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ABSTRACT

With simple frequency compensation, Peak Current Mode (PCM) control is commonly used in integrated
circuits (IC) to improve the line and load transient performance. Slope compensation is implemented to
prevent sub-harmonic oscillations at a duty cycle greater than 50%. Usually the inductor is considered as
a current source in a simplified PCM buck converter model, which actually has a significant impact of the
main pole as well as whole loop Bode plot. This application report provides detailed analysis of the
inductance impact in an accurate PCM buck converter, explains how the phase margin is reduced by the
inductor pole, and inductance design based on a practical IC is presented.

The features of peak current mode control are described in Section 1. Section 2 provides simplified and
accurate PCM buck converter modeling. Inductor design based on LMR14020-Q1 is calculated in
Section 3. Finally, Section 4 shows the Mathcad® calculations, Simplis® simulations, and bench tests to
verify the theory.
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1 Peak Current Mode Introduction

Peak Current Mode (PCM) control is a popular control mode, benefitting low cost and stability. Compared
to average current mode control, PCM control simplifies the internal current loop compensation, making it
popular for use in an IC.

PCM employs a current-sampling RAMP to compare with the output of the Error Amplifier (EA), to
generate the regulated duty cycle. PCM also benefits the fast response by input or load transient, with
current and voltage loops to realize higher crossover frequency.

2 Simplified and Accurate PCM Buck Converter Modeling

2.1 Simplified Transfer Function

Figure 1 shows the PCM implementation block diagram including three parts, voltage divider, error
amplifier, and switching modulator.
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Figure 1. PCM Implementation

Considering the inductor current ripple is 20% smaller than the load, the inductor could be simplified to a
current source here. The simplified Current Mode Control (CMC) block diagram is shown in Figure 2. G,; is
the ratio of compensation voltage to inductor current.
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Figure 2. Simplified CMC Block Diagram
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Comparing the Figure 1 and Simplified CMC Block Diagram, the transfer function of the voltage divider is
shown in Equation 1:

R
H=—1
R;+R,
where
* R, and R, are the feedback resistor Q)

The transfer function of EA is shown in Equation 2:

Tcomp:Gmx(Rc+Sl ]// 1
C

X C S X CCZ
where
e G, is gain of EA
« R,,C, and C, are the internal compensation network 2)

The transfer function of the output impedance is shown in Equation 3:

T,o = RL//[ESFH 1 j

sxC,
where
« R, is effective load resistor
e C, is total output capacitor 3)

Combine Equation 1 through Equation 3 and G;, the transfer function of the loop is shown in Equation 4:

TLoop_simpIified =Hx Tcomp X Gvi x Tzo (4)

Equation 4 shows the transfer function of the main circuit has two poles and one zero. The first pole is at
zero frequency and the other is generated by output capacitor and load. The zero is contributed by the
internal RC compensation. This structure makes the gain curve go across 0 dB with —20 dB/dec slew rate
and obtain enough phase margin. However, in practical circuits the inductor also brings in a pole, making
the simplified CMC phase margin higher than the measured value.

2.2 Slope Compensation and Sample Hold Modeling

Simplified CMC has two simplifications: one is ignoring the inductor ripple to consider the inductor as a
current source, the other is to use the simple on-resistor of the high side switch to indicate the current
sense gain.

In a practical PCM circuit, a slope compensation is usually required to avoid the sub-harmonic oscillation,
which occurs when the inductor ripple current does not return to its initial value by the start of the next
switching cycle. Further, the current mode control exhibits characteristics which can only be explained with
the discrete-time modeling, so it is necessary to model the current-sampling function and converted into
continuous-time representation and combined with the rest of the power stage and feedback modes.
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Figure 3 is the PCM overall control implementation. The inductor current (i) disturbance includes two
parts: input voltage and duty cycle, which is generated by the comparison of a current sampling RAMP
and the output of the EA.

SEECIE

KN
L T Teom(s) e HES) Jo

Figure 3. Overall Control Implementation

Where

» H,(s) is the input to i, transfer function

» Hgy(s) is the duty cycle to i, transfer function

* Ris the current sample resistor

* H(s) is the sample-and-hold system gain function
*  Tomp(S) is the gain function of the error amplifier

e H(s) is the gain of the divided resistor network

As the current waveform is in conjunction with the external ramp, the modulator gain of the circuit F, is:

1
Fn=———"—-—
(Sn +S, ) x Ty
where
« T, is the switching period
e S, is the on-time slope of the sensed-current waveform

e S, is the external ramp (5)
The accurate transfer function of the loop is shown in Equation 6:
TLoop_simpIified =Hx Tcomp x Hcomp2| X Tzo (6)
The transfer function of compensation to inductor current and sample-hold are shown in Equation 7 and
Equation 8:
H _ Fm X Hdi (S)
comp2l —
1"1‘ Fm XHdi(S)XHe (S)XRi (7)
T, xS S s?
He(s):eT;S_lz 2T + 2
S (TC/TS) (8)
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2.3 Inductance Impact of Accurate PCM Buck Converter
At the low frequency period, Hg(s) could be simplified to V, / (sL) and H.(s) is 1, Equation 7 can be
simplified to Equation 9.
H _ Fm X \/|N
comp2l_simplified sL + Fm « VIN % Ri ©)
The inductor pole is located at:
f _ 1 FaxVnxRi 1 Vin xR;
pole L = o L 21 (Vin = Vour ) <Ri x T +Se x Tg xLy (10)
From Equation 10, it is observed that the LC double pole is divided into two separate poles by enlarging
the inductor pole to high frequency, that is why the current mode could be considered as a one-order
system for easier compensation than voltage mode control. If the slope compensation is too much, which
means either S, or the inductor is too large, the pole will locate around the output capacitor pole, then the
current mode control is like the voltage mode control and the loop becomes unstable.
6 How to Evaluate the Maximum Inductor in an Internal Compensation PCM SNVA793-September 2017
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3 Inductor Design

This section introduces the inductor design based on LMR14020QDPR.

3.1 Bode Plot of Simplified PCM Converter
The system level parameters are shown in Table 1.

Table 1. System Parameters

Parameter Example Value
Input voltage, Vy 12 Ve
Output voltage, Vour 5 Vpe
Maximum output current , lg yax 2 Apc
Switching frequency, Fgy 1000 kHz
Output capacitor, Cqyr 47 uF

According to the output and reference voltage, the voltage divider here is:

He Vet 078 _¢ 45
Vourt
where

V., is the reference voltage of LMR14020QDPR

LMR14020QDPR has an internal RC compensation. The EA gain is 40 pA/V and R = 360 kQ, C = 60 pF,
so the transfer function of EA T, is:

comp

T, =GmX[R+ij=40x(360x103+
sC

Ssx60x10712 j

(11)

(12)

The output capacitor is GRM32ER61C476ME15L, which is a 47-pF, 16-V, X5R ceramic capacitor with 4-

mQ ESR. So, the output impedance

is:

(4><10_3 ><47><10_6><S+1)><2.5

T, =|ESR+—— IR, =
sxCour

1+(4><10_3 + 2.5)>< 47x107% xs

(13)

G,, of LMR14020QDPR is 5.1, combining Equation 11-Equation 13, the calculated loop response is

plotted as Figure 4 shows:
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Figure 4. Calculated Bode Plot of Simplified Model
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Build a Simplis model to verify the calculated Bode plot. Figure 5 and Figure 6 are the simulation
schematic and results. Comparing Figure 4 and Figure 5, observe that simulation results and calculated
results match with each other very well.
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Figure 6. Simplified Model Simulation Results
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3.2 Inductor Design

Figure 7 is a diagram of a simplified model Bode plot. The diagram shows a pole generated by output
capacitor and load, and the zero generated by internal RC compensation. The gains are:

V, C ESR+R
G, = 20log| — | 1 20l0g(G,; ) + 20log(Gy, xR, ) +20log(R,_ ) + 20log| —2T l U\ _ 43508
ouT Re xCe¢
(14
V, C ESR+R
G, = 20|og(ifj +20log(G,; ) +20log(Gy, xR ) +20log(R ) - ZOlog[ our ( s )J =14.1dB
Vourt ¢ *Ce¢
(15)
A
60 —
(fpole.G1)
40
)
E/ 20 | (fzero:GZ)
@
& | . (fo0) | R
1k 10k lOO\k
-20 — Frequency (Hz)

Figure 7. Simplified Model Bode Plot Diagram

In a simplified model, the inductor is considered as a current source, the gain curve goes across 0 dB with
—20 dB/dec slew rate, so the crossover frequency is no relative with inductance. f. is derived in
Equation 16:

Cout X(ESR+R,)
R. xC.

f. = 20log(G, xR, ) + 20Iog( } =37.2kHz

(16)

In an accurate model, the inductor generated a pole, the gain curve slew rate decreases to —40 dB/dec. If
the gain curve goes across 0 dB with —40 dB/dec slew rate, there will not be enough phase margin for the
system, so the pole frequency generated by the inductor should be smaller than f,, maximum inductance
is derived in Equation 17:
1 x l:m X VIN

Lt max = 5 =9.7 uH

Gyixf a7

Table 2 lists different inductances for comparison, and calculated Bode plots are compared in Figure 8. It
is obvious that an inductor brought in one pole makes the phase margin smaller than the simplified model.
Further, if the pole frequency is smaller than f, the phase margin will not be enough.

Table 2. Different Inductance Comparison

Inductance (uH)

Simplified fc (kHz)

Simplified PM (°)

Inductance Pole

Accurate fc (kHz)

Accurate PM (°)

(kHz)
2.2 37.2 83 164.3 37.32 70.63
10 37.2 83 36.98 29.65 41.29
22 37.2 83 16.4 22.9 22.74
47 37.2 83 7.69 16.9 6.62
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Figure 8. Bode Plot of Different Inductors

4 Bench Verification

Figure 9 and Figure 10 are the schematic of the evaluation module (EVM) and Simplis model. In order to
match with the practical bench setup, make the following modifications in the simulation model:

1. Add an input LC filter to simulate practical long input cables and capacitors

2. Change the output capacitor to 33 uF/50 mQ according to the DC bias rating and ESR-frequency curve
3. Modify the EA Gain to 45 PYA/V to compensate the temperature variation

4. Add feedback to the GND capacitor to simulate the practical situation
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Figure 9. EVM Schematic
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Figure 11 shows the calculated Bode plot with practical parameter correction.
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Figure 10. Simplis Model Schematic
100
L IR
\\\\ \\\ PM=71° :
50 ~.\\ 80 \\\\ A\ L I
NG __""_"'_'__""__/__R\"__""_"
N fc =55 kHz / 1N
= 60 - / | i
) o \\\.‘ > N !
c - I " TTOmMT T T ™" I~ T [}
‘3 \ (7] |
o NG £ a0 : !
N I
N | \\
|
L i 20 N[
-50 : \\
| N
|
o 1
10 10° 10* 10° 10° 10? 10° 10° 10° 10°
Freq(Hz) Freq(Hz)
Figure 11. Calculated Bode Plot of Accurate Model
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Figure 12 and Figure 13 are the simulation and bench results. Calculated results, Simplis model, and
bench measurement match with each other well.

100 }
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Figure 12. Bode Plot of Accurate Simplis Model
Mag [B/AI (dB) | LMR14020QEVM_VIN=12V_VOUT=5V2A_L=2.2uH_C=47uF Phase [B-A] (deg)
60.000 150.000 =
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I
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I 1]
Data ML [m2 M2 - M1 -
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Magnitude -0.044 dB -17.261dB -17.216 dB
Phase 67.407 deg -0.683 deg -68.091 deg
Ref (Mag) 0.000 dB 0.000 dB 0.000 dB |

Figure 13. EVM Bode Plot

Figure 14—Figure 21 are the transient and frequency performance with different inductance. The test
condition is: Viy =12 V, Vour =5V, loyr: 0-2 A, 1 Alus slew rate. Observe that large inductance does not
have enough phase margin as well as loop transient performance. In this condition, 10-puH inductance is
the maximum value to get 45° phase margin to make the system stable.
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Figure 14. Transient Performance, L; = 2.2 uH, V,, = 576 mV
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Figure 15. Loop Response, L; = 2.2 pH, f, =51.5 kHz, PM = 67.4°
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Bench Verification
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Figure 16. Transient Performance, L; = 10 pH, V,, = 628 mV
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Figure 17. Loop Response, L; = 10 pH, f, = 38.7 kHz, PM = 45.2°
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Figure 18. Transient Performance, L = 22 pH, V,, = 764 mV
Mag [B/A] (dB) | LMR14020QEVM_VIN=12V_VOUT=5V2A_L=22uH_C=47uF Phase [B-A] (deg)
60.000 150.000 =
=

48.000 [————— 120.000

36.000 T | 90.000

24.000 60.000

12.000 S, R 30.000

0.000 0.000

-12.000 -30.000

-24.000 -60.000

-36.000 -90.000

-48.000 -120.000

-60.000 : . -150.000 =

1k 10 k 100 k 1M
i i
Data ML [m2 M2 - M1 -|
Frequency 32,60 kHz 96.24 kHz 63.64 KHZ |=
Magnitude 0.036dB -15.848 dB -15.884 dB =
Phase 33124 deg 0.159 deg -32.964 deg
Ref (Mag) 0.000 dB 0.000 dB 0.000 dB ~|
Figure 19. Loop Response, L; =22 pH, f, = 32.6 kHz, PM = 33.1°
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Figure 20. Transient Performance, L = 47 pH, V,, = 1020 mV
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Figure 21. Loop Response, L; =47 uH, f, = 24.3 kHz, PM = 19.4°
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5 Conclusion

In an internal compensation PCM buck converter, crossover frequency is fixed with an output capacitor, in
a simplified PCM model. In actuality, the inductor also brings in a pole and may reduce the system phase
margin too much. The inductor pole must be larger than f. derived in the simplified model. Mathcad
calculated results, Simplis simulation, and bench test verify the theory.
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