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ABSTRACT

A popular LED driver is the internal loop compensated Peak Current Mode (PCM) buck. The loop
response is good for proper inductor and output capacitor design, but improper inductor and output
capacitor values can lead to instability or bad transient performance. This application report details the
PCM buck LED driver, analyzes the stability constraint, and provides a simple equation to calculate
bandwidth and phase margin of the converter.

The model proposed in this application report is introduced in Section 1. Section 2 provides peak current
mode loop modeling. The inside current loop is simplified as a single pole. The overall loop response
transfer function is obtained. The inductor and output capacitor design limits are derived considering loop
response. At the end of this section, the equation to calculate bandwidth and phase margin is provided. In
Section 3, the inductor and output capacitor is designed step-by-step considering loop response. The
theory is verified by simulation and bench measurement results.
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1 Introduction

This application report uses the TPS92200D1 and TPS92200D2[1] (hereafter referred to as
TPS92200D1/D2) as the example to analyze the control loop. The TPS92200D1/D2 regulator is an easy-
to-use synchronous step-down LED driver operating from 4-V to 30-V supply voltage. It is capable of
delivering up to 1.5-A DC load current in a very small solution size with very flexible dimming method. The
device is suitable for a wide range of applications from consumer to industrial for power conditioning from
an unregulated source. The TPS92200D1/D2 employs peak-current mode control with internal loop
compensation, which reduces design time, and requires few external components.

A lot of PCM loop models are available for system design. The most popular model is provided in A New
Small-Signal Model for Current-Mode Control [2]. The model predicted the sample and hold effects in the
current loop, while using a three-terminal switch model to calculate the power stage small-signal model.
Using this method, a simplified loop model is provided in the TPS65270 Loop Compensation Design
Consideration Application Report[3], and an equivalent circuit is obtained to simulate the loop response.
However, all of the models require simulation tools to draw the bode plot, then find a crossover frequency
and phase margin based on the bode plot. Besides, the transfer function of inner current loop is quite
complex, making it hard to understand how it impacts the whole loop response. In this document, a simple
equation is provided to calculate bandwidth. The phase margin is obtained by simplifying the inside
current loop as a single pole. The inner current loop stability criteria can be obtained based on the model.
Each zero and pole in the model has a clear physical meaning, making it easy to analyze the impact of
each component value on the loop response. The inductor and output capacitor design procedure of the
internally compensated PCM buck LED driver is given using the model. The model accuracy is verified by
both simulation and bench measurement results.

2 Peak Current Mode Loop Modeling

2.1 Overall Control Block Diagram and Transfer Function Derivation
Figure 1 shows the simplified schematic for the PCM buck LED driver.
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Figure 1. Simplified Schematic for PCM Buck LED Driver
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Since this is for an LED driver, the load is a little different comparing with traditional resistor load when
considering the loop. The LED has the non-linear V-I characteristic, Figure 2 shows a typical V-I
characteristics of the Osram Infrared (IR) LED: SFH4715A.

It is clear that the LED needs a threshold bias voltage, it only conducts some leakage current below the
minimum forward threshold bias voltage. And it is also non-linear above threshold bias voltage. When
considering the loop response of the LED load, it needs to linearize near the working point. For example,
when it works under 1.5 A, the forward voltage is about 1.44 V, it can gets the linearized resistance R, ¢
as shown in Figure 2.

It models the LED load with a DC bias power supply Vth with a serial resistance R ¢, as Figure 2 shows.
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Figure 2. V-l Characteristic of LED(SFH4715A)

Figure 3 shows the tested R, ¢, of IR LED (SFH4715A) and White LED (XMLAWTOT5051).
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When the LED model is connected to the circuit in Figure 1, you get a simplified schematic for the PCM
buck LED driver as Figure 4 shows.
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Figure 4. Update Simplified Schematic for PCM Buck LED Driver

R is used to set the maximum current, Since R is serially connected with the LED load, so the total
output resistance load is obtained as Figure 5 illustrates.

4
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R, =N *Rygp + Rpp (1)
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Figure 5. Overall Control Implementation

Figure 5 shows the overall control block model where:

e Gg(s) is the duty cycle to i, transfer function

* Gi(s) is the i, to i, transfer function

*  Gy(s) is the i, to Vg transfer function

* G op(S) is the gain of the chopper amplifier

*  Gga(s) is the transfer function of the error amplifier with certain compensation
e F, is the gain of PCM PWM comparator

e R, is the current sensing resistor

» H(s) is the transfer function model of inductor current sampling-hold effect
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Equation 2 shows the transfer function from the inductor current to the output current.
io (S) 1 + SRESRCO
Gi(s) =+ =
i,(s) 1+ 5(Rgsg +Ro)Co )
G.i(s) is the duty cycle to the i, transfer function.
() Vin(1+sCyRp)
Gdi (S) - 75 - 2
d(s) RO + SL + S LCORO (3)

The internal loop compensation is designed so that the crossover frequency is much higher than the
corner frequency, 1/(2nVLC,). For crossover frequency and higher frequency, Equation 3 can be simplified
as Equation 4.
i (s V
Gu(5) = h D
d(s) s (4)
The sensed inductor current, external ramp, and the output of error amplifier Voe are compared, which
determines when to turn off the high-side MOSFET, hence the duty cycle is determined. F,, is the
comparator gain. fg,, is the switching frequency. S, is the on-time slope of the sensed-current waveform
and S, is the external ramp slope.

g = o
S, + S,
where
Vin = Vo
S, =R, —1
. Se = VSe X fSW 5)
H.(s) is the transfer function model of inductor current sampling-hold effect. [2]:
s
fow s 52
H(s)=—5——=1- +——
¢ es/fsw -1 2fsw  (fow)? (6)
Equation 7 shows the transfer function from i, to i,.
Dpg (5)
Gop(s) =——=R
ik () )
Equation 8 shows the transfer function of the error amplifier with certain compensation.
_ Deomp(s) 1+ sRcomp Coomp
Gra(s) = Drp(s) S m Ccomp Co Ea
s(C +C * (1 + SR —)
( COMP O,EA) COMP Covp + Co ga ®)
2.2 Inside Current Loop Model
Based on Equation 4 to Equation 6 and Figure 5, the transfer function from control to inductor current is
Gci(s):
i.(s) 1 1
GCi (S) = — L = —_— 1
Deomp (8)  R; 14sx% Vse fow L + (0.5Viy — Vo)R; +s2x
2
Vin R fsw (fow) 9)
For the PCM buck converter, the crossover frequency is much smaller than half of the switching
frequency, so around the crossover frequency, Equation 9 can be simplified as Equation 10. The inside
current loop is simplified as a single pole, which is very helpful for the loop response analysis of the PCM
buck converter.
i.(s) 1 1
6 =55, L+ (0.5Viy — V)R
Dcomp () Riq 5% Vse fow L + 0.5V —Vp) i]
VinRi fsw (10)
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If the inside current loop G(s) is not stable, subharmonic oscillation occurs. A system is stable as long as
each of the poles of the closed loop transfer function lies in the left half plane. The minimum inductor
value is calculated to prevent subharmonic oscillation:

R; (Vo — 0.5Vy)

L>
Vse fsw (11)

2.3 Overall Loop Model

f, ea @nd f, ¢4 are zeros and poles introduced by the error amplifier with certain compensation. f, o, and
fo our are zeros and poles introduced by the output capacitor and load. f, 4 is the pole introduced by the
inside current loop. Based on Equation 2, Equation 7, Equation 8, and Equation 10, the open loop transfer

function L(s) around crossover frequency is obtained:
s S
1l+5—F—|%x|14+5—F—
< 27er_EA> < anz_our>

L(s) = G,(s) x Gfb(s) X Gpa(s) X G,(s) = =K
sx(l+ﬁ) <1+2 =F >x<1+;>

21f p oyr
where
_ Gch_op * Gy, * Rpp
. " Ri(Ccomp + Co_ga)
_ 1
. Joea = 21Rcomp Ceomp
f _ 1
pEA ZnRCOMP CCCOMP-I_C%EA
. comp T Lo ga
o= VinRi fsw
o T 2mVs, fowL + (0.5Viy — Vo)Ri]
1
. fz_our = m
_ 1
. Je.our = 2 (Rgsg + Ro)Co (12)

2.4 Inductor and Output Capacitor Design Limits

Figure 6 shows the Bode plot with proper inductor and output capacitor design.
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Figure 6. Bode Plot Model for PCM Buck LED Driver
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The gain curve must go across 0 dB with a —20 dB/dec slew rate, so that the phase margin is enough.
The zero introduced by the compensation network f, ., cancels the pole of output impedance f; o7, and
they are placed before crossover frequency: f, oy <., f, g < f.. The parasitic capacitor of error amplifier
Co ea is quite small, so f, g4 > f.. - -

If L is too large, the pole introduced by the current loop f;  is smaller than the crossover frequency f.. The
gain curve goes across 0 dB with a —40 dB/dec slew rate, and the phase margin is not enough.
Additionally, the loop response is influenced by V, since f;  is influenced by V,,. To prevent that from
happening, L must be properly designed to ensure f, ; > f.. Equation 13 calculates the maximum inductor
value.

VINRi (VO B O'SVIN)RL'
27-[](;‘ VSe VSe f:S‘W (13)

If the Equivalent Series Resistance (ESR) of the output capacitor is too large, the zero introduced by the
output capacitor f, 5,7 is smaller than the crossover frequency f.. The gain curve has a 0 dB/dec slew rate
after f, 5,7, Which makes the crossover frequency too large. Some high-frequency poles introduced by the
parasitic parameters in the IC influence the phase margin, and the phase margin is not enough. To
prevent that, the ESR of the output capacitor must be properly designed to ensure f, o > f.. Equation 14
calculates the maximum ESR. B

LK

2nf.Cy (14)
2.5 The Equation to Calculate Bandwidth and Phase Margin
From Equation 12 and considering f. > f, oy, fo > f; o, fo <o o, fo < 5, @and f; <, oy, the magnitude
of the open loop transfer function at crossover frequency f. is shown in Equation 15.
1+jf—fc ><1+jf—fc 1+jf—fc
. _EA Z_oUuT _EA
ILG2nf)| = K 7 - A K 1 1
2nf X [1+j = x[1+j7 x [1 +j 2nf, x 1+j—6‘
f P_EA f P_ci f P_OUT f P_OUT (15)
Considering Resg << Rq, the crossover frequency f, is obtained in Equation 16.
_ (KRcompCoomp — 1) + V(1 = KReoupCoonp)” + 4KR,C,
f. =
47TROCO (16)
Phase margin is the phase of the open loop transfer function at f, minus —180°: Equation 17
. o 180° 180° 180°
PhaseMargin = 90° — arctan(anCRDCO) X + arctan(anchMPCpr) X — arctan(anCRCOMPCO_EA) X
21f.|Vof oL + (0.5V;y — V)R, 180° 180°
— arctan JelVsef syl + OVin — V)R] X +arctan(2nf,R, . Co) X ——
VinRif gy T ESR T
17)
3 Inductor and Output Capacitor Design
In this section, the inductor and output capacitor is designed in a practical application using
TPS92200D1/D2. The loop response is considered during the process. Table 1 lists the design
specifications.
Table 1. Design Example Specification
OUTPUT
Vin (V) Vo (V) lo (A) lo_min (A) fsw (kHz) RIPPLE (mV) Vrer (V)
8Vto16V,
typical 12 V 3.6 (2 IR-LED) 1.0 0.1 1000 <30 1.2
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3.1

3.2

3.3

Inductor Design

Equation 18 calculates the value of the output conductor. K, is a coefficient that represents the amount
of inductor ripple current relative to the maximum output current of the device (For TPS92200D1/D2, the
maximum output current | . iS 1.5 A). A reasonable value of K, is 0.2 — 0.4. Since the ripple current
increases with the input voltage, the maximum input voltage is used to calculate the minimum inductance
Ly, While Kjyp = 0.2 is selected. The maximum inductor value is calculated to be 4.65 uH. Choose the
nearest standard inductor: L= 4.7 pH.

VIN_max - VO VO

Lmax -

Io max X Kinp  ViNmax X fow (18)

From Equation 13, the maximum inductor value is calculated to get enough phase margin. Three times
margin is suggested and the limit is calculate in Equation 19 with the TPS92200D1/D2 internal parameter.
If you assume the target crossing over frequency f. is about 20 kHz, then the result is L < 60 pH at the
minimum V. The selected 4.7-uH inductor meets the requirement.

1 Vi (Vo — 0.5V)y)

L<3lzzrx0441 T F, x 0441 19)

The TPS92200D1/D2 is protected from overcurrent conditions with the cycle-by-cycle current limit. To
prevent inductor saturation in case of short circuit conditions, the inductor saturation current must be
greater than the device maximum peak current limit, which is 3.3 A (typical) for the TPS92200D1/D2.

Output Capacitor Design

The output capacitor is designed based on output ripple and loop response. The output voltage ripple is
composed of two parts. One is caused by the inductor current ripple going through the ESR of the output
capacitor, see Equation 20. The other is caused by the inductor current ripple charging and discharging
the output capacitor, see Equation 21. The target output ripple is 30 mV, so AVg gsr < 30 mV and AVg ¢ <
30 mV, then Reggr < 125 mQ and C, > 0.91 pF. - B

AVp gsr = Io X Kinp X Rgsg (20)
Ip X Kinp
8 X fsw X Cp (21)

From Equation 14, the maximum ESR value is calculated to get a reasonable crossover frequency and
enough phase margin. If you assume the target crossing over frequency f. is about 20 kHz, then the result
IS Resg << 796 mQ. Three times the margin is suggested and the result is Rggg < 265 mQ.

AVO_C =

Output capacitor value determines loop response in internally compensated PCM buck converters, as
Equation 16 and Equation 17. With TPS92200D1/D2 internal parameter, the calculation equation is as in
Equation 22 and Equation 23. The target f, is about 20 kHz, so C, is about 12.4 uF. One 10-uF, 16-V
ceramic capacitor with 2-mQ ESR is used: C, = 10 pF, Resg = 2 mQ. The crossover frequency is f, = 20.8
kHz and the phase margin is calculated as 114.6° at V,, =12 V, I = 1.0 A.

_ (13.638Rps — 1) + /(1 — 13.638Ryp)” + 2727272R 3R, C
¢ 47R,C, (22)

o o

. 180 180
PhaseMargin = 90° — arctan(anCROCO) X + arctan(2rf. X 20u) X

180° (Zch (fgyL x 0.441 + 0.5V,y — V)
— arctan
VINfSW

— arctan(2rf. x 0.01115u)
180°

X

Co) X

180°
X - +arctan(27rfcRESR

(23)

Simulation and Bench Verification

Figure 7 shows the schematic for bench verification. SIMPLIS is used to simulate the loop response as
shown in Figure 8. Figure 9 and Figure 10 are the loop responses from the SIMPLIS simulation and bench
testunder V=12V, V,=3.6 V, 1o =15A, and fg, = 1.0 MHz. Table 2 compares the calculation results,
simulation results, and bench measurement at different V. It can be seen that the proposed model in this
application report is accurate.
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Figure 8. Schematic of a Simplified SIMPLIS Model
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Figure 9. Bode Plot Simulation Result at V,y=12V, I =1A
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Figure 10. Bode Plot Test Resultat V=12V, Ip=1A
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Table 2. Calculation, Simulation, and Bench Measurement Results Comparison
CALCULATION SIMULATION RESULTS | BENCH MEASUREMENT
RESULTS
LED Load
f, (kH2) PHASE f, (kH2) PHASE f, (kH2) PHASE
Vi (V) Io (A) MARGIN (9) MARGIN (9) MARGIN (°)
12 1 2 IR LED 20.8 114.6 23.25 115.0 23.64 98.5
12 1 4 IR LED 14.2 100.5 15.25 101.46 12.69 101.4
24 1 6 IR LED 11.8 93 12.55 97.2 12.0 90.1
24 1 4 White LED 20.91 117.2 21.39 113.1 23.26 100.7
24 1 6 White LED 13.6 101.24 16.94 104.7 17.45 94.7
4 Summary

For an internally-compensated, Peak Current Mode buck LED driver, the loop response is very different to
the traditional buck converter due to the different load connection and character [4][5]. It should pay more
attention to choose the inductor and output capacitor. This application report analyzes the whole loop of
the PCM buck LED driver, simplifies the inside current loop as a single pole, provides the constraint to
ensure loop stability, and gives out an equation to calculate bandwidth and phase margin. The inductor
and output capacitor is designed step-by-step considering loop response. The theory is verified by
simulation and bench measurement results.
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