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Write down the power supply requirements in the following boxes : Xyx =1

Get the results from the following boxes: Rsultsy, =1

This Mathcad file helps with the calculation of the external components of a typical dual
synchronous buck converter with the LM5642 controller:

1) Power supply specifications: usec = 10~ O.sec

Input voltage:

- Minimum input voltage: Vimin = 20-volt
- Maximum input voltage: Vimax := 30-volt
- Nominal input voltage: Vipom = 24-volt

Output:



- Nominal output voltage, maximum output ripple, minimum output current, maximum output
current

Vol = 12-volt Vrpl := 300-mV 1013ip == 0.200-amp 1012 == 5-amp
Vo2 := 5-volt Vrp2 := 200-mV 1023ip, == 0.200-amp 1022 == 4-amp
Pomin = Vol-10lin + V02:102iq  POpyin = 3.4 watt
POax == V011010 + V021020 PO 4y = BOWatt
- Switching Frequency: fsw := 200-kHz L= L T = 5psec
fsw

The switching frequency can be synchronised to an external clock between 150kHz and 250kHz

2) Maximum and minimum duty cycle : Dmax and Dmin

Vol Vo2 .
Dlyax = Vi D2 ax = Vi Maximum duty cycle Dlax =06 D2ax = 0-25
min min
Vol Vo2 .
Dlpin = Vi D2min = Vi Minimum duty cycle D1in = 04 D2 = 0.167
max max
Vol Vo2 .
Dlhom = Vi D2,0m = Vi Nominal duty cycle Dlhom =05 D2,om = 0.208
nom nom
Tonlmin = Dlyin T Tonl i = 2 psec
Minimum ON time
Ton2min = D2in' T Ton2 i, = 0.833 psec

To insure the output regulation the maximum duty cycle has to be lower than 0.96, and the
minimum on-time greater than 166nsec.

3) Select output filter: L/C Inductors and output capacitors

Output capacitors and output inductors are usually selected in order to meet voltage transient
requirements during worst case load transients, maximum AC ripple current, and output ripple
voltage. The selection of the best optimised L-C filter is usually achieved with few design
iterations, as compromises are made between the cost/size of inductors and capacitors that meet
the output requirements.

-Allowed transient voltage excursion: AVcs

8% = 7% (Maximum output voltage regulation window)
X% := 15% (Output voltage initial accuracy)

Vrpl

AVesl = (8% — \o%)-Vol — AVcsl = 051V

Vrp2

AVes2 = (8% — \o%)-Vo2 — AVcs2 = 0.175V

-Maximum load current change during load transient: Alcs

Alcsl = |°1max - Iolmin Alcsl = 4.8A

Alcs2 := |°2max - |°2min Alcs2 = 3.8A



-Maximum total ESR capacitor value: ESRmax

Assumes that the rise and fall times of a load transient are faster then the response speed of the
control loop.

AVcsl
ESR1 = ESR1 = 0.106 ©2
max Alcsl max
AVcs2
ESR2 = ESR2 = 0.046 2
max Alcs? max

Select output capacitors that have ESR value < than ESRmax:

ESR1 := 0.005-©2 ESR2 := 0.010-Q2

-Minimum inductor selection:

ESR1

Llmin = (Vinom - V01)~T~D1n0m~—v L1 pin = 0.5 pH
rpl
. ESR2
L2min = (Vlnom - Voz).T.DZnom.—Vrp2 L2 iy = 0.99 pH

L(min) is the minimum inductance needed to meet the output ripple specification.

The actual inductor value selected is a compromise between cost, size, maximum inductor losses
and maximum AC ripple current allowed on the inductor:

AC core losses. and AC winding losses are directly proportional to the current ramp on the
inductor, and the switching frequency. In high current applications, a good compromise is achieved
with a maximum ripple current between 30-50% of the nominal output current.

- Desired secondary ripple current: Als% := 40-%
Vi - Vol
nom
Lly:= ——— T-D1yp L1y = 15pH
Als%-lolmax
Vi - Vo2
nom
L2y = ————— T-D2,yp L2y = 12.37 uH
Als%-lozmax

Select Inductor value >= Lmin and Lb
L1 selected----> L1, :=22-pH RL1 := 0.00402
L2 selected > L2¢:= 22-uH RL2 := 0.00402
-Minimum output capacitance value: Comin

The minimum capacitance of the output capacitors bank needed to meet voltage transient
requirements during worst case load transients is:

Llus-[AVcsl - \/[AVcsl2 - (AIcsl~ESR1)ZI|
Colin = Colpin = 41.435uF

min 2
Vol-ESR1

LZUS-[AVCSZ - \/|:AVC522 - (AIcsZESRZ)Zﬂ
Co2 i == Co2 iy = 183.723 uF

min 2
Vo02-ESR2

C1 selected----> Cl,q = 330-2-pF 3

ESR1=5x 10 ~Q



C2 selected > C2,q := 330-uF ESR2 = 0.01 02

4) AC, peak inductor currents:

- Ramp amplitude: AC inductor current:

Vi.  —Vol).Dl.. T
Alol = (Vinom ) Pnom Alol = 1.364 amp
L1
Vio —V02).D2, T
Alo2 = (Vinom ) P2hom Alo2 = 0.9amp
L2,

- Peak current:

Alol

101peak = 101max + l01peqk = 5682 A

Alo2
102peak = 102max + 102peak = 445 A

The buck converter will operate in continuous mode, and it will move in to discontinuous
mode when the output load currents fall below lo(disc)

Virom — Vol
Vol
lol g = — 2 lolgiq, = 0.682 A
2-Vipom L1y fsw
Vi - Vo2
Vo2
10210 = a2 10235 = 045 A
2-Vipom L2 fsw
- Output capacitor bank rms current:
1- D1, Vol
ICOL g = (1~ Othon) 01, = 0.394 A
Vi12:L1 g fsw
1 - D2y V02
1C02 g = (2~ D2non) 1C02 1 = 0.26 A

Vi12:L2 g fsw

Select capacitors with maximum RMS current >>> ICol,...and 1Co2

rms rms

5) Select input capacitors: D1, = 0.6 D2, = 0.25

max max

If there is not overlap between the two channels, (Dmax<50%), the input capacitor RMS ripple
current is:

2 2
AL := 1015, Dlyom (1 = Dlngm) A2 := 1023, D20m (1 = D2pgpm)

A3 := 2-102 D2 lol D1

max ~<nom’ '¥-max = -nom

ICiaymg = VAL + A2 — A3 [Ciagpe = 2173 A

If there is overlap between the two channels, (Dmax>50%), the input capacitor RMS ripple



current is:

BL := [1013(1 — Dlnom) + 102may (1 - D2n0m)]2~(D1nom + D2nom = 1)
B2:= DOlmaX'(1 a Dlnom) B I02max'DZnom]Z'(1 - Dznom)
B3 .= Dozmax'(l _ D2nom) - |olmaX.D1n0m]2,(1 - Dlnom)

ICib = VBL+ B2 + B3 ICib, g = 2.6351 A

The Input capacitors should meet the minimum requirements of voltage and ripple current rating.

6) External switching MOSFETs: power losses, efficiency

- Internal Driver Specifications:
Vdr .= 5-volt
Rdrgp, = 4Q Rdry¢s == 2-Q2

The goal in selecting a MOSFET is to minimise junction temperature rise by minimising the power
loss while being cost effective. Besides maximum voltage rating, and maximum current rating, the
other three important parameters of a MOSFET are Rds(on), gate threshold voltage, and gate
capacitance.

The switching MOSFET has three types of losses which are, conduction loss, switching loss, and
gate charge losses.

-Conduction losses are: 1"2*R losses, therefore the total resistance between the source and drain
during the on state, Rds(on) has to be as low as possible.

- The switching loss equation is: Switching-time*Vds*I*frequency. The switching time, rise time and
fall time are a function of: a) The gate to drain Miller-charge of the MOSFET, Qgd, b) The internal
resistance of the driver and c) The Threshold Voltage, Vgs(th) which is the minimum gate voltage
which enables the current through the drain and source of the MOSFET.

-Gate charge losses are caused by charging up the gate capacitance and then dumping the charge
to ground every cycle. The gate charge losses are equal to: frequency ¢ Qg(tot) « Vdr

Unfortunately, the lowest on resistance devices tend to have higher gate capacitance.

Because this loss is frequency dependent, in very high current supplies with very large FETs, with
large gate capacitance, a more optimal design may result from reducing the operating frequency.
Switching losses are also affected by gate capacitance. If the gate driver has to charge a larger
capacitance, then the time the MOSFET spends in the linear region increases and the losses
increase. The general rule is the faster the rise time, the lower the switching loss. Unfortunately this
causes high frequency noise.

High Side MOSFET losses: Q1, Q4 a9

Mosfets: Si4850EY Syliconix

Rdsl,, := 0.031-0ohm Rds4, := 0.031-ohm (Total resistance between the source
and drain during the on state)

Cossl := 70-pF Coss4 := 70-pF (Output capacitance)

Q9ligt := 19-n-coul Qg44ot = 19-n-coul (Total gate charge)

Qgad1 := 5.3-n-coul Qgd4 := 5.3-n-coul (Gate drain Miller charge)

Qgsl := 3.4-n-coul Qgs4 := 3.4-n-coul (Gate to source charge)



Vgsly, = 3-volt Vgsdy := 3-volt (Threshold voltage)

- Conduction losses: Pcond

2
Pcondl := Rdslon-lolmax ‘Dlmax Pcondl1 = 0.465 watt

2
Pcond4 := Rds40n-I02maX 'Dzmax Pcond4 = 0.124 watt

- Switching losses: Psw(max): V*I/2*freq*(Tswon+Tswoff)

Vdr - Vgsly, Vdr — Vgsdy,
Idriverl; y:= ——— Idriver4; |y = —— Idriverl; ;= 0.5am
LH Rdrg LH Rdrg LH P
Vdr - Vgsly, Vdr — Vgsdy,
ldriverly = ———— ldriverdy = ———— Idriverl = lamp
Rdroff Rdroff
sl Qgs4
Qolg, = Qudl + Q% Qgfgyy = Qo4 + === Qolg, = 7Cn
Qo1 Qg4gyy
tswl = —SW tswa| = —— tswl = 14sn
Idriverl Idriverd) 1y
Qo1 Qg4gyy
tswlpy = —SW tswilpy = —— tswlpy =7sn
Idriverl Idriverd
Rdr Rdr
on on
tly, = Qgdl —— t4q,, = Qgd4d ——— tle, = 10.6sn
sw= Q9 Vdr — Vgsly, sw= Q9 Vdr — Vgsdy, SwW
Vi lol Cossl-Vi 2 fsw
nom’"~-max “Y'hom -
PSWLpax = fow (tswly py + tswlpy ) + > PSW1py,4y = 0.256 watt
Vi lo2 Coss4-Vi 2 fsw
nom-’"~“max “Y'hom -
PSWA oy = fow (tswdy 1y + tswdpy ) + > PSW4 1,4, = 0.206 watt

- Gate charge losses: Pgate
Average current required to drive the gate capacitor of the MOSFET:

Igatelawg = fsw-Qglpy Igate4awg = fsw-Qg4 ot Igatelawg =38x 10 3amp
Pgatel := Igatelawg-Vdr Pgate4 := Igate4awg-Vdr Pgatel = 0.019 watt

-Total Q1 & Q4 losses: Ptot(max)
Pmosfetl;q; := Pcondl + Pswlp ., + Pgatel Pmosfetl;, = 0.74 watt

Pmosfetdq; := Pcond4 + Pswé o, + Pgated Pmosfetd; = 0.349 watt

-Maximum junction temperature and heat sink requirement:

Maximum junction temperature desired: = 175 Celsius

ijaX:

Maximum ambient temperature: = 70 Celsius

Tamax :

-Thermal resistance junction to ambient temperature:



Timax ~ Témax 1 _
fjal = ——— fjal = 141.886 —— Celsius
Pmosfetl;q watt
Timax ~ T8max 1 _
fjad = ——— fjad = 301.177 —— Celsius

Pmosfet4tOt watt

Low Side MOSFET losses: Q2, Q5

The Low side losses are mainly the conduction losses of the MOSFET, plus the losses from the
external diode (during the time that both MOSFETSs are off)

MOSFET: Si4840DY Siliconix

Rds2, := 0.012-0hm Rds5, := 0.012-ohm (Total resistance between the source
and drain during the on state)

Coss2 := 50-pF Cossb := 50-pF (Output capacitance)

Q9240 = 28-n-coul Qg54pt = 28-n-coul (Total gate charge)

Qgd2 := 7.5-n-coul Qgd5 := 7.5-n-coul (Gate drain Miller charge)

Qgs2 := 6-n-coul Qgs5 := 6-n-coul (Gate to source charge)

Vgs2yy, := 3-volt Vgs5yy, := 3-volt (Threshold voltage)

- Conduction losses: Pcond

2

max Pcond2 = 0.12 watt

Pcond2 := Rds2 1015 (1 ~ D1

max)

2

max Pcond5 = 0.144 watt

Pcond5 := Rds5, 1024 (1 ~ D2

max)

Switching losses are like before but Vin is just the voltage drop on the diode:

tdeadtime := 30n-sec

Voltage drop on the diode: Vigiode = 0.6V (Or internal MOSFET body diode)

Pdiode2 := tyaadtime W Vigiode 191max Pdiode2 = 0.018 W

Pdiode5 := tyeadtime W Vidiode 192max Pdiode5 = 0.014 W
Pmosfet2;; := Pcond2 + Pdiode2 Pmosfet2;,; = 0.138 wait
Pmosfetd; := Pcond5 + Pdiode5 Pmosfetd;y; = 0.158 wait

- Total MOSFET losses:
Pmosfettot = Pmosfetltot + PmosfetztOt + Pmosfet4t0t + Pmosfetstot
Pmosfettot =1.385W

-Maximum efficiency:



Po
max
n:= n = 0.98

+ Pmosfet;; + 0.002amp- Vi + RL1-lol 2 + RL2-102

POmax max max max

7) Current limit, current sensing:

In order to keep the current sense amplifier in the linear operation REGION, the maximum voltage
drop voltage across the current sense resistor Rsns, or across the high side MOSFET is 200mV.
The minimum should be 50mV. Therefore the Rsns resistor has to be < of:

200mVv

Rsnslmax = oL Rsnslmax =0.035Q
peak
200mVv

Rsnszmax = o2 Rsnszmax = 0.045Q
peak

-Select the current sense resistors, for each channel:

Rsnsl jgeq = 0.039-Q2 RsnsZused = 0.039-Q2

use

Rsns1 d-lol k:0.222V

use pea

Rlimit set the maximum peak current limit:

|°1peak' RS”31used
10pA

Rlimit1 : Rlimitl = 22.159 KO

|°2peak'Rsn32used
10pA
- Select Rlimitlus Rlimit2usresistors >> than Rlimitl

RIimit2 : Rlimit2 = 17.354 KQ

RIimitL, g == 47KQ RIimit2, == 27KQ

Maximum peak current limit:

RIimitL g 10pA
=12.051A 1ias to be >>> than |°1peak — 5682 A

Rsnslused

RIimit2, g 10pA

= 6.923A
RSNS2,jceq Has tobe >>>than 102,05, = 445A
Rio
8) Output volt tting: 2.26
) Output voltage setting: ”
Vrefg, := 1.2364-volt Ifoax == 0.2-pA
0.3%-Vol
R1lay = ——— R11.y = 180KQ —> R11,¢ = 4.99KO
D%
0.3%: Vo2 : R
R20max = —p—— R20max = 75K —> [R20g = 499KN 19
max 2.26
g )
R11,5-(Vol — Vrefg)

R10 = R10 = 43.441 KQ

Vreffb



R20, (V02 — Vref
R19 = us (V02 = Vrefyp)

R19 = 15.19 KQ2
Vreffb

9) Compensation network:( only for channel 1)

OV|N
Modulator and Power Stage
Current-Sense
Sm e
plifier !
DT .
A =Rq
PWM } |
L ¥ Comparator '
Corrective Ramp I
S Sa * L
e DT ‘ Vour
| —>|
T |<T>| 1 C
%R
(ESR)
v
R10
V.O . Gm
¢ - N R11
Z(s) R3 R4 +
VREF
c1 c2 d
&1

The model of the transfer function, the selection of the proper compensation network, and the final
closed loop bode plots are explained only for the first output.
The simplified model below gives very simple reliable results without going deeply into details with
complex analysis:
(i-200)

500

i==1..2000 fi := 100

S. 1= 270-j-W.
M i

Dlytf = 1 = Dlpom



- Gain current sense amplifier:  p:=5
- Sensed current waveform into the PWM controller is: Snl

D1yg-Vi |
Snl:= %-Rsnslusedp Sn1 = 1.064 x 10° 22

1us sec

-Peak to peak internal compensation ramp: Vm:= 0.25V

- Correction ramp slope: Se

|
Se= Vmfsw  Se=5x 107
Sec

- The compensation ramp factor: mcl

mcl:=1+ i mcl = 1.47
Snl

1 j—
2Dl

mcl has to be >>> than

- Output equivalent resistance: (at minimum and maximum load)

Vol Vol
Routl = Routl =240 Routl ;. :=
max max min
101 ax 101 min
-DC Gain: M
Routl
m 1
M1 = . M1,y = 10.909
Rsnslgeq:P Routl 4y
1+ ————(Dlyfp-mel - 0.5)
Llus~fsw
Routl in 1

M1

- . MLm= 73.171
MmN Rsns1 P Routl . min
used min
1+ ————(D1y¢-mel - 0.5)
L1, fsw

- Q factor: damping factor
Ql:= !
m(Dlgg-mel - 05)  QL=1354

The control output transfer function has three poles and one zero. Two poles are either complex
conjugated that are located at half the switching frequency, or are separate real poles.
When Q is < 0.5 the two poles are real poles.

Negative Q means an unstable system because the control output transfer function will
have a right half plane pole. Q is a function of duty cycle and the deepness of the ramp
compensation (mc). The larger the duty cycle, the higher the Q value.



Curves change continuously with Q.

Plotted Q values: 0.05, 01, 0.2, 0.5 1,2, 10.
20

-20

Gain (dB)

40

LV —

Frequency (Hz)

-First low frequency pole:(LC filter) (The pole change with load)

1 1

fplyay = *
p max Z'W'Clus'ROUtlmax Z.N.Llus-cluS.fSW

(D1ggf-mel ~ 0.5)  fplpay = 0.113 KHz

1 1

fpl = +
p min 2'7T'C1u5'ROUtlmin z'ﬁ'LlUS.ClUS.fSW

(D1ggf-mel - 0.5)  fplyyy = 0.017 KHz

-Single zero:(Cout*ESR)

SR — fzl = 48.229 KHz
2mC1,s-ESRL

fsw

- Double poles, at half the switching frequency fn:= T fn = 100 KHz
Fhli = 1 "
s; (Si)
2-1t-fn-Q1 (2-71~fn)2
s S
14+ i 1+ :
2-m-fzl Fpmin. := _ zmil
Fpmax, == —— ! S.
I S. |
i + —
21001 0n 2Py

- The transfer function of the control loop:
Gslmax; := M1y, Fpmax.-Fhi, Glmax, := 20~Iog( |Gslmaxi|)

Gslmin, := Mly,, Fpmin,-Fhi, Glmin, = 20~Iog(|Gslmini|>



Transfer function

60|
45
30|
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c 0. > \.\\
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- 30, ~
~~. \
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- 45 AN
NN
- 60
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f
Frequency, Hz
—_— I 1
. . 180 180
phaseG1min. := arg(Gslmln.)~— phaseG1lmax. := arg(Gslmax.)~—
i - [ -
Phase
0
-30
- 60
«  phaseGlmax; N \
o ! .‘----..~.-- - "
,a % Rpug—
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- 120 \
- 150 \
N—
— 180
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fi
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- Proposed loop cmfrpeﬁ@ﬁon design: basic rules

- Good to have a loop gain slope of -20dB/decade
- The crossover frequency should not exceed one fifth of the switching frequency:

Crossover frequency should be << fs?w = 40KHz



ouT
R10
Gm VC
R11
+
+ R3 R4
v Z(s)
REF \ Cc1 C2
-t

1) Place a pole in the compensation at zero frequency, in order to increase the DC gain and
therefore have higher DC regulation accuracy.

2) Place the first zero at first control loop pole: Zerolcomp=fpl

3) Place the second pole at fz1: Pole2comp= fz1

4) Place the second zero at fp (half the switching frequency): Zero2comp=fp

-Transconductance error amplifier: Im = 670-10 6mho

- Desired loop transfer function crossover frequency: fcc .= 25KHz

It can be optimised at maximum load, or minimum load

- Gain of the compensation: K= _fee K= 20.216
M1 ax TPImax
e K R10 + R11 ¢
’ Im R11,6 R3 = 292.85 K2
1

Cl= —m Cl=4.794nF

270-fpLp ey R3
C2:= _r C2=10.011nF

2m-fz1-R3
R4 .= fl R4 = 141.238 KQ)

271-%-02

P R11¢
- Compensation DC gain: comp == Gy R10 + R11
1
Zl.:= R3+ Z2.:= R4 +
! Cls ! C2s;
| (2=
CompGain. := 20log| |Kcomp-———
' (21i + zzi)

(1))

CloseGainMin. := 20 log| |Gs1min.-Kcomp:
| ' (21i + zzi)



(23)(22

CIoseGainMaxi :=20log Gslmaxi~Kcomp~

(21. + zz.)
i i
Gain
80,
60, >
3 .?::h-.\‘
40, g ®lely . ~—
o(il?feGamMmi 20| - Cee, \\. ——
fee, . o
CloseGainMax; Steeen, S~ S
CompGain; — 20 Treeel., .\\\
— 40 . \\
— 60 e °.
- 80
10 100 1x10° 1x10* 1x10° 1x10°
fi
Frequency, Hz
eeee W1
— )
(Zli)'(zzi) 180 ) ) (Zli)'(zzi) 180
ClosephaseMax. := arg| Gslmax.-Kcomp-—————=|-—— ClosephaseMin. := arg| Gslmin.-Kcomp--———= |- —
' ' (21i + zzi) 71' ' ' (21i + zzi) 0
Phase
0
- 30
— 60|
2 ClosephaseMax;
> . - 90 sbocce®
& ClosephaseMin; e’ o
e, \\
— 150, \
— 180
10 100 1x10° 1x10* 1x10° 1x10°
i
Frequency, Hz
— Hik1

- Review selected comp_ens%,ﬁri network: (Only with one capacitor and one resistor in
series: (one pole and one zero like the demoboard)

Clcomp:= 4.7nF  R3comp := 300K2

Zlcomp. := R3comp + ———
! Clcomp:s



CompGainl, := 20 Iog( | Kcomp-Zlcompi| )

CloseGainMaxl, := 20 Iog( | Gslmax; Kcomp-Zlcompi| )
180

ClosephaseMaxL, := arg(Gslmaxi-Kcomp~Zlcompi)-—
Tt

CloseGainMin1, := 20 Iog( | Gslmini~Kcomp-Zlcompi| )

. . 180
ClosephaseMinL, := arg(Gslmlni~Kcomp-Zlcompi)-—
T

Gain
80
60| T
. ° N .~.....
°e . \
40\__ *sl . — ~
CompGainl; e
20 Seo < .
a—— oo ~——
. Stee, M —
CloseGainMax1; 0 Se..
....'..ll.|. N
CloseGainMin1;~ 20 e N
ceee ‘oo N
—40 * < . N
- 60 )
-80
10 100 1x10° 1x10* 1x10° 1x10°
fi
Frequency, Hz
Phase
0
—-30
- 60
¢ ClosephaseMax1; JI o TN
= — -9 PITIL
& ClosephaseMinl; oo \
~120[*s, —* \\
— 150 \
S
—180
10 100 1x10° 1x10* 1x10°
fi
Frequency, Hz
— B 1
ceee T2
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