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ABSTRACT

The Simple Switcher LMZ3 module is widely used in space-sensitive applications because
of the highly integrated features. The total power solution requires as few as three
external components. While some customers prefer to remove the output POSCAP to
reduce cost and save space, removing POSCAP causes instability at low temperature.
This application report, using the LMZ30604 device as the example, introduces an
implementation in which two ceramic capacitors are added paralleled with the divided
resistors to solve this issue.

First, this report describes the possible instability issue at low temperature for the
LM30604 solution without POSCAP. Second, an accurate peak current mode (PCM)
module was built and a forward capacitance compensation method was introduced.
Finally, step-by-step calculations, as well as the simulation and test results, were provided
to verify the theories. This approach also could be applied to other LMZ3 modules.
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Introduction

The LMZ30604 device is power module which combines a 4-A DC-DC converter with power
MOSFETSs, a shielded inductor, and passives into a low-profile QFN package. This device offers
the flexibility and the feature set of a discrete point-of-load design and is ideal for powering
performance DSPs and FPGAs.

This power module has been designed with input of 2.95 V to 6 V, and has a loading capability
of up to 4 A output current. The few external components, up to 96% efficiency, adjustable
frequency and slow-start, programmable under voltage lockout (UVLO), and overtemperature
protection configuration benefit the customer design with more compact size, high flexibility, and
reliability.

Figurel indicates LMZ30604 simplified application. The required output capacitance must
include at least one 47-uF ceramic capacitor. For applications where the ambient operating
temperature is less than 0°C, Tl recommends an additional 100-uyF POSCAP. However, some
customers wish to remove the POSCAP to reduce cost and save space. This action, however,
causes instability at low temperature.

LMZ30604

VIN PWRGD
vouT
SENSE+

RT/CLK

INH/UVLO
SSTR  VADJ [
STSEL

PGND AGND Rser

Figure 1. LMZ30604 Simplified Application
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Figure 2 shows the Bode plot of LMZ30604 with and without POSCAP solution at low
temperature. The test conditions are: Vi,=5V, Vot = 1.8V, l0 =4 A, fs= 1 MHz, C., = 47 uF,
Cpos = 100 pF, Ly = 1 pH. It could be observed that the phase margin of non-POSCAP solution is
only 29 degrees and would easily cause an instability issue.
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-120.000
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-200.000
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(@) Cou= 47-uF ceramic

120.000

. 120,000
1% 10k 100k

(b) Cout= 47-uF ceramic/100-uF POSCAP
Figure 2. Bode Plot Test Results (Viy=5V and Vour= 1.8 V/4 A @ —-35°C)
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2 Analysis and Solution

2.1 Output Impedance Comparison of With or Without POSCAP Solution

Removing POSCAP changes the output impedance of the converter and influences the
crossover frequency and phase margin. Figure 3 shows the two kinds of output impedance.

o 0
Cpcﬁ_
Zoutl Ccer__ RLd |:| ZoutZ Ccer__ RLd |:|
Resr
O * ©,
(a) With POSCAP (b) Without POSCAP
Figure 3. Output Impedance Comparison—With or Without POSCAP

The Z,,u and Z,» could be derived as shown in Equations 1 and 2.

Zoutl(s)= 1 ”( 1 + Reer// RLd
S- Ccer S- pos

(1)

— (C pos Resr +1)RLd
Ccer ' Cpos ' RL ’ Resr '52 + (Ccer + CpOS )RLd s+1
1 R
Z .(s)=——/R =——14
OUtZ( ) S Ccer n 1+ RLd 'Ccer °S @)

Draw the Z,; and Z,», Bode plot as shown in Figure 4. It is obvious that when POSCAP is
removed, the phase value is much smaller than the default value at approximately 100 kHz,
which is the crossover frequency. That is why the phase margin of the solution without POSCAP
in Figure 2(b) is not sufficient. Decreasing crossover frequency and thus raising the phase
margin could solve this issue.

4 How to Configure LMZ30604 Power Module With Ceramic Capacitors
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Figure 4. Output Impedance Bode Plot Comparison—With and Without POSCAP

2.2 Accurate PCM Modeling

Figure 5 is the LMZ30604 functional block diagram and Figure 6 is the peak current mode (PCM)
overall control implementation. The i_ (inductor current) disturbance includes two parts: Vj, and
duty cycle, which is generated by the comparison of a current sampling ramp and output of the
EA (Error Amplifier). Because the current waveform is in conjunction with external ramp, the
modulator gain of the circuit F, is shown in Equation 3:
1
F =—-
" ST )

Where:
e T, is the switching period.
e S, is the on-time slope of the sensed-current waveform.

e S.is the external ramp.

In Figure 6, Hy(s) is the input to i, transfer function and Hg(s) is the duty cycle to i, transfer
function. R; is current sample resistor and He(s) is the sample-and-hold system gain function.
Gea(s) is the gain function of the error amplifier and Hg(S) is the gain of the divided resistor
network.

How to Configure LMZ30604 Power Module With Ceramic Capacitors 5
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Thermal Shutdown
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Figure 5. LMZ30604 Functional Block Diagram
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Figure 6. Overall Control Implementation

Figure 7 shows the average small-signal model of CCM buck converter. According to the KCL
and KVL principle, Equation 4 and Equation 5 could be derived.

Figure 7. Small-Signal Model of CCM Buck Converter

Vi 1006+ 28-3(6)| -0 = 1+ O s Vo 000 @
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o+ (5)=22-d(6)+ 1, +i, () D ©)

Ld

To separate the small signal disturbance, the gain function from duty cycle to inductor current
could be calculated as shown in Equation 6.

d(s) Ryg+SL+8°R4LCoy

Considering the practical crossover frequency is much higher than the corner frequency with
PCM control, simplify Equation 6 into Equation 7.

Hai(s)= %((:)) z\:;li (7)

The gain function from Vj, to inductor current could be calculated as shown in Equation 8.

1
) D.[scom+J
i (s R D
Hy ()= 1K6) w) D ®)
ds) 1455 4s2c,, St
Ld

out

Figure 8 shows the practical and approximated sampling-hold waveforms with the current and
control distortion.

Sn St
i.( Practical i.(n) Approximate
| & k+1 S k+1 t
(a) Practical (b) Approximate
Figure 8. Sampling-Hold Waveform With Current and Control Distortion

The discrete equation could be derived to describe the sampling-hold behavior:

kD)= () + 220,k +) ©)
Where S; is the inductor current ramp down slope.
Sf _Se
o=
S; +S, (10)

How to Configure LMZ30604 Power Module With Ceramic Capacitors 7
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Based on the discrete sampling model and Z(k+1) = Z(k) x k, |Z| domain translation results of
Equation 9 should be:
(2) 1+a 2z

IL —_
H(Z):vc(z)_ R Z+a (D

With substituting |Z| with e™® and considering zero order sampling-hold gain (1-e°®) / (Ts-S),
the gain function could be calculated from Equation 12.

H(S):1+a e 1-e % 1ta (eTS'S —1)

R e™S+a Ts:S RIS e™S 4a

(12)

Ignoring the disturbance of Vi,, the control block for the current regulation loop can be taken from

Figure 6 (see Figure 9).
VC
—>(-‘D—> Fm

o,
,__

Hai(s)

A 4
v

Figure 9. Control Block For Current Regulation Loop

Equation 13 shows the gain function from comp voltage to inductor current.

i (s Foo - Hai (5)
H(S):chs))zlJrHe(s)'Ri +Fmn - Hai(s) (13)

According to Equations 3, 6, 12, and 13, H(s) could be calculated as follows:
T,-S S S?

H.(s)= ~1- + 14
e( ) eTsS _q 2/T, (ﬂ/TS )2 (14)
As a result, the approximate gain from control to inductor current should be:
ORE i 2
Ri 1+s- w_k _;,_SZT% (15)
Vin - R; 2 7

To simulate this accurate PCM control model, the equivalent small-signal model is built (see
Figure 10).

i L Vout

T 1

Figure 10. Equivalent Small-Signhal Model

How to Configure LMZ30604 Power Module With Ceramic Capacitors
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Because C, is the approximate shorted circuit at crossover frequency, the gain function from

control to inductor current could be calculated as shown in Equation 16.

iAL(S) _1

R.//(1/sC,)

1

V.(s) Ry R/(VsC,)+sL R

e

i1+£s+L-ce-s2
R

As a result, Rgand C, could be calculated as shown in Equation 17.

2
C,=—

2L

7L

|Re:

R
l+a

2.3 Comparison of Simplified and Accurate PCM Modeling

Figure 11 shows a practical LMZ30604 schematic with a 5-V to 1.8-V design.

N
™

[

(16)

(17)

VIN |;,i ? es le3 e
GND a0 ,\' [ i
3.0 to 5.5 VIN 1 3 ot -
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- A \ L=y
: 2hhou Holo| 2.3 Y
|18V
=1E 1.2V
RT/CLK Telole|0.8 V
e %7 Output Select
ol ‘ :
1 MHz| i3
650 kHz| o] 'i' . : - L] i
b NOTES: T i‘d E':_ soodl” ;:DGND
VJ;L\—T-JS_I_J : (Ii_lz:np:;u:(’:t:‘lja to PGND directly at U1-37 on Layer 1 ol e S L
Figure 11. LMZ30604 EVM Schematic
Table 1 lists the relative parameters.
Tablel. Modeling Parameters
Vin(V) Vout(V) lo(A) fs(kHz) L(pH) RFBT(Q) | RFBB(Q) | Ccer(puF)
5 1.8 4 1000 1 1430 1150 47
Cpos(uF) | Resr(mQ) | Gm(A/V) Gea(MAV) | Ri(mQ) | Se(V/uS) | Sn(VIuS) | SI(V/pS)
100 25 13 218 32 0.18 0.10 0.06
Re(Q) Ce(nF) | Rcomp(kQ) | Ccomp(nF) a
1.704 101 13 1.8 —0.08

How to Configure LMZ30604 Power Module With Ceramic Capacitors
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The gain function of loop response could be calculated as shown in Equation 18.
R 1
T =—FT__.7 -Gga| R ———|-H(s),
) )G R | O 8)

In a simplified PCM, H(s) is approximately equal to G,,. The gain function of a simplified PCM
loop response should be:

R 1
TLoop(s):¢'Zout(S)'GEA Rcomp t— 'Gm ' (19)
Resr + Ress *Ceomp

Figure 12 shows the Bode plot of accurate PCM, simplified PCM, and the one presented in the
LMZ30604 data sheet. It is obvious that accurate module more closely matches the data sheet,
while the phase margin of the simplified module is higher than reality.

10

10

150
/_/ 40 120
. 100 20 | PN L per? R 1 &0
g [T g " o -
é I~ = 1 o 2
\ ) 8 4 I -
——| Galin| Agcurate(f) —— Phase. Accurate(f) =20 T T T 7T T | -60
—— Galin_ Simplified(f) 0 Phase_Simplified(f) o — g::;e| %0
10 10° 10° 10° 10 10° 10° -40 120
Frequency(Hz) Frequency(Hz) foe0 ! W,f,cequm). (H) 1oncce soeon
(a) Gain frequency (b) Phase frequency (c) Practical Bode plot
Figure 12. Calculated and Practical Bode Plot

Figure 13 indicates calculated frequency response with and without POSCAP at room
temperature. Removing POSCAP enlarges crossover frequency and decreases phase margin,
which closely matches test results in Figure 2. Removing POSCAP also causes instability at low
temperature because Rgys(on) and Gga would change substantially with temperature. One way to
resolve the non-POSCAP instability issue is to reduce the crossover frequency.

40 120
20 \ .
) g N
£0 o
3 &
© \ & 40
20 \
Gain_w/o POSCAR(f) ——Phase| w/o POSCAP(f)
Gain_w/ POSCAP(f) —Phase_w/ POSCAP(f)
4053 10° 10° 10° fo7 10* 10° 10°
Frequency(Hz) Frequency(Hz)
Figure 13. Calculated Bode Plot—With and Without POSCAP
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2.4 Two Types of Forward Capacitance Compensation

As LMZ30604 compensation is integrated inside, the R¢omp and Ceomp could no longer be
changed. Paralleling forward capacitance with divide resistors effectively adjusts loop response,
which usually has two types, as shown in Figure 14.

OO
_|Crar
Rrar
Vref
Rres
(a) Single-capacitance compensation (b) Dual-capacitance compensation
Figure 14. Two Types of Forward Capacitance Compensation

The gain function of reference voltage to output voltage shown in Figure 14(a) is calculated in
Equation 20, which adds a zero-pole to original function.

Urer (5) _ Zpgs(9) __ Rees 1+5-Repr -Crar

= = = 20
Uo(S)  Zrss(s)+Zpar(s) Regs +Resr L+5-(Regr //Regs ) Crar (20)
The zero and pole frequency can be calculated in Equation 21.
f ! fi= L (21)
“ P 2”'(RFBT 1" RFBB)'CFBT

27-Regr -Crar

Figure 15(a) shows the simplified gain frequency of single-capacitance compensation. The
dotted line is the original curve, and the solid line is the compensated curve. In this situation, A,
Ap, o1, and f; match Equation 22.

A, -0
oa(1,)-ToalTe)
A, = A, (22)
S
log(f, )-log(fc,)
As aresult:
feo h _ Repr +Regp (23)

fcll fZl RFBB

This means the single-capacitance compensation enlarges crossover frequency but could not
increase the phase margin. With the same method in dual-capacitance compensation, Equations
24 through 26 could be calculated as follows:

How to Configure LMZ30604 Power Module With Ceramic Capacitors 11
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Vre () _ Zgs(s) __ Regp 1+5-Repr -Crar (24)
Uo(s)  Zrgs(s)+Zrar(s) Ress +Resr 1+5-(Regr //Rege)-(Cror +Cras)
~ 1 o 1 (25)
2 27 -Regr -Crar e 2”'(RFBT 1 RFBB)'(CFBT +CFBB)
fez _ To2
o o 29

Because fy,; and f,, are relative to Crgr and Cegg, the fc22 could be located at any frequency to
adjust the phase margin.

Oref
Ve (A (nhw)
fc11 ........ . fer =f fe2 . =f
(a) Single-capacitance compensation (b) Dual-capacitance compensation
Figure 15. Two Types of Forward Capacitance Compensation Gain Frequency Response

3 Parameter Design and Verification

3.1 LMZ30604 Forward Capacitance Design Procedure
The following steps were used to verify the forward capacitance design for the LMZ30604.
1. Calculate the original crossover frequency with Mathcad, here f, = 95.4 kHz.

2. Set the compensated crossover frequency f.; = 30 kHz, which is the same as the crossover
frequency of non-POSCAP solution at room temperature.

3. Set zero frequency f,= 3 kHz, to achieve the pole frequency, as in Equation 27.

fy =%~ f, =895Hz (27)

c2

4. Calculate Cggr:

1
Cepgr =————=37.InF
BT D Regr - 1, (28)

Here choose Crgr= 39 nF.

5. Calculate Cggg:
1

2”'(RFBT 1" RFBB)' fo

Cras = —Cpgr =228.1nF (29)

12 How to Configure LMZ30604 Power Module With Ceramic Capacitors
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Here choose Cggg = 220 nF.
3.2 Simulation and Experiment Verification

The overall small-signal modeling by TINA can be attained as shown in Figure 16. Figure 17(a)

shows the AC simulation results, which revealed a crossover frequency of 36.6 kHz and a phase

margin of 86.5 degrees. Figure 17(b) shows the test results, which revealed a crossover
frequency of 30 kHz and a phase margin of 80 degrees. The matched results verified that the
accurate PCM module built in Section 2 is correct.

L11u

s =
5
v ; VM1
+ VG T j

C2 101n

Iyl
I
RE 1.43k

RS 450m

|
Y

CCS1 218u

X
R213k
i
I
I
|
|
I
R7 1.15K
22
'_._
|

C11:8n

Figure 16. Overall Small-Signal Modeling for LMZ30604

(a) Simulation results

How to Configure LMZ30604 Power Module With Ceramic Capacitors
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(b) Test results

Figure 17. Bode Plot Comparison of Simulation and Test Results

Figure 18 shows the compensated Bode plot at low temperature, which has a much higher
phase margin than Figure 2(b). This means LMZ30604 could also work normally at low
temperature even without POSCAP after compensation.

60.000 ‘ 100.000
48,000 [~ e ‘ 80.000
I —— —

36.000 - e = : 60.000

24000 o =il \ ‘ 40,000

12.000 : = \\““\-_,_\_1‘\ ! n 20,000

0.000 — I — 0.000

-12.000 i = A -20,000
24000 |} fc=72kHz; | ! \“ ~ /' _40.000
-36.000 | PM=77deg; | \[1 -80.000
-48.000 GM=-18dB | Y ji 20000
-60.000 : ! 155 -100.000

1k 10k 100k
Figure 18. Bode Plot of Non-POSCAP Solution After Compensation @ —35°C

Figure 19 shows the steady-state and load transient performance with and without forward
capacitance @ —35°C. Test conditions are: Vin =5V, Vout = 1.8 V; lo = 4 A (steady-state) or
1 Ato 3 A with 1 A/us slew rate (load transient). The LMZ30604 module would have a low-
frequency ripple at output in no CFB situation; adding the forward capacitance would help
improve this performance, and thus verify the frequency analysis well.

Tek stop Tek stop -
g Cl: SW il
‘ C4: lof |
m' { v e o it e e |
.......................................... & i
- o V0 VARG VOST WO ¥ WU G YO
B ¥ & kbi w___,_,’_,...r’w Jporrilpe e e g ol CZ:VO;
C2: Vo : . —

i 1A/us _

2wy > W Yabs . W | o e o, W

(a) Steady-state without Crg (b) Load transient without Crg
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1A/us
(@ 50V * e teoa o Jurt e | & luoace [geers TR T T
(c) Steady-state with Cgg (d) Load transient with Cgg
Figure 19. Comparison of Steady-State and Transient Performance @ —35°C

4 Conclusion

Removing the output POSCAP would cause the LMZ30604 module to have an instability issue
at low temperature. This application built an accurate PCM module, compared a simplified PCM
module, and then determined the simplified solution, which would have a higher phase margin.
Two types of forward capacitance compensated methods (single- and dual-capacitance) were
compared. The dual-capacitor compensated method proved to solve this low-temperature
instability issue. Mathcad calculation, TINA simulation, and test results are used to demonstrate
this solution.

How to Configure LMZ30604 Power Module With Ceramic Capacitors 15
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DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video
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