator circuit

may be required.

Against this background, in this application note the role of the main output capacitor parameters on the plant transfer function
of a power supply is analyzed, using a buck converter with voltage-mode control (Figure 1) as a reference topology.
Additionally, experimental results on a real converter prototype will show the consequences that a change in the output
capacitor(s) can have on the stability of the feedback loop and thus, on the converter’s functionality, considering different
design scenarios and providing design guidelines as necessary.
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Figure 1: Closed-loop buck converter with voltage-mode control and OP-AMP based type-3 compensator circuit
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02. THE OUTPUT CAPACITOR IN THE PLANT TRANSFER FUNCTION

The plant or control-to-output transfer function (abbr. TF) of a switching regulator varies not only with topology and control
technigue used, but also with component values and operating conditions of the converter. To illustrate the impact of the
output capacitor, a VM-CCM buck converter (i.e. buck converter with voltage-mode control and continuous-conduction-mode
operation) will be used (Figure 1), but a similar analysis procedure can be followed for other cases.

The plant transfer function of the VM-CCM buck converter is widely documented and has the following structure (s-domain):

-
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It can be separated into three different elements: a low-frequency gain (a(s)), a so-called ‘ESR zero’ (b(s)) and a resonant
double-pole (c(s)), as follows:

Gco(s)= a(S)'b(S)'C(S) (EZ)

a(s)=Gy (E.3)

b(s)= (1+wi) (E.4)

z

c(s)= (E.5)

The characteristic of the above transfer function is set by the values of four different variables: Go, wz, wo and Q, which in turn,
depend on several converter parameters as below [';
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In the expressions above, r¢,t is the ESR of the output capacitor and r 4, is the winding resistance of the power inductor. The
rest of the parameters are shown in the schematic of figure 1. Note that V,,, is the amplitude of the voltage sawtooth
waveform fed to the comparator to generate the duty-cycle of the control transistor in a voltage-mode converter.

The following buck converter specification is considered as an example:

Vin= 24\, Vour= 5V, lot= 4 A, Fsw= 500 kHz, L = 10 pH, riger= 50 MQ, Cout= 220 pF, reoue= 40 MQ, Veaw= 2 V/
With the above, the calculated parameters of the plant transfer function are (with w = 2mf): Go= 21.24 dB, fz= 18 kHz,
fo= 3.4 kHz, Q=1.73.

The magnitude and phase curves of each of the three elements a(s), b(s) and c(s) are shown separately in Figure 2. Itis
observed how the low-frequency gain (a(s)) is simply a constant gain, not causing any phase shift over the entire frequency
range. The ESR zero (b(s)) provides no gain until fz, a point where the gain is 3 dB and it keeps increasing at a rate of 20 dB/dec
above fz. Regarding the phase, the ESR zero starts providing phase lead at about one-decade below fz, reaching 45° at fz and
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increasing to 90° at around one-decade above fz. The resonant double-pole (c(s)) has the typical magnitude and phase curves
of the well-known second-order RLC circuit, with its resonance frequency and quality factor determined in previous equations
E.8 and E.9. It models the resonance of the power inductor and output capacitor, with lossy elements of the power stage
contributing some damping (note that E.8 and E.9 are an approximation, since only the capacitor ESR and inductor DCR were
accounted for, but additional lossy elements like a MOSFET Ruasion Were not included).

The Bode plot of the plant transfer function of the VM-CCM Buck converter of this example can be built then by adding
together the magnitude and phase curves of the three separate factors a(s), b(s) and c(s), and the result is shown in Figure 3.
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Figure 2: Bode plot of DC-Gain (a(s)), ESR zero (b(s)) and resonant double-pole (c(s)) of VM-CCM buck converter example (MATLAB™)
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Figure 3: Bode plot of plant TF of VM-CCM buck converter example (MATLAB ™)
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Note how in the low-frequency range below 1 kHz, the plant response is dominated by the constant low-frequency gain with
no phase shift. The double-pole at 3.4 kHz comes into action next, causing the magnitude to roll off at a rate of -40 dB/dec
while causing a dramatic phase shift heading steeply towards -180°. However, the phase does not reach this value because
the ESR zero at 18 kHz counteracts the action of one pole, resulting in a net roll-off of -20 dB/dec and the phase curve heading
towards -90° above the ESR zero frequency (fz). The ESR zero is a common element to all converters with one or more output
capacitors, and its frequency position is solely determined by the values of Cout and rcout @s in E.7. Once the plant characteristic is
known, a common rule-of-thumb is to select the crossover frequency of the open-loop transfer function (at which control loop
stability is studied) lower than one-fifth of the switching frequency but also higher than the double-pole frequency. Based on
this, the target crossover frequency could then be selected somewhere between 20 kHz and 100 kHz in this example.
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Figure 4: Bode plot of plant TF for fixed Cow=47 pIF and varied rcou (MATLAB™)
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Figure 5: Bode plot of plant TF for fixed rcoue=70 mQ and varied Cout (MATLAB™)
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Figure 4 and Figure 5 show how different values of Cout and reout (@ll of which would be suitable for this example buck converter),
influence the plant frequency response. To gain a better insight on the individual effect of Cout and rcout, 0ne of the parameters is
kept fixed and the other varied. In Figure 4, Cout is fixed and rcou varied, while in Figure 5, rcout is fixed and Cout varied. Table 1
shows the calculated values of fz fo and Q in each case. It is observed how variations of the ESR mainly affect the ESR zero
frequency (fz), but they do not cause important variations in fo and Q, whereas variations in the output capacitance notably
affect both, the ESR zero as well as the double-pole frequency, while having a negligible effect on the quality factor in this
example. This results in important deviations of up to 25 dB in the magnitude curves (Figure 5) and over 70° in the phase
curves (Figure 4) within the target frequency range of 20 kHz to 100 kHz.

Cout = 47 pF ESR =10 mQ

ESR=10mQ | ESR=100mQ | ESR=300mQ | Cow=22pF | Cow=100pF | Cou=330pF

340 kHz 34 kHz 11.2 kHz 723 kHz 160 kHz 48.3 kHz
7.5 kHz 7.2 kHz 6.7 kHz 11 kHz 5.1 kHz 2.8 kHz
2.1 15 0.9 1.7 2.3 2.1

Table 1: Calculated values of 1, foand Q corresponding to Coutand reoue vVariations considered in figures 4 and 5

How can such variations jeopardize the stability of the converter's feedback loop? As a brief review, Figure 6 shows the block
diagram of the closed-loop VM-CCM buck converter of previous Figure 1, with the transfer functions in the s-domain and
considering only AC-signals with the converter’s DC operating point fixed.
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Figure 6: Closed-loop system diagram of VM-CCM buck converter of figure 1 for AC-analysis with injected sinusoidal perturbation

A small-signal sinusoidal perturbation is injected across Riny (5-10 Q), and the voltages at points ‘A" and ‘B’ with reference to
DC-GND are observed. If the perturbation in ‘A", after travelling through the compensator (Gc(s)) and plant (Ge(s)) arrives at ‘B’
with the same phase and amplitude, then a sustained oscillation has been generated and the system is unstable. In other
words, instability results if the product of the compensator (including the inverting action of error amplifier) and plant transfer
functions, known as the open-loop transfer function (GoL(s)), provides a total phase lag of 360° or greater to a sinusoidal signal
at its crossover frequency (0 dB, Gain=1). Note that the inverting action of the error amplifier around which the compensator
circuit is built (equivalent to a 180° phase lag) cannot be separated from Gc(s) in the measurement, and then it simply appears
as a minus sign for Ge(s) in the definition of the plotted open-loop transfer function (E.10).

Go(s) = -Gcl(s) - Gpls) (E.10)

Based on the above, in the measurements shown in this document, the phase of the open-loop transfer function at the
crossover frequency will directly correspond to the ‘phase margin’ (PM). From E.10, it can be observed how the frequency
response (Bode plot) of the open-loop transfer function is built by adding the magnitude and phase curves over frequency of
the compensator and plant transfer functions. Thus, once the compensator is designed to achieve good stability margins for a
specific plant, variations of the plant characteristic caused by changes in the output capacitors will in turn modify the open-loop
frequency response, potentially to the extent of causing instability of the control system.

In the following section, experimental results on a real VM-CCM Buck converter prototype will show how this may easily
happen, considering different design scenarios.
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03. EXAMPLE CASE: IMPACT OF ‘BULK’ CAPACITOR

The amount of capacitance required to attenuate the output voltage ripple (at the switching frequency) to sufficiently low
values (e.g. 0.5% of Vou) is typically much lower than the amount required for energy storage to meet transient response
requirements.

Consider the following basic specification of a VM-CCM buck converter:
Specification-1: Vin= 12V, Vou= 5V, lout= & A, Fsw= 400 kHz, L = 4.7 pH (WE-MAPI 5030 74438367047)
To obtain an output voltage ripple amplitude below 0.4% of Vout (i.e. 20 mV in this case), around 26 pF of capacitance is required

(considering negligible ESR by using Multilayer Ceramic Capacitors (MLCC)):

Al ~ 1.7
8 fy AVgy 8- 400KkHz-0.020V

Cout > =265 pF (E.11)

The above requirement can be met by paralleling three WCAP-CSGP 885012209028 (10 pF, 25V, 1210, X7R) capacitors.
REDEXPERT curves in Figure 7 show an ESR of around 2 mQ at 400 kHz with a capacitance drop of only 4.9 % at 5 V bias,
resulting in 9.5 pF. Thus, this arrangement would be equivalent to a single capacitor of around 28 pF and 0.7 mQ, which will be
denoted as 'Co1’ from this point on in the document.
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Figure 7: REDEXPERT data for WCAP-CSGP 885012209028
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Figure 8: REDEXPERT data for WCAP-HSAH 875585345004

The so-called 'bulk’ capacitance is added to meet transient specifications. Consider as an example the requirement to keep the
output voltage undershoot within 2% of Vout (i.e. 700 mV) for a load current step of 1.5 to 3.5 A. With a 20 kHz feedback loop
bandwidth, the formula E.12 (proposed in %)) gives an estimation of the minimum required 'bulk’ capacitance, which in this case
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is around 160 pF. A single WCAP-HSAH 875585345004 hybrid polymer capacitor (220 pF, 16V, 17 mQ (at 20 kHz)) can be
used to meet this requirement. Its REDEXPERT curves are shown in Figure 8, and it will be referred to as ‘Co2’ from here on.
Algyt 2

Cout_min™ 2 T Doy 2120k 0.1 =160 pF (E12)

In Figure 9, the VM-CCM Buck converter prototype is shown with the output capacitors highlighted. The measured plant
transfer function in Figure 10 shows a magnitude and phase of -8.5 dB and -146° at 20 kHz. A type-3 compensator providing a
gain of 8.5 dB and having a phase of 206° at 20 kHz would result in a 20 kHz crossover frequency and a 60° phase margin.
Selecting the following standard component values below (see Figure 1 for schematic reference), a crossover frequency of 21
kHz and a phase margin of 58° are obtained, as shown in Figure 11. Note that the design procedure for the type-3
compensator is beyond the scope of this document, but B! can be consulted in this regard. Figure 12 shows that the transient
response comfortably meets the specification, with an undershoot of around 75 mV.

Compensator-1 = Ri1=73.2kQ, Row= 10 kQ, R2=68kQ, R3= 4.7 kQ, C1= 470 pF, (2= 33 pF and Cs= 330 pF
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Figure 9: VM-CCM buck converter board with Co7 and Co2 output capacitors
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Figure 10: Measured Bode plot of plant TF of /M-CCM buck converter with Co7+Co2 (Bode 100™)
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Figure 11: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-1 and Co7+Co2 (Bode100™)

Figure 12: Load transient response (1.5 A to 3.5 A, 1 A/us) of VUM-CCM buck converter with compensator-1and Co7+C02 (Vout (), lout (1))
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Figure 13: Impedance vs Frequency (closed-loop output impedance (l), Co7 impedance (l), Co2 impedance ()) (L Tspice ™)
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Note that the bulk capacitor has almost no influence on the attenuation of the output voltage ripple at the switching frequency
of 400 kHz. Figure 13 shows the impedance versus frequency curves of Co1, Co2 as well as the total converter output
impedance in closed-loop operation for 2 A output current (LTspice™ simulation). It is observed how at 400 kHz, the converter
output impedance is dominated by Co1 (i.e. 3 x WCAP-CSGP 885012209028 capacitors), while the impedance between 20 kHz
and approximately 200 kHz is dominated by Co2 (i.e. WCAP-HSAH 875585345004 capacitor). Below the crossover frequency
of 20 kHz, the converter output impedance is set by the control loop to a much lower value than the impedance of the output
capacitors. In addition to its main role of keeping the output voltage regulated at the target value despite varying operating
conditions, a lower converter output impedance with the subsequent improvement in transient response is one of the
advantages of a well-designed feedback loop. Based on this, if the load transient requirements are relaxed at a later stage, or
the design is reused for a different specification allowing it, it may be tempting to just remove the bulk capacitor. Figure 14
shows the consequences of doing so while ignoring the compensator. As soon as the converter is powered up, the output
voltage oscillates, with an amplitude of around 600 mV and an oscillation frequency of around 80 kHz (nothing to do with the
switching frequency ripple at 400 kHz). The controller also operates erratically, randomly enabling and disabling switching. The
control loop has become unstable!

Figure 14: Unstable operation of the VM-CCM buck converter with compensator-1 and without Co2 (Vout ()

Under such operating conditions, any efforts to directly measure the frequency response would be in vain. However, alternative
approaches can be used to confirm that such behavior is effectively caused by an unstable control loop. One is by using an
analytical model as in previous section 2 of this document, while other options are via SPICE simulation or even (indirectly)
experimentally. This last approach consists of generating the equivalent open-loop frequency response by adding the
measured frequency response curves of the compensator-1 and of the plant without Co2, both measured with a stable loop
(i.e. compensator-1 measured with Co2 added, and the plant measured with Co2 removed but using compensator-2 as shown
later). The results of this experimental approach are shown in Figure 15, where a negative phase margin of -15° confirms
instability. Note how the output voltage oscillation frequency of 80 kHz observed in Figure 14 is very close to the open-loop
crossover frequency of 89 kHz in Figure 15.

For further insight, the measured Bode plots of the plant transfer function with and without the bulk capacitor are compared in
Figure 16. The two curves at the top correspond to the magnitude (left axis reference), and the two curves at the bottom to the
phase (right axis reference). After removing the bulk capacitor, the double-pole frequency increases from 5 kHz to 14 kHz and
so does its quality factor, from 1.2 to 2.5. The ESR zero moves from around 50 kHz up to 8.2 MHz, 'disappearing’ from the
response, and with it the beneficial phase lead contributed in the range between 20 kHz and 100 kHz. In this frequency range,
these variations have the combined effect of an increase in gain and additional phase lag. Consequently, with compensator-1,
the resulting crossover frequency moves higher to around 80-100 kHz caused by the double-pole frequency shift, an area
where the phase lead provided by the compensator is lower (see Figure 15) and the plant phase lag higher (due to the absence
of the ESR zero). An unfavorable combination.
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Figure 15: Bode plots of measured plant TF (with Co7-only) (I}, measured compensator-1 (/) and generated open-loop TF (l) (Bode 100™)
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A redesign of the compensator is necessary to bring the converter back to stability without the bulk capacitor. Considering the

original specification of a 20 kHz crossover frequency and a phase margin of 60°, the new compensator components are

recalculated and the following standard values selected:

Compensator-2 = Ri=73.2kQ, Row= 10 kQ, R2= 4.7 kQ, R3= 4.7 kQ, C1= 6.8 nF, C2= 470 pF and Cs= 330 pF

The measured open-loop frequency response in figure 17 shows a crossover frequency of 21 kHz, a phase margin of 59.9° and

a gain margin of nearly 25 dB. The well-behaved transient response in figure 18 further confirms stability, albeit suffering from

a much higher undershoot amplitude of 0.5 V due to lower energy storage capability with the absence of the bulk capacitor, as

expected.

When it comes to design robustness, one may feel uneasy that the crossover frequency is now rather close to the double-pole

frequency. Just about 8 dB of attenuation will be enough to make the double-pole peaking dive below the 0 dB line, causing a

sudden reduction of the crossover frequency below 1 kHz, with the loop not having enough gain to counteract the double-pole
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Figure 17: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-2 and Co7 only (Bode100™)
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Figure 18: Load transient response (1.5 A to 3.5 A, 1 A/us) of VM-CCM buck converter with compensator-2 and Co T only (Vout (), lout (1))
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Figure 19: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-3 and Co7 only (Bode100™)
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Figure 20: Load transient response (1.5 A to 3.5 A, 1 A/us) of VM-CCM buck converter with compensator-3 and CoT only (Vout (), lout (1))

Peace of mind can be restored by redesigning the compensator for a higher crossover frequency of 40 kHz, without added cost
and with the only drawback of an increased susceptibility to noise of the loop at higher frequencies. The compensator
component values are as follows:

Compensator-3 = Ri1=73.2kQ, Row= 10kQ, R2=13kQ, R3=2.2kQ, C1=2.2nF, C2=47 pF and C3= 330 pF

Figure 19 shows the more robust design, now requiring over 18 dB to bring the peaking below the O dB line. Observe how
increasing the crossover frequency has also brought another advantage, as it improved the transient response reducing the
undershoot amplitude to 0.28 V thanks to the higher bandwidth and faster reaction time of the control loop (Figure 20).

At this point, one may wonder what would happen if the bulk capacitor (Co2) is added without a compensator redesign...
Measurement results in Figure 21 and Figure 22 show how the system is much more forgiving in this case, with the phase
margin falling slightly to 49° and a well-behaved transient response. A compensator redesign would be recommended for
better transient performance and increased ruggedness of the control-loop but it is by no means essential for stability
considerations.
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Figure 21: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-3 and Co7+Co2 (Bode100™)
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Figure 22: Load transient response (1.5 A to 3.5 A, 1 A/us) of VUM-CCM buck converter with compensator-3 and Co7+C02 (Vout (), lout (1))
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04. EXAMPLE CASE: IMPACT OF ESR

In the previous case, there was a considerable variation of both the capacitance and ESR values with the addition and removal

of the bulk capacitor (Co2). However, there are situations in a design cycle where the output capacitor must simply be replaced

by an equivalent part (i.e. with the same capacitance and similar (or lower) ESR). This could be, for example, due to stock

availability issues, change of assembly method (e.g. through-hole (THT) to surface-mount (SMT)), new mechanical constraints

or simply for cost reduction efforts. Could a moderate ESR change alone be sufficient to compromise the stability of the

converter's feedback loop?

Let us consider the following basic specification of a Buck converter:

Specification-2: Vin= 12V, Vout= 3.3 V, lout= &4 A, fsw= 400 kHz, L = 4.7 pH (MAPI 5030 74438367047)

Note how the main difference compared to the base specification of the previous example is the lower output voltage (3.3 V

instead of 5 V). Therefore, the same WCAP-CSGP MLCC capacitors can be used (Co1) to deal with the output voltage ripple
requirement, but now together with the 'bulk’ electrolytic capacitor WCAP-ATLI 860080474010 (220 pF, 25V, 70 mQ (at 30

kHz), THT, (Height-11.5mm, Diameter-8mm)), which will be referred to as ‘Co3" in the document.
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Figure 23: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-4 and Co7+Co3 (Bode100™)
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Figure 24: Load transient response (1.2 A to 2.7 A, 1 A/us) of VM-CCM buck converter with compensator-4 and Co1+C03 (Vout (), lout (1))
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With the following compensator component values below, a crossover frequency of 30 kHz with a phase margin of 52° is
obtained (Figure 23). The response to a load current step from 1.2 to 2.7 A is shown in Figure 24.

Compensator-4 — R1=45.5kQ, Row= 10 kQ, R2=73.2 kQ, R3= 13 kQ, C;= 150 pF, C2= 33 pF and Cz= 100 pF

Let us consider that on a later revision of the design, there is a constraint for a maximum height of 4 mm and with all
components being surface mount (SMT). In such case, the H-chip polymer capacitor WCAP-PHGP 875015119006 (220 pF, 6.3
V, 5mQ (at 30 kHz), SMT, Height-1.9mm) would be a good fit and will be referred to as '‘Cos4'. This low-profile capacitor has the
same capacitance but a lower ESR than Co3, which is an advantage as it could replace not only Co3, but also the three MLCC
capacitors (Co1) altogether, while keeping the switching frequency ripple within the specification and further improving the
transient response. However, Co1 will still be leftin place for the sake of an accurate comparison against Co3. REDEXPERT
data for both capacitors, Co3 and Co4, is shown in Figure 25 left and right, respectively.

Upon replacing Co3 by Co4 with the fixed compensator-4, the control loop (12 V to 3.3V, 2.5 A) is on the brink of instability with
a measured phase margin below 3° and a crossover frequency around 18 kHz (Figure 26).
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Figure 25: REDEXPERT ESR data for Co3 (WCAP-ATLI 8600804 74010) (left) and for Co4 (WCAP-PHGP 8750151 19006) (right)
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Figure 26: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-4 and Co7+Co4 (Bode100™)
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Figure 28: Permanent oscillation of VM-CCM buck converter (12 V to 3.3 V, 1.3 A) with compensator-4 and Co 1+C04 (Vout (), fout (1))

Despite the still marginal ‘theoretical’ stability, the converter is unusable in these conditions. In fact, small changes in converter
operating conditions (e.g. input voltage, load current) and standard component parameter variations (e.g. tolerance,
temperature dependence, etc.) will suffice to also push the converter into theoretical instability. In Figure 27, measurement
results for a small load transient step between 2.3 A and 2.15 A are shown, where it is observed how the step-down transient
to 2.1 A causes a permanent oscillation at 17.5 kHz, whereas for the step-up transient to 2.3 A oscillations are long-lived but
decay, as the system still has a small phase margin above a load current of around 2.2 A. After powering up the converter at a
lower output current of 1.3 A (Ri=2.5 Q), a permanent oscillation of 16.5 kHz and 170 mV amplitude appears on top of the DC
output voltage of 3.3 V (Figure 28). If a load transient is applied under these conditions, the converter goes into erratic
operation, randomly enabling and disabling switching. Note how in the results of Figure 27 and Figure 28, the oscillation
frequency is very close to the 18 kHz crossover frequency measured in previous Figure 26, confirming control loop instability.

How did the plant characteristic change to cause this scenario? Figure 29 shows the comparison of the plant frequency
response for Co1+Co3 (black curves) and for Co1+Co4 (red curves). The two top curves correspond to the magnitude (dB), while
the two bottom curves to the phase (deg). The well-damped double-pole frequency remains practically unchanged, as expected
with just a moderate change in ESR. The main difference is the shift of the ESR zero frequency. With Co3, this is at around 9
kHz while it moves to nearly 100 kHz with Co4, causing a steeper roll-off of the magnitude curve, which results in a lower gain
and higher phase lag in the frequency range from 10 kHz to 50 kHz. As a result, the lower gain shifts the crossover frequency
down from 30 kHz to 18 kHz, an area where the phase difference between the two plant responses is maximum (around 40°)
and the compensator phase lead lower. Again, an unfavorable combination.
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Figure 30: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-5 and Co7+Co4 (Bode100™)
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Figure 31: Load transient response (1.2 A to 2.7 A, 1 A/us) of UM-CCM buck converter with compensator-5 and Co7+Co4 (Vout (), foue (1))
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A compensator redesign is therefore necessary in this case. With the following compensator component values below, a
crossover frequency of 29.5 kHz with a phase margin of 55° is obtained (Figure 30):

Compensator-5 = R1=45.5kQ, Row= 10 kQ, Rz2=73.2 kQ, R3= 2.7 kQ, C1= 220 pF, C2= 33 pF and Gz = 330 pF

In Figure 31, an improved transient response is observed with the undershoot reducing from 85 mV down to 45 mV/ compared
to the result with Co3, mainly thanks to the lower ESR of the H-chip polymer capacitor (Co4).

What would happen if Co4 is replaced by Co3 with this new compensator? Figure 32 shows a higher crossover frequency of 82
kHz and a phase margin of 33°. Referring back to Figure 29, the higher crossover frequency is explained by the higher gain of
the plant transfer function with Co3, while the reduction of the phase margin is mainly due to the lower phase lead provided by
the compensator in this range, since the plant transfer functions of both Co3 and Co4 cause a similar phase lag between 70
and 100 kHz. Similar to the previous example, a higher ESR is more forgiving when it comes to stability of the control system
also in this case. However, a compensator redesign would be highly recommended since 30° is a rather low nominal phase
margin. For reference, Figure 33 shows the VM-CCM Buck converter board with Co1, Co3 and Co4 capacitors.
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Figure 32: Measured Bode plot of open-loop TF of VM-CCM buck converter with compensator-5 and Co 7+(03 (Bode 100™)
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Figure 33: VM-CCM buck converter board with Co7, Co3 and Co4 output capacitors
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In this example design case, the impact of an ESR variation from around 5 to 70 mQ was studied. Although this may seem a
large variation, itis in fact a rather moderate change considering the actual spread of ESR values which can be found in practice.

REDEXPERT results in Figure 34 show an ESR range from around 70 mQ to slightly over 1 Q at 30 kHz, considering four 100 pF
capacitors within the same series (WCAP-ATLL), with varying size and voltage ratings. Even for similar 220 pF capacitors as in
these two example cases, with a fixed voltage rating of 25V and considering different WCAP series, the ESR values spread over
arange from 7 mQ up to around 300 mQ, as shown in Figure 35. Without any fixed parameters, ESR differences would easily
span a range of several orders of magnitude, from a few tens of pQ to several Ohms.

Therefore, it is recommended to verify feedback loop stability margins even when the output capacitor is replaced by an
equivalent part with the same capacitance, especially in cases involving more than a two-fold change of the ESR.
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05. STABILITY FOR ANY OUTPUT CAPACITOR WITHOUT COMPENSATOR REDESIGN?

Although a compensator specifically designed and tailored to a specific plant will provide the best performance, there may be
cases where designing a compensator which can ensure a stable control loop despite wide variations of the plant characteristic
may be the preferred solution. Amongst others, this would allow to replace components like the power inductor or output
capacitor at a later stage without a concern for stability. Would that be possible?

In Figure 36, the measured plant frequency response of the different output capacitor combinations considered so far in the
document is shown. These are: Co1-only, Co1+Co2 and Co1+Co3 (note that Co4 has similar ESR than Co2 and it is therefore
not included). It can be observed how the variations of capacitance and ESR values do not affect the plant response in the low-
frequency range below around 1 kHz, where the plant characteristic is dominated by the constant low-frequency gain with little
to no phase lag added. Therefore, if the crossover frequency is selected at or below 1 kHz in this case, an integrator
configuration, also known as type-1 compensator (Figure 37) could be used, consisting in a simple origin pole. Its integrating
action eliminates the static error (i.e. the output voltage closely following the reference), while producing a total phase lag of
270° (i.e. 180° from the inverting action of the error amplifier and 90° due to the capacitor C4). With this, a phase margin of 90°
would be obtained, independent of the output capacitor.
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Figure 37: Type-1 compensator circuit and its frequency response in this design (compensator-6)
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For this compensator, C1 is calculated to set the target crossover frequency of the open-loop transfer function (fco), as follows:

|Gol

(E.13)

With Ry = 73.2 kQ and Go= 6.3 (i.e. 16 dB), then C1 = 15 nF (compensator-6) will set a crossover frequency of around 1 kHz.

Figure 38 shows measurement results of the open-loop transfer function for each of the output capacitor combinations

previously mentioned. In all cases, a crossover frequency around 1.1 kHz with a phase margin over 80° and a gain margin no

lower than 10 dB are observed, even with a large variation of capacitance and ESR values as in the case of Co1-only. Figure 39,

Figure 40 and Figure 41 show the transient response for each case. Despite a lower load current step of 1 A, a more sluggish

response with higher undershoot and a longer settling time is observed compared to previous results. Despite high stability

margins, a rather underdamped oscillatory response is observed for the ‘Co1-only’ case. The oscillation frequency is 13.5 kHz,

which corresponds to the double-pole resonance frequency of its corresponding plant response (see previous Figure 36). This

should not come as a surprise, since with a crossover frequency lower than the double-pole frequency, the control loop does

not have enough gain to correct for high quality factors of the resonant double-pole. This is one of the trade-offs of this

solution, and it is important to understand that in the case of a very high quality factor, the peaking of the magnitude curve

could cross the 0 dB line again, possibly making the loop unstable altogether. Aside from this, this approach can keep the

control loop theoretically stable with a fairly wide range of output capacitors, albeit at the expense of degraded transient

performance.
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Figure 41: Load transient response (1.4 A to 2.4 A, 1 A/us) of VM-CCM buck converter with compensator-6 and Co7 only (Vou (), fout (1))
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06. SUMMARY AND CONCLUSION

In a switching power supply, the output capacitors are typically selected based on voltage ripple and transient response
requirements. However, they also affect the feedback control loop as they shape the plant transfer function of the converter.
As the compensator circuit is designed for a specific plant characteristic, changes in output capacitor parameters may cause not
only a reduction of stability margins, but also full-blown instability of the feedback control loop. There are different scenarios
during a design cycle involving a change in the output capacitors of the power supply, like for example, the removal of a 'bulk’
capacitor (resulting in an important reduction in capacitance and ESR), and the replacement of the output capacitor by an
equivalent part (with same capacitance but lower ESR). Both cases have been considered in this document with a VM-CCM
buck converter design example. Despite moderate parameter variations, it was observed how the control-loop went from
stable operation with comfortable stability margins to instability after the change of the output capacitors, requiring in both
cases a compensator redesign to restore stable operation. Although a change involving an increase of capacitance and/or ESR
was found to be more forgiving, stability margins did also suffer. Therefore, stability should not be assumed and should always
be verified whenever a change in output capacitor(s) is implemented, especially when involving more than a two-fold variation
in capacitance and/or ESR. For the specific case of a VM-CCM buck converter as covered here, if the resonance of the power
inductor and output capacitor(s) is well damped, the crossover frequency could be shifted lower in the range where the plant
characteristic is dominated by the low-frequency gain. This would ensure stability of the feedback loop for a wide range of
output capacitors without requiring a compensator redesign, albeit at the expense of a degraded transient performance.
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A Appendix

A.1 Frequency response measurement setup

Figure 42 shows the test setup used to obtain the Bode plots shown in the document (based on previous Figure 6). A vector
network analyzer (Bode100™) was used with the sinusoidal signals injected via an isolation transformer (B-WIT-100™). Note
that a resistive load should be used and electronic loads better avoided for this test, as they may interfere with the
measurement.

Figure 42: Measurement setup for frequency response

A.2 Load transient response measurement setup

Figure 43 shows the test setup used to obtain the load transient results shown in the document. Resistive loads were used
with a pass-transistor control board to create the fast load transient steps.

Figure 43: Measurement setup for load transient response
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