MICROCHIP

MIC2155

Two-Phase Single-Output PWM Synchronous Buck Control IC

Features

» Synchronous Buck Control IC with Outputs
Switching 180 Degrees Out of Phase

* Remote Sensing with Internal Differential
Amplifier

* 4.5V-to0-14.5V Input Voltage Range

» Adjustable Output Voltages down to 0.7V

* 1% Output Voltage Accuracy

» Starts up into a Pre-biased Output

» 500 kHz PWM Operation

» Adaptive Gate Drive allows Efficiencies of over
95%

» Adjustable Current Limit with no Sense Resistor

» Senses Low-Side MOSFET Current

« Internal Drivers allow 25A per Phase

» Power Good Output allows Simple Sequencing

* Dual Enable Pins with Micro-Power Shutdown
and UVLO

* Programmable Soft-Start Pin

» Output Overvoltage Protection

» Works with Ceramic Output Capacitors

* Multi-Input Supply Capability

» Single-Output High-Current Capability with
Master/Slave Current Sharing

» External Synchronization

* Small Footprint 32-Pin 5 mm x 5 mm VQFN

» Junction Temperature Range of -40°C to +125°C

Applications

* Multi-Output Power Supplies with Sequencing

* DSP, FPGA, CPU and ASIC Power Supplies

* DSL Modems

» Telecommunications and Networking Equipment
« Servers

Package Type

General Description

The MIC2155 is a two-phase, single-output
synchronous buck control IC that features small size,
high efficiency, and a high level of flexibility. The IC
implements a 500 kHz Voltage mode PWM control with
the outputs switching 180 degrees out of phase. The
result of the out-of-phase operation is 1 MHz (or 600
kHz) input ripple with ripple current cancellation,
minimizing the required input filter capacitance. A 1%
output voltage tolerance allows the maximum level of
system performance. Internal drivers with adaptive
gate drive allow the highest efficiency with the
minimum external components.

Two independent enable pins and a power good output
are provided, allowing a high level of control and
sequencing capability.

The MIC2155 has an operating junction temperature
ranging from —40°C to +125°C.

Data sheets and support documentation can be found
on the Microchip website at www.microchip.com.

See Table 3-1 for pin information.

32-lead 5 mm x 5 mm VQFN
(Top vi

iew)

BST1 | L
HSD1 |!
SW1 i
cst |

EN2
ss i
COMP1 |
FBA |

DIFFOUT |

RMVOUT || 2

RMGND | =
AGND || &

AVDD i3

N/C || Z
SYNC | 5
PGOOD |3

© 2019 Microchip Technology Inc.

DS20006106A-page 1



MIC2155

Functional Block Diagram
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MIC2155

Typical Application Circuit
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MIC2155

1.0 ELECTRICAL CHARACTERISTICS

Absolute Maximum Ratingst

SUPPIY VOIRAGE, (VN1 VIND) «evrerrrrerreeetinitiiitiet sttt eee st sttt sb e et et b et sre e et bt en e nre e ereeee e e s —-0.3V to 15V
Bootstrapped VOIRAGE, (VBST) -« veorirriiiiiiii it s e e VN +6V
SS, FB1, RMVgyt, RMgND, Aypps SYNC, EA2+, FB2, VOUT teeeeerrerereeieeie ettt sttt -0.3V to 6V
(023 I =t B T TR -0.3V to 15V
JUNCion TemMPerature, T ... e e —-40°C to +150°C
StOrage TEMPEIAtUIE, T ...t e e e s e e e e e eneas —65°C to +150°C
LIS DRV, F=Ted a1 =Y (o Lo [ TR 100V
ESD, HUMaN BOAY MOEI .......ooiiiiiiii ettt ettt ettt sttt e e ettt e e e s taeeaeeeetsnteeeeessnsteaes e snsseane e aan 1500V
Lead Temperature (Soldering 10 SECONAS) .......oiiuuiiiiiiiiiiiiie et e e 260°C

T Notice: Stresses above those listed under “Absolute Maximum Ratings” may cause permanent damage to the
device. This is a stress rating only, and functional operation of the device at those or any other conditions above those
indicated in the operational sections of this specification is not intended. Exposure to maximum rating conditions for
extended periods may affect device reliability.

RECOMMENDED OPERATING CONDITIONS

Parameter Sym. Min. | Typ. | Max. | Unit Conditions
Supply Voltage ViniVing |45 — | +14.5 V | Note 1
Output Voltage Vour +0.7| — | +36 V  |Note 1

Note 1: The device is not guaranteed to function outside its operating rating.

DC ELECTRICAL CHARACTERISTICS

Electrical Specifications: T = 25°C; Vgy = Vn1 = VN2 =12V, unless otherwise specified. Bold values indicate
-40°C < T;<125°C.

Parameter Sym. Min. | Typ. |Max. | Unit Conditions
Supply Voltage ViNiViNg  |+45 | — [+145 \
Output Voltage Vout +07 | — | +3.6 \%
VnsVpp, VRer SUPPLY
Total Quiescent Supply Current, lynq + VN Vg = 0.8V (both O/Ps;
lyiNg o 6 10 mA non-switching)
Shutdown Current Isp — | 210 | 300 MA  |VENt = VENn2 = OV
CH1 V|y UVLO Start Voltage ViN1uv R 3.6 4 4.4 V  |Vpp = Open
CH1 V,y UVLO Stop Voltage ViNtuv_F 34 |397 | 4.2 \% Vpp = Open
CH2 V,\ UVLO Start Voltage ViNauv_R 25 | 2.7 29 \% Vpp = Open
CH2 VIN UVLO Stop Voltage V|N2UV_F 23 25 27 \Y VDD = Open
Vpp UVLO Start Voltage Vbbuv R — | 3.6 — V. |Vint = Vpp for Viy <6V
Vpp UVLO Stop Voltage Vbbuv F — | 33 — V.  |Ving = Vpp for Viy <6V
VN UVLO Hysteresis ViNuv_HYS — 40 — mV  |Vpp = open
Ven Shutdown Threshold VEN sD 0.6 1 1.6 \% Each Channel
Ven Hysteresis VEN_HYs — 30 — mV  |[Each Channel

49 (525 | 56 | =-75mA
Internal Bias Voltage Vbp VDD

\
4.9 5 5.6 \ IVDD =-50 mA, VlN =6V

Note 1: Specification is obtained by characterization and is not 100% tested.
2: Minimum on-time before automatic cycle skipping begins.
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MIC2155

DC ELECTRICAL CHARACTERISTICS

Electrical Specifications: T = 25°C; Vgy = Vn1 = VN2 =12V, unless otherwise specified. Bold values indicate

~40°C < T, < 125°C.

Parameter | Sym. |Min. | Typ. | Max. | Unit | Conditions
OSCILLATOR/PWM SECTION
PWM Frequency per Channel fs 450 | 510 | 550 kHz
Sync Range fsyne 860 | — 1200 | kHz Ey;:ulgﬁs; 's 2xPWM
Sync Level Vsyne 0.5 — 3 \%
Maximum Duty Cycle Dmax) 80 — — % Each channel
Minimum Headroom between Vpp and Vir - . 13 Vv Requ_ifed for remote sense
Vour (MIN) amplifier use
Minimum On-Time tonmIny — 30 — ns |Each channel (Note 2)
REGULATION
693 | 697 | 707 mV  |+-1%
CH1 Feedback Voltage Reference VEg 686 1697 | 714 v 2%
CH1 Feedback Bias Current Ik — | 30 — nA  |Veg=0.7V
Output Voltage Line Regulation AVoyt LNe | — |0.08 | — % |45V <V <145V
Output Voltage Load Regulation AVoyt Loap | — | 05 — %
Output Voltage Total Regulation AVoyur TotaL | — | 06 | — % 2'?8/:(://'(';5 142'.55:/\})1A <lout
CHANNEL CURRENT BALANCING
gi);‘r;ﬁ?ronous Mode Vry for Slave VIH_ ASYN - 10 . my
ERROR AMPLIFIER (CH1)
DC Gain Geat — 70 — dB
Output Sourcing/Sinking Current ISNK/SRC — 1 — mA
ERROR AMPLIFIER (CH2)
DC Gain Geaz — 70 — dB
Transconductance Im — |1.25 — mS
DIFFERENTIAL AMPLIFIER
Voltage Gain Gpa — 1 —
Offset Voltage Vos -20 | — +20 mV
Output Sourcing Current Range Isrc_DA 0 — 500 A
OUTPUT OVERVOLTAGE PROTECTION
OV Threshold OVry 106 | 109 | 114 |%VRer |Vrg = OV1p, Latch LSD High
Delay Blanking time taLANK oV — 1 — us
SOFT START
1.25 2.75 A [T;=25°C
Internal Soft-Start Source Current Iss 1 2 1 5/-\ —AJ10°C <T,<125°C
CURRENT SENSE
gﬁrr(‘)a\r/](tercurrent Trip Point Program loL 180 | 195 | 220 uA
CS Comparator Sense Offset Voltage Vel os -10 0 +10 mV Ezr_}ses drop across low-side
POWER GOOD
Power Good Threshold PGy 86 (885 | 91 (%Vger |Sweep Vgg from Low to High
Power Good Voltage Low Vpg_Low — 10.225 | 0.3 \ Veg =0V, lpgoop = 1 MA
Note 1: Specification is obtained by characterization and is not 100% tested.

2: Minimum on-time before automatic cycle skipping begins.
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MIC2155

DC ELECTRICAL CHARACTERISTICS

Electrical Specifications: T = 25°C; Vgy = V iyt = VN2 =12V, unless otherwise specified. Bold values indicate

~40°C < T, < 125°C.

Parameter | Sym. |Min. | Typ. | Max. | Unit | Conditions
GATE DRIVERS
. ) Source triSE 23 ns |Source into 3000 pF
Rise/Fall T — —
ise/Fall Time Sink teALL 16 ns |Sink out of 3000 pF
S R 1.6 3.5 Q
High-Side Drive Resistance gliJane RHHSSDD_l-IL — 77 125 ) Vpp = Vin =5V
Source R — 2 3.5 Q
Low-Side Drive Resistance S?nk F;LSSDD__FI[ — 74 25 g |Vob=ViN=5Y
Driver Non-Overlap Time (Adaptive) tNON — 60 — ns
Note 1: Specification is obtained by characterization and is not 100% tested.
2: Minimum on-time before automatic cycle skipping begins.
TEMPERATURE SPECIFICATIONS
Parameter Sym. ‘ Min. ‘ Typ. ‘Max.‘ Unit ‘ Conditions
TEMPERATURE RANGE
Operating Junction Temperature T, -40 — |+125| °C
Maximum Junction Temperature TJ(ABSMAX) — — +150 °C
Ambient Storage Temperature Ts -65| — [+150| °C
PACKAGE THERMAL RESISTANCE
0,a — 50 — | °C/W
32-lead 5mm x 5mm VQFN
0,c — 5 — | °C/W

DS20006106A-page 6

© 2019 Microchip Technology Inc.




MIC2155

2.0 TYPICAL PERFORMANCE CURVES

Note: The graphs and tables provided following this note are a statistical summary based on a limited number of
samples and are provided for informational purposes only. The performance characteristics listed herein
are not tested or guaranteed. In some graphs or tables, the data presented may be outside the specified
operating range (e.g. outside specified power supply range) and therefore outside the warranted range.
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MIC2155

3.0 PIN DESCRIPTION

The details on the pins of MIC2155 are listed in
Table 3-1. Refer to Package Type for the location of

pins.
TABLE 3-1: PIN FUNCTION TABLE
Pin Number Pin Name Description
Boost 1 (input): Provides voltage for high-side MOSFET Driver 1. The gate drive
1 BST1 voltage is higher than the high-side MOSFET source voltage by Vpp minus a diode
drop.
5 HSD1 High-side Driver 1 (output): High-current driver output for Channel 1 external
high-side MOSFET.
3 SW1 Switch Node 1 (output): Return for HSD1
Current Sense 1 (input): Current-limit comparator non-inverting input. Current is
4 CS1 sensed across the Channel 1 low-side FET during the off-time. Current limit is set
by the resistor between the CS1 pin and drain of the Channel 1 low-side FET.
5 EN2 Enable 2 (input): Channel 2 enable. Pull high to enable. Pull low to disable.
6 ss Soft Start (input): Controls the turn-on time of the output voltage. Active at
Power-up, Enable, and Current limit recovery.
7 COMP1 Compensation 1 (input): Output of the internal error amplifier for Channel 1.
8 FB1 Feedback 1 (input): Negative input to the error amplifier of Channel 1.
9 DIFFOUT  |Output of remote sense differential amplifier.
10 RMVOUT Remote .VOUT: (?gnnect to Vour at the remote sense point. Input to precision
differential amplifier.
Remote Ground: Connect to ground at the remote sense point. Input to precision
11 RMGND . . i
differential amplifier.
12 AGND Analog Ground
13 AVDD Analog Supply Voltage (input): Connect to Vpp through an RC filter network.
14 N/C No connect
Sync (input): Synchronizes switching to an external source. Leave floating when not
15 SYNC used
Power Good (output): Asserts high when voltage on the FB pin rises above Power
16 PGOOD Good threshold.
Positive Input to Channel 2 (current-sharing) error amplifier (Input): Connect to
17 EA2+
Channel 1 current sense.
Negative input to Channel 2 (current sharing) error amplifier (Input): Connect to
18 FB2
Channel 2 current sense.
19 COMP2 Compensation 2 (input): Pin for external compensation of Channel 2 error amplifier.
20 VOUT Output Sense (input): Connect to output side of inductors. Used for current sharing.
21 VIN2 Supply Voltage for Channel 2 (input): Used for Channel 2 UVLO circuit.
22 N/C No connect
23 SW2 Switch Node 2 (output): Return for HSD2.
24 HSD?2 High-side Driver 2 (output): High-current driver output for Channel 2 high-side
MOSFET.
Boost 2 (input): Provides voltage for high-side MOSFET driver in Channel 2. The
25 BST2 gate drive voltage is higher than the high-side MOSFET source voltage by Vpp
minus a diode drop.
26 PGND2 Power Ground 2: High current return for Low-Side Driver 2.
27 LSD2 Low-side Driver 2 (output): High-current driver output for Channel 2 low-side
external MOSFET.

© 2019 Microchip Technology Inc.
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MIC2155

TABLE 3-1: PIN FUNCTION TABLE (CONTINUED)

Pin Number Pin Name Description
5V Internal Linear Regulator from V|y4 (output): Vpp is the external MOSFET gate
28 VDD driver supply voltage and an internal supply bus for the IC. When V |y is <5V, this
regulator operates in Dropout mode. Connect external bypass capacitor.
Enable 1 (input): Output enable. Turns off both channels. Pull high to enable. Pull
29 EN1 .
low to disable.
30 VIN1 Supply Voltage for Channel 1 (input): Used for UVLO and Vpp circuits.
31 LSD1 Low-side Driver 1 (output): High-current driver output for Channel 1 low-side
external MOSFET.
32 PGND1 Power Ground 1: High current return for low-side Driver 1.
Exposed Pad (power): Must make a full connection to the GND plane to maximize
EP EPAD
thermal performance of the package.

DS20006106A-page 12
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40 FUNCTIONAL DESCRIPTION

The MIC2155 is a two-phase, synchronous buck
controller operating at a fixed frequency. The device
switches at 500 kHz per phase (1 MHz at the input and
output).

The following are some advantages of multi-phase
operation:

» Smaller input and output filtering components are
required because of current cancellation and
higher input and output frequency.

» Faster transient response is possible with smaller
output filter component values.

» Load current through each phase is one-half the
total output current, which allows for even heat
distribution and smaller components.

» Control circuitry forces better current sharing in
the MOSFETSs than paralleling FETs in a
single-phase application.

The controller utilizes a Voltage-mode control scheme
(VMC). Lossless current sharing is accomplished by
sensing the DC voltage across each inductor winding.
Lossless overcurrent protection is performed by
sensing the voltage across the low-side MOSFET
on-resistance during the off-time.

Other features of the controller are:

» Overvoltage protection

» Soft start

* UVLO

* Enable

* Remote sensing

* Pre-biased output startup

» Multiple input supplies

* Power good signal

* Frequency synchronization

41 Startup

A typical startup sequence is shown in Figure 4-1 (also
refer to the Functional Block Diagram). The enable
pins are asserted after V| is applied. Vpp is
immediately turned on and an internal FET releases
the soft-start pin. The soft-start pin controls the error
amplifier voltage. As Vgg ramps up, it reaches a
threshold where the gate drive is enabled and the
MOSFETs start to switch at a very low duty cycle. The
rise of the soft-start voltage controls the increase in
Vour by gradually allowing the COMP1 pin voltage to
rise. A 10 mV offset in the current controller keeps the
Channel 2 low-side drive off when the output current is
low to prevent current from circulating between the
phases. PGOOD is asserted when Vo1 reaches the
PGOOD threshold.

VIN1/2 /

VEN1/2

VDD ’

vss___ 0
VOUT J

PGOOD

FIGURE 4-1:

A typical output voltage and inductor current startup
waveforms are shown in Figure 4-2.

Startup Sequence.

4

vouT
(1V/div)

A

N

Channel 1

(2A/div)

(2A/div)

Time (4ms/div)

INDUCTOR CURRENT INDUCTOR CURRENT

FIGURE 4-2: Turn on Waveforms.

4.2 Soft-Start

The soft-start circuitry controls how fast the output
voltage rises by controlling the COMP pin rise time.
Without soft start, a fast or uncontrolled turn-on
requires a higher current from the input source to
charge up the output capacitance.

The soft-start circuitry also controls the delay time
between the enable pin assertion to when Vgt starts
to rise. An internal 2 pA (typical) soft-start current
source is used to charge up an external soft-start
capacitor. Figure 4-3 and Figure 4-4 show the soft-start
circuitry and waveform timing.

The output voltage starts to rise when Vgg is
approximately 1 diode drop above ground, 0.6V.

© 2019 Microchip Technology Inc.
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The startup delay and output voltage rise time can be
programmed by the external soft-start capacitor value
and approximated using the formula in Equation 4-1
and Equation 4-2, respectively.

EQUATION 4-1:
Delay:
L CSSXO.()V
a4 Iss
EQUATION 4-2:
Rise time:
. _ Gss*Vour
" Vin*Iss

The soft start pin is pulled to ground and the soft-start
capacitor is discharged under the following conditions:
* EN1 pin De-asserted

* UVLO on the V|y4 or Vpp pins

« Overcurrent

» Overvoltage (latched off)

4.3 Enable

There is an enable pin for each of the two channels.
Asserting EN1 enables Channel 1 gate drive and VDD
internal 5V LDO as well as releases the soft-start
circuit. De-asserting EN1 disables the gate drive,
discharges Cgg, and disables Vpp. It brings the
controller into a low-current OFF state.

Enable 2 only controls switching of Channel 2.
Disabling Channel 2 stops the switching of the power
FETs on Channel 2 which reduces the Vpp current
draw. This can improve efficiency when operating at
low output current, especially when large MOSFETs
are used.

44 Supply Voltages and Internal
Regulator

The MIC2155 is powered from a 4.5V to 14.5V supply.
The two input supply pins (VIN1 and VIN2) are
connected together in most applications. They are
powered separately in configurations with two input
supply voltages.

VIN1 supplies an internal LDO, which generates the
Vpp supply voltage. VDD is used to power the gate
drive circuitry and must be externally decoupled to the
power ground pins (PGND1 and PGND2). A 10 uF
ceramic capacitor is recommended for most
applications. The AVDD pin is the supply pin for the
Bandgap reference and internal analog circuits. A small
RC filter (10Q, 0.1 pF) connected to AVDD is
recommended to help attenuate switching noise from
the VDD supply.

The dropout of the internal VDD regulator causes VDD
to drop if VIN1 is below 6V. When operating below 6V,
VDD may be jumpered to VIN1. This bypasses the
internal LDO and prevents VDD from dropping out.

An external LDO or simple series pass regulator can be
used to limit the VDD voltage for applications with an
input voltage that spans above and below the 6V
maximum Vpp limit. Figure 4-5 and Figure 4-6 illustrate
two examples of regulating VDD with external circuitry.

VN MIC5233-5.0BM5 D2
IN ouT * —
»;
1 cuo Coor
Cu EN NIC
1uF Yin

g Q1

o

|_
Q2

FIGURE 4-5: LDO Regulator.
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FIGURE 4-6:

The internal VDD regulator can supply up to 75 mA of
current to drive the external MOSFETs. Power
dissipation inside the MIC2155 control IC is divided
between power dissipated in the controller’s analog
circuitry and power dissipated in the drive circuitry.
Drive circuitry power is almost always much greater
than analog circuitry power. Total regulator power
dissipation is calculated using Equation 4-3.

Emitter Follower Regulator.

EQUATION 4-3:

Pprss = Vin*Iiv= Vin*x Usx Qg +1p)

Where:

Qg = total gate charge of all MOSFETs

fs = switching frequency of each stage (500 kHz)

Ilq = controller quiescent current (non-switching supply
current)

In some instances, power dissipation inside the control
IC may limit the controller’s maximum operating
ambient temperature. An example is when the
MIC2155 is powered from a 12V source and is driving
4 FETs. If each FET has a Qg = 37 nC, the total power
dissipation in the MIC2155 is derived approximately
with Equation 4-4.

EQUATION 4-4:

Ppiss = 12V x(37nc x 4) x 500kHz= 0.888 W

The maximum operating ambient temperature is
computed in Equation 4-5.

EQUATION 4-5:

P

Tymaxy = Trowaxy—Porss* 8c

Typax) = 125°C—0.8881 x 50°C/ W

Tyaaxy = 81°C

Using an external LDO to supply VDD (as in
Figure 4-5) can lower power dissipation in the
controller and reduce junction temperature by
supplying VDD externally. Using an external regulator,
the power dissipated in the controller is reduced to the
value as calculated in Equation 4-6.

EQUATION 4-6:

Pprss = 3V x(37TnC x 4) x 500kHz= 0.37W

Careful selection and temperature rise calculations of
the external LDO should be done to prevent an
excessively high LDO junction temperature.

4.5 UVLO

Separate UVLO circuits monitor VIN1, VIN2 and VDD.
Switching on Channel 1 is inhibited until the voltages
on the VIN1 and VDD pins are greater than their
respective UVLO thresholds. The gate drive on
Channel 2 is inhibited until the VIN2 pin voltage
exceeds its UVLO threshold.

Individual UVLO thresholds are necessary to allow
proper operation from separate input supplies. The
VIN1 threshold prevents the IC from switching if the
input voltage is too low to properly source the VDD
voltage. The VIN2 UVLO threshold is lower than VIN1
to allow operation from a low-voltage input.

Channel 1 switches and provides a regulated output
voltage even if the VIN2 UVLO prevents Channel 2
from switching.

4.6 Power Good

The power good signal asserts high when the output
voltage is greater than the power good threshold. The
power good circuit compares a portion of the reference
voltage to the voltage on the feedback pin. The output
is an open drain FET as shown in Figure 4-7. To assert
high, it must be pulled up to AVDD through a resistor.

AVpp

PG Comparator

PGOOD
FB1c

BandGap-10%

FIGURE 4-7:

The power good signal may be connected to the enable
pin of other power supplies and be used to sequence
the other outputs.

Power Good.

© 2019 Microchip Technology Inc.
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4.7 Oscillator and Frequency
Synchronization

The internal oscillator free runs at a fixed frequency
and requires no external components. The oscillator
generates two clock signals that are 180 degrees out of
phase with each other. This forces each channel of the
controller to switch 180 degrees out of phase, which
reduces input and output ripple current.

The internal oscillator generates a clock signal and
ramp signal. The clock signal terminates the switching
cycle for each channel. The ramp voltage signal for
Channel 1 is compared with the output of the Channel
1 error amplifier and regulates the output voltage. The
ramp signal for Channel 2 is compared with the
Channel 2 error amplifier output and forces the output
current of Channel 2 to match that of Channel 1. See
Figure 4-8.

M — RMP1
— CLKA1
SYNC o—
M — RMP2
— CLK2
2 Phase
Oscillator
FIGURE 4-8: Oscillator and Sync
Diagram.

The SYNC input (pin 15) allows the MIC2155 to
synchronize to an external clock signal. When
synchronized, each channel switches at half of the
synchronization frequency. Limitations on the
synchronization frequency and signal amplitude are
listed in the Section 1.0 “Electrical Characteristics”.
When not used, the sync pin should be left open (no
connect).

4.8 MOSFET Gate-Drive Circuitry

The high-side drive circuit is designed to switch an
N-channel MOSFET. Figure 4-9 shows a diagram of
the gate drive and bootstrap circuit. D2 and Cggt
comprise the bootstrap circuit, which is used to supply
drive voltage to the high-side FET. Bootstrap capacitor
Cgst is charged through diode D2 while the low-side
MOSFET is on and the voltage on the SW pin is
approximately OV. When the high-side MOSFET driver
is turned on, energy from Cggt is used to charge the
MOSFET gate, turning on the FET. As the MOSFET
turns on, the voltage on the SW pin increases to
approximately V|y. Vegst floats up by VIN, diode D2 is
reversed biased and Vggy is pulled high while
continuing to keep the high-side MOSFET on. The

high-side drive voltage, which is derived from Vpp, is
approximately 4.5V due to the voltage drop across D2.
When operating at 4.5V V|y without connecting Vpp to
V|n, the gate drive voltage to the high-side FET could
be as low as 3.2V. MOSFETs with an appropriate Vgg
threshold should be used in this situation.

The voltage on the bootstrap capacitor drops each time
it delivers charge to turn on the MOSFET. The voltage
drop depends on the gate charge required by the
MOSFET. Most MOSFET specifications specify gate
charge vs. Vgs. Based on this information and a
recommended AVggt Of less than 0.1V, the minimum
value of bootstrap capacitance is calculated as shown
in Equation 4-7.

EQUATION 4-7:

QGATE
AVCBST

Cpsrz

Where:
Qgare = Total Gate Charge of high-side MOSFET
AV st = Voltage Drop across the Cggt capacitor

A minimum value of 0.1 uF is required for each of the
bootstrap capacitors, regardless of the MOSFETs
being driven. Larger or paralleled MOSFETs may
require larger capacitance values for proper operation.
Placement is critical. The bootstrap capacitors (CggT)
for the BST supply pins must be located close between
the BST and SW pins. The etch connections should be
short, wide and direct. The use of a ground plane to
minimize connection impedance is recommended.
Refer to Section 4.23 “General Layout and
Component Placement” for more details.

A delay between the switching of the two MOSFETs is
necessary to prevent both MOSFETs from being on at
the same time and shorting V) to ground. An adaptive
gate drive in the controller monitors the switch node
(SWH1) and low-side driver (LSD1) to minimize dead
time while preventing both MOSFETs from being on at
the same time. This enables the use of a broad range
of MOSFETS without requiring excessive dead time.

D2
CBSTJ: Vin
'_
HSD1 | Q1
SW1

Adaptive

Drive
= D1
I

thl Q2

FIGURE 4-9: Gate Dirive.
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4.9 dv/dt-Induced Turn-On of the
Low-Side MOSFET

As the high-side MOSFET turns on, the rising dv/dt on
the switch-node forces current through Cgp of the
low-side FET causing a glitch on the FET's gate.
Figure 4-10 illustrates the basic mechanism causing
this issue. If the glitch on the gate is greater than the
FET's turn-on threshold, it may cause an unwanted
turn-on of the low-side FET while the high-side FET is
on. A short circuit between input and ground would
occur. This condition lowers efficiency and increases
power dissipation in both FETs. Additionally, turning on
the low-side FET during the off-time could interfere with
overcurrent sensing.

dv/dt induced
Current

Drain

RSOURCE

MIC2155 ' LSD Low-side FET
Driver il
RSINK
77777777777777 Q N,D T §ource
FIGURE 4-10: av/dt-Induced Turn-on.

The following steps can be taken to lower the gate drive
impedance, minimize the dv/dt-induced current, and
lower the FETs susceptibility to the induced glitch:

1. Choose a low-side MOSFET with:
* a high Cgg/Cqp ratio
« a low internal gate resistance
2. Do not put a resistor between the LSD output and
the gate of low-side MOSFET.
3. Ensure both the gate drive and return path PCB
traces are short low-inductance connections.

4.Use a 4.5V Vggrated MOSFET because its
higher gate threshold voltage is more immune to
glitches than a 2.5V-rated or 3.3V-rated FET.

5.Connect Vpp to V)y or a 5V supply if V| is below

6V. The Rpgop of the internal driver will be lower,
and a 4.5V rated MOSFET can be used.

410 Remote Sense

Remote sensing provides accurate output voltage
regulation by sensing at the load. Remote sensing
makes up for losses in the power distribution path. It
uses a unity gain differential amplifier to overcome
voltage drops in both the output and return (ground)
paths. The amplifier has a Common mode input range
from —0.3V to 3.6V. For proper remote sense operation,
V|n must be greater than 6V. If V| is less than 6V, the
Vpp pin must be connected to V|y or externally
supplied with 5V.

The output of the remote sense amplifier can source up
to 500 pA. The voltage divider resistors (R1 and R4 in
Figure 4-12) must be chosen to insure the output
current of the amplifier does not exceed the maximum
of 500 pA. See Equation 4-8.

EQUATION 4-8:
Vour—Vrer
Rlpax= 5004
Where:
VREF =0.7V

A gain/phase plot of the remote sense amplifier in
Figure 4-11 shows a typical 2 MHz bandwidth. Phase
lag is 45 degrees at 1 MHz.

60 200
50 160
40 120
30 80
@ 20 | phase 40 T
) L
o 10 L 0 ®
< o [T 0 I
s ~ -
-10 | Magnitude \\ -80 o
20 -120
-30 % -160
-40 -200
1k 10k 100k 1M 10M
FREQUENCY (Hz)

FIGURE 4-11:
Gain/Phase Plot.

Remote Sense Amplifier
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A typical remote sense configuration is shown in
Figure 4-12. The output of the remote sense amplifier
feeds a voltage divider (R1, R4), which is connected to
the Channel 1 error amplifier. The divider and
compensation network for the remote sense are the
same as for a local sense configuration. The 10Q
resistors provide an alternate feedback path if the
remote sense connections are removed or opened.
The remote sense connections should not be shorted.
Otherwise the output voltage will increase close to V.
The OVP circuit in the controller does not protect
against this type of fault when the feedback pin voltage
is OV.

| SENSE RMVOUT N _RS. Amp
LOAD | _seNse RMGND G=1
| 5 .
1Ofi 100 DIFFOUTI
Ins < 500pA
Veer = 0.7V

jL R1 +ON_E/A
_|_

T

Remote Sense.

COMP1

FIGURE 4-12:

411 Setting the Output Voltage

Regardless of whether the remote sensing or local
output voltage sensing is used, the output voltage is set
with voltage divider resistors R1 and R4 (See
Figure 4-12.). The equation below is used to calculate

Vour-

EQUATION 4-9:
Your = VRer* (1 + f;_D
Where:
VREF =0.7V

412 Current Limit and Overcurrent
Protection

The MIC2155 uses the synchronous (low-side)
MOSFETs Rpgon to sense an over current condition.
The low-side MOSFET is used because it displays
lower parasitic oscillations after switching than the
high-side  MOSFET. Additionally, it improves the
accuracy and reduces false tripping at lower voltage
outputs and narrow duty cycles since the off-time
increases as duty cycle decreases. Figure 4-13 shows
the overcurrent detection circuit.

MIC2155 Vi

- 2000A H  ~l.*Rpson |
L
X cs1] Re / ey
Current Limit LSD 2l TIL 'y c

FIGURE 4-13:
Circuit.

Overcurrent Detection

Inductor current flows from the lower MOSFET source
to the drain during off-time. The drain voltage becomes
negative with respect to ground as the inductor current
continues to flow from source to drain. This negative
voltage is proportional to instantaneous inductor
current times the low-side MOSFET Rpgon- The
voltage across the low-side FET becomes even more
negative as the output current increases. Figure 4-14
shows the inductor current and low-side FET Vpg
waveforms.The overcurrent detection circuit operates
by passing a known fixed current source (about 200 pA
typical) through a resistor R . This sets up an offset
voltage (Ic. * R¢y) that is compared to the Vpg of the
low-side FET. When source-to-drain voltage Vgp (I x
Rpson) is equal to this voltage, the MIC2155's over
current trigger is set, which disables the next high-side
gate drive pulse. After missing the high-side pulse, the
overcurrent (OC) trigger is reset. If on the next low-side
drive cycle, the current is still too high i.e. Vg4 is < 0V,
another high-side pulse is missed and so on. This
effectively reduces the overall energy transferred to the
output and Vg starts to fall.

The MIC2155 current limit circuit restricts the maximum
peak inductor current. If the load tries to draw additional
current, the output voltage drops until it is no longer
within regulation limits. At this point, (75% of nominal
output voltage) a Hiccup Current mode is initiated to
protect downstream loads from excessive current
during hard short circuits. This helps reduce the overall
power dissipation in the PWM converter components
during a fault.
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HSD

10T

Low-side FET Vpg

|vDs|=IL x RosoN

ovi

— 1

Freewheeling Diode Vg -----~ ’::‘ ‘4_ Deadtime

FIGURE 4-14: Inductor Current and
Low-Side FET Vpg Waveforms.

The MIC2155 only senses current across the low-side
MOSFET of Channel 1 since both channels operate in
parallel. This means the total output current limit is
approximately twice the calculated current limit.

413 Current Limit Setting

The current limit circuit responds to the peak inductor
current flowing through the low-side FET. The value of
RcL can be estimated with a simple method or can be
more accurately calculated by taking the inductor ripple
current into account.

4.13.1 THE SIMPLE METHOD

The current limit setting resistor value can be quickly
estimated with Equation 4-10.

EQUATION 4-10:

_ louroc) * Rpsoniax)

Rer 2 x 180pd

Where:

louT(oc) is the total output current limit at overcurrent.
Rpson is the maximum on-resistance of the low-side FET
at the operating junction temperature.

4.13.2 ACCURATE METHOD

For designs where ripple current is significant when
compared to lgyt or for low duty cycle operation,
calculating the current setting resistor R should take
into account that we are sensing the peak inductor
current and that there is a blanking delay of
approximately 100 ns. See Figure 4-15.

FIGURE 4-15:

Equation 4-11, Equation 4-12, Equation 4-13 and
Equation 4-14 are used to accurately calculate the
current limit resistor value.

Overcurrent Waveform.

EQUATION 4-11:

; _ louroo) , Lep)
L(PK) 2

2
Where:

IL(pky = The peak inductor current in each phase
ILppy = The ripple inductor current in each phase

EQUATION 4-12:

; _ Voyrx(1-D)
LPP) T T AT
Where:
D = Duty cycle
fs = Switching frequency
L = Power inductor value
EQUATION 4-13:
T =1 Your*Tpry
SET ~ 'L(PK) A

Where:
L = Power inductor value
Tpry = Current limit blanking time about 100 ns

EQUATION 4-14:

xR

_ Lser*Rpson(max

RCL I
CL(MIN)

Where:

IseT = Overcurrent setpoint

IcLviny = Minimum overcurrent trip point program current

EQUATION 4-15:

Your

D= — 22
Vinx Efficiency
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DS20006106A-page 19



MIC2155

4.13.3 EXAMPLE

Consider a 12V-to-3.3V converter at a 30A total output
current limit with 1.5 pH power inductor and 90%
efficiency at full load. Each channel will supply 15A ata
500 kHz switching frequency. The on-resistance of the
low side MOSFET is 6 mQ.

Equation 4-16 shows how to use the simple method
and Equation 4-17 illustrates the accurate method.

EQUATION 4-16:

3—2—4 x 6mQ
RCL = W: 500Q
EQUATION 4-17:
_ 33V
D= yos 3
_ 33Vx(1-03)_
TLpp) 500kHz x 1.5uH 314
_ 304 ,3.14_
IL(PK) = T+—2 = 16.554
_ 3.3V x100ns_
Igpr ]6.55/47—1'5“[_[ 16.334
_ 16334 x6mQ_
Rep = —-—_ISOHA 544Q

Using the simple method here would result in a current
limit point lower than expected.

This equation sets the target maximum current limit
point per channel of the converter, but the actual
maximum value will depend on the actual inductor
value, actual I and on resistance of the MOSFET
under current limit conditions. This could be in the
region of 50% higher and should be considered to
ensure that all the power components are within their
thermal limits unless thermal protection is implemented
separately.

414 Inductor Current Sensing

Current sharing between the two phases is achieved by
sensing the inductor current in each phase. Lossless
inductor current sensing is used, which has the
advantages of lower power loss and lower cost —over
using a discrete resistor in series with the inductor.

The inductor current sense circuit is shown in
Figure 4-16. It extracts the voltage drop across the
inductor's DC winding resistance.

VIN
T Output Inductor and
Winding Resistance
|_
t Q1 |
_t o R L
|_T oy
4 C
hi Q2 R 1 Cl:il o I
v !
+ Vg -
FIGURE 4-16: Lossless Inductor Current
Sense.

The voltage across capacitor C1 is computed with
Equation 4-18.

EQUATION 4-18:

&‘Fl
RL
Vs = I\ R SR

If the R1 x C1 time constant is equal to the L/R time
constant, the voltage across capacitor C1 equals the
Ry % I,.. Figure 4-17 is a plot of this equation and shows
the results graphically. It assumes an inductance of
1.5 pH, R_ = 0.01Q, C1 = 0.1 pF, and R1 =1.5k. The
time constants are equal and diverge at the same rate.
The overall impedance, H(s), equals R, for all
frequencies.

50
40 Val
30 L/R 1/
20
—_ ’!
g 10 »
z O N
& -10 N
-20
- R1x C1l_N
i ~
Pl y
10 100 1k 10k 100k 1M
FREQUENCY (Hz)
FIGURE 4-17: Current Sense Gain/Phase
Plot.
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FIGURE 4-18: Current Sharing Diagram.

415 Current Sharing

The schematic in Figure 4-18 illustrates the current
sharing scheme. The error amplifier in Channel 1, E/A
1, monitors the output voltage and adjusts the duty
cycle of Channel 1 to regulate that voltage. The inputs
of transconductance error amplifier, E/A 2, are
connected to the current sense points of each channel.
The error amplifier 2 regulates Channel 2 current by
monitoring and making reference to the current sense
point of Channel 1 and forcing the current sense point
of Channel 2 to be equal.

Any offset or difference in current between the two
channels is caused by tolerances in the inductance,
DCR, and tolerances of R1, C1, R2 and C2.
Additionally, voltage offset in E/A 2 may cause
variations in output current sharing. At lower currents,
these variations may force the current of Channel 2 to
be 0.

A nominal 10 mV offset inhibits the Channel 2 low-side
MOSFET until the output current increases to the
magnitude where the voltage across C1is 10 mV. This
prevents the low-side MOSFET of Channel 2 from
sinking current to ground during startup or during low
current operation.

416 Startup into a Pre-Biased Output

Soft-start circuitry in a conventional synchronous buck
regulator forces the regulator to start up by initially
operating at a minimum duty cycle and gradually
increasing the duty cycle until the output voltage
reaches regulation. In a synchronous buck power
supply, a narrow duty cycle means the low-side
MOSFET is on for most of the switching period. If the
output voltage is not 0V, the wide on time of the
low-side MOSFET may discharge the output and cause
high reverse current to flow in the inductor.

The MIC2155 is designed to turn on into a pre-biased
output without discharging the output. Circuitry in the
controller monitors the input and output voltage and
forces the soft-start circuit to initially operate at the
proper duty cycle. This allows the output to turnon in a
controlled fashion without discharging the output. The
minimum output voltage for proper operation of the
pre-bias startup circuitry is 0.6V. If Vot is less than
0.6V, a partial discharge of Vot may occur.

© 2019 Microchip Technology Inc.
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417 Separate Input Supplies

The MIC2155 can operate from two input supplies with
different voltages. Each of the two channels can have
a different input voltage and still share current. This
allows the buck converter supply input to draw power
from more than one supply source.

The controller will force the output currents of the two
channels to be equal. Since the output voltage and
currents of the two channels are the same, the input
power drawn from each supply will approximately be
the same. The input currents will be inversely
proportional to the input voltages of each of the two
supplies. For example, if the total output power is 50W
and efficiency is 91%, the total input power from both
supplies is calculated based on Equation 4-19.

EQUATION 4-19:

P
our _ 50w
P = == = 55W
IN1 n 091

Each supply contributes approximately half the power.
See Equation 4-20.

EQUATION 4-20:

Piny1 = Py = 27.5W

For Ving = 12V and V2 = 3.3V, the following formula
in Equation 4-21 are used.

EQUATION 4-21:

P
_ P 215w

Iy = 50 = T = 234

;o P 215w o,

w2 "y 33

418 Component Selection, Guidelines
and Design Example
The following section outlines a procedure for

designing a two-phase synchronous buck converter
using the MIC2155.

This example will use the following parameters:

V|N =12V
VOUT =1.8V
IOUT = 30A

Switching frequency (fg) = 500 kHz/channel

4.18.1 OUTPUT FILTER SELECTION

The output filter is comprised of the output capacitors
and the output inductors. The filter is designed to
attenuate the output voltage ripple to the desired value.
The output filter components also determine how well
the buck converter responds to output load current
transients. If output transients are significant, the

output capacitors should be chosen first to meet the
transient specification. The output inductor is then
selected to insure the filter attenuates the output ripple
to meet the specification.

A second commonly used method of designing the filter
is to select the inductor value to keep the ripple current
between 20% and 30% of the full load output current for
that channel. Then select the output capacitance to
meet the output voltage ripple specification and output
current transient specification.

Values for inductance, peak and RMS inductor currents
are required to choose the output inductors. The input
and output voltages and the inductance value
determine the peak-to-peak inductor ripple current.
Output capacitor selection requires information of
transient current, RMS capacitor current and output
voltage.

There are several tradeoffs to be made when selecting
the output inductor. Generally, higher inductance
values are used with higher input voltages. Larger
peak-to-peak ripple currents increase the power
dissipation in the inductor and MOSFETs. Larger
output ripple currents also require more output
capacitance to smooth out the larger ripple current.
Smaller peak-to-peak ripple currents require a larger
inductance value and therefore a larger size and more
expensive inductor.

Higher switching frequencies allow the use of a small
inductance but increase power dissipation in the
inductor core and MOSFET switching loss. The
MIC2155 switches at 500 kHz/channel and is designed
to use a smaller inductor at the expense of higher
switching losses and slightly lower efficiency.

The peak output ripple current for a two-phase
converter is shown in Figure 4-19. The graph shows
that peak ripple current is a function of duty cycle.
Since each channel is 180 degrees out of phase with
the other, at 50% duty cycle, the output ripple currents
from each channel cancel, and the output ripple current
is close to zero.
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FIGURE 4-19: Phase Output Ripple

Current vs. Duty Cycle.
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For this example, with V|y = 12V, Voyr = 1.8V and
efficiency = 88%, the duty cycle is computed as shown
in Equation 4-22.

EQUATION 4-22:

v,
ouT  _ 1.8V — o017
nxV, 088x12V

Figure 4-19 shows the peak-to-peak output ripple
current normalized by the maximum value, which is
indicated in Equation 4-23.

EQUATION 4-23:

QV

J _Tou
OPP(MAX) ~ 75T

I}

The two-phase peak-to-peak output ripple current is
less than that for a single-phase conversion. If V|y
varies, the input voltage that generated the highest
ripple current should be used for the calculation.

For this example, assume the output transient loading
is small, and the filter design is based on output ripple
voltage requirement.

The inductance value is calculated by Equation 4-24.

EQUATION 4-24:

_ Vour* > Vivaaxy=Vour)
n x VIN(MAX)XfSX 0'2X101(MAX)

Where:

fs = the switching frequency per channel

0.2 = the ratio of AC ripple current to DC maximum
output current of each phase channel

Vingmax) = the maximum input voltage

lo1(max) is the DC maximum output current per channel
or %2 of the maximum total output current (IoyTmax))

n is the converter’s efficiency

A computation for this example is shown in
Equation 4-25.

EQUATION 4-25:

_ 1.8V x(0.88x 12V~ 1.8¥)
0.88 x 12V x 500kHz x 0.2 x 154

= 1uH

The peak-to-peak ripple current for each channel is
calculated with Equation 4-26.

EQUATION 4-26:

Vour* (> Vinaaxy—Your)
nx VIN(MAX) xj:S,XL

Ippy =

— 1.8V x(0.88x12V-1.8V) = 34
0.88 x 127 x 500kHz x | pH

1Py

The output capacitors see less ripple current than each
channel because they are out of phase.

The calculation of the peak-to-peak output ripple
current normalizing factor is shown in Equation 4-27.

EQUATION 4-27:

Vour _ 1.8V

loppax) = FoxL ~ 500kHzx 1pH 36

The approximate output ripple current in the two-phase
configuration at 17% duty cycle is determined from the
graph in Equation 4-19 and can be computed with
Equation 4-28.

EQUATION 4-28:

v,
_ our _ 1.8V _
lopp= 065X 727 = 065 g T~ 234

For the input and output voltage in this application,
going to a two-phase design decreases the total output
ripple current from 3 App to 2.3 App.

The peak inductor current in each channel is equal to
the average maximum output current per channel plus
one half of the peak-to -peak inductor ripple current.
Refer to Equation 4-29.

EQUATION 4-29:

I1pky = To1(0aax) + 05 < I (ppy= 154+ 0.5 x34= 16.54

The RMS inductor current is used to calculate the
12 x R losses in the inductor as shown in Equation 4-30.

EQUATION 4-30:

I 2
_ 1 L(PP)
Tparmsy = loruaxy* |1+ vE [IOI(MAX)J

I = 154 % 1+lx(3—A)2: 15.024
L(RMS) 12154 :

Maximizing efficiency requires the proper selection of
core material and minimizing the winding resistance.
The high frequency operation of the MIC2155 requires
the use of ferrite materials for all but the most
cost-sensitive applications. Lower-cost iron powder
cores may be used but the increase in core loss will
reduce the efficiency of the buck converter. This is
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especially noticeable at low output power. The inductor
winding resistance decreases efficiency more
significantly at the higher output current levels. The
winding resistance must be minimized although this
usually comes at the expense of a larger inductor size.

The power dissipated in the inductor is equal to the sum
of the core and copper losses. At higher output loads,
the core losses are usually insignificant and can be
ignored. At lower output currents, the core losses can
be a significant contributor. Core loss information is
usually available from the magnetics vendor.

For this example, a Cooper HCF1305-1R0 inductor
was chosen. Core loss for this application was taken
from the data sheet and is 15 mW. Winding resistance
is 1.9 mQ.

Copper loss in the inductor is calculated with
Equation 4-31.

EQUATION 4-31:

2
Prcwy = Yrmsy *RwinpInG

= (15.024)2 x 1.9mQ= 043 W

The resistance of the copper wire, Ry nping, increases
with temperature. If so desired, a more accurate
calculation can be made if the maximum ambient
temperature and temperature rise of the inductor is
known. The value of the winding resistance at
operating temperature is calculated with
Equation 4-32.

EQUATION 4-32:

R R % (1+0.0042 x (Temp

WINDING(HT) ~ “WINDING(20) 20))

Where:

Tempy = the temperature of the wire under operating load
T, = ambient room temperature

RwinpING(20) = the resistance of the winding at room
temperature, usually specified by the manufacturer

For this example, the approximate power dissipation is
0.43W. From the manufacturer’s data sheet, this
causes a 20°C rise in inductor temperature. Assuming
ambient temperature stayed at 20°C, the maximum
winding resistance would be increased from 1.9 mQ to
the value calculated with Equation 4-33.

EQUATION 4-33:

WINDING(HT) ~

) = 1.9mQ x (1 +0.0042 x (40°C —20°C)) = 2.06m<d

4.18.2 OUTPUT CAPACITOR SELECTION

In this example, the output capacitors are chosen to
keep the output voltage ripple below a specified value.
The output ripple voltage is determined by the
capacitors’ ESR (equivalent series resistance) and

capacitance. Voltage rating and RMS current capability
are two other important factors in selecting the output
capacitors.

Ceramic output capacitors and most polymer
capacitors have very low ESR and are recommended
for use with the MIC2155. The output capacitance is
usually the primary cause of output ripple in ceramic
and very low ESR capacitors. The minimum value of
Cour is calculated in Equation 4-34.

EQUATION 4-34:

I
PP S o) i/ —
OUT= 8 x AV pp % 2 % fg

Where:

AVpp = peak-to-peak output voltage ripple in Steady state
lopp = peak-to-peak ripple current as see by the capacitors
fs = per channel switching frequency

Notice the calculation is performed at 2x the switching
frequency since the capacitors see ripple current from
both phases.

For the example illustrated in Equation 4-35 using
AVapp = 10 mV, the minimum Cgy is:

EQUATION 4-35:

2.34

> —_ e =
Cour® T3 Tomv = 2% s00kiz ~ 2OMF

A capacitance at this low value is usually not used in
high current converters because of transient output
current requirements.

For load transient requirement consideration, the
output voltage drop due to the load transient current
step is mainly contributed by the output capacitance
discharge to support the load current step. The
required output capacitance can be estimated with
Equation 4-36.

EQUATION 4-36:

Ay o4p * IRES

Cour> 3y
OUT(LDT)

Where:

Al pap = Load transient current step

tres = Load transient response time

A VoyTLpT) = Output voltage drop due to the load step

For this example, 500 uF total capacitance is used. Itis
split up into four 47 pF ceramic capacitors and
two 150 pyF aluminum polymer capacitors connected in
parallel.

The total output ripple is a combination of ripple
voltages due to the ESR and the output capacitance.
The steady-state total output ripple voltage is
calculated in Equation 4-37.
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EQUATION 4-37:

7 2
opP 2
AV, = -| +( x ESR
our J[g ST X/J (Uopp cour)

To increase reliability, the recommended voltage rating
of the capacitor should be twice the output voltage for
a tantalum and 20% greater for an aluminum
electrolytic or ceramic.

The output capacitor RMS current is computed in
Equation 4-38.

EQUATION 4-38:

I
OPE _ 234_ 564

ICOUT(RMS): 2 - Niv

The power dissipated in the output capacitors can be
calculated with Equation 4-39.

EQUATION 4-39:

B 2
Ppissccoury = Ucourrms)) X ESRcour

4.18.3 INDUCTOR CURRENT SENSE
COMPONENTS
The RC circuit values that sense current across the

inductor can be calculated once the inductor is
selected. The circuit is shown in Figure 4-20.

VIN

Output Inductor and
Winding Resistance

_IE Qf

FIGURE 4-20:
For this example, the inductor has the following
parametric values:

L=1uH

R =1.9mQ

Proper sensing of the DC voltage across the inductor
requires the L/R_time constant be equal to the R1 x C1
time constant as shown in Equation 4-40.

Inductor Current Sense.

EQUATION 4-40:

I—Z—: Cl1xRI1

A good range of values for C1is 0.1 pyF to 1 yF. For this
example, C1 is chosen as 0.22 pF. R1 is shown in
Equation 4-41.

EQUATION 4-41:

L 1pH

Rl = Rc1 ~ Tomaxompr

= 2.39kQ

4.18.4 INPUT CAPACITOR SELECTION

In addition to high-frequency ceramic capacitors, a
larger bulk capacitance, either ceramic or aluminum
electrolytic should be used to help attenuate ripple on
the input and to supply current to the input during large
output current transients. The input capacitors must be
rated for the RMS input current of the buck converter.
RMS input capacitor current is determined by the
maximum output current. The graph in Figure 4-21
shows the normalized RMS input ripple current vs. duty
cycle. Data is normalized to the output current.

For a two-phase converter operating at 17% duty cycle,
the input RMS current is determined at the graph in
Figure4-21 and <can be approximated by
Equation 4-42.

EQUATION 4-42:

Lervrms) = LouTux X 024= 304 %024 = 724

The power dissipated in the input capacitor is indicated
in Equation 4-43.

EQUATION 4-43:

2
Ppissceiny = Ueinrus)) < ESRcin

=

Z 0.6

i EEEEE

2 o5 Single Phase

3 L ~~

5 04

o

z

2

% 03 2 Phase
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N
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DUTY CYCLE

FIGURE 4-21: RMS Input Current vs. Duty
Cycle.
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4.18.5 MOSFET SELECTION

External N-channel logic-level power MOSFETs must
be used for the high-side and low-side switches. The
MOSFET gate-to-source drive voltage from the
MIC2155 is regulated by an internal 5V Vpp regulator.
Logic level MOSFETSs, whose operation is specified at
Vgs = 4.5V must be used. The MOSFET on-resistance
Rpson is used to calculate the losses during the
MOSFET's conduction time. If operating at 4.5 V),
without connecting Vpp to V|, the gate drive voltage to
the high-side FET could be as low as 3.2V. MOSFETs
with low Vgg enhanced gates should be used in this
situation.

It is important to note the on-resistance of a MOSFET
increases at high junction temperature. A 75°C rise in
junction temperature increases the channel resistance
of the MOSFET by 40% to 75% of the resistance
specified at 25°C. This change in resistance must be
accounted for when calculating MOSFET power
dissipation.

Total gate charge is the charge required to turn the
MOSFET on and off under specified operating
conditions (Vpg and Vgg). The gate charge is supplied
by the MIC2155 gate drive circuit. Gate charge can be
a significant source of power dissipation in the
controller due to the high switching frequencies and
generally large MOSFETSs that are driven. At low output
load this power dissipation is noticeable as a reduction
in efficiency.

The average current required to drive the MOSFETs is
shown in Equation 4-44.

EQUATION 4-44:

Ipp = Q6 *fs
Where:
Qg is the total gate charge for all high-side and low-side
MOSFETSs. This information should be obtained from the
manufacturer’s data sheet with a 5V Vgg.

Since the current from the gate drive comes from the
input voltage, the power dissipated in the MIC2155 due
to gate drive is shown in Equation 4-45.

EQUATION 4-45:

Peareprive = Q6 *Is* Vin

A convenient figure of merit for switching MOSFETs is
the on-resistance times the total gate charge (Rpson *
Qg). Lower numbers translate into higher efficiency.
Low-gate-charge logic-level MOSFETs are a good
choice for use with the MIC2155. The internal LDO that
supplies Vpp is rated for 75 mA. Exceeding this value
could damage the regulator or cause excessive power
dissipation in the IC. Refer to Section 4.4 “Supply
Voltages and Internal Regulator” of this for additional
information.

Parameters that are important to MOSFET switch
selection are:

» Voltage rating
* On resistance
« Total gate charge

The Vpg voltage rating of the MOSFETSs is essentially
equal to the input voltage. A safety factor of 20% should
be added to the Vpg(max) of the MOSFETs to account
for voltage spikes due to circuit parasitics.

The power dissipated in the switching transistor is the
sum of the conduction losses during the on-time
(PconbucTion) and the switching losses that occur
during the transition times when the MOSFET is turning
on and off (Pac). Refer to Equation 4-46 for the
calculation of the power dissipation in MOSFET switch.

EQUATION 4-46:

Ppisscswy = Peconpucriont Pac
Where:
PconpucTion = (Isw(rms))? X Roson
Pac = Pac(on) * Pac(oFF)
Rpson is the on resistance of the MOSFET switch.

Making the assumption that the turn-on and turn-off
transition times are equal, the total AC switching loss of
the MOSFET switch is calculated based on
Equation 4-47.

EQUATION 4-47:

Pyc=yt VD)lexthfS

Where:

Vp = freewheeling diode forward voltage

I_ = average inductor current (half Igy1)

tt = the switching transition time (typically 15 ns to 30 ns)
fs = the switching frequency of each phase

4.18.6 RMS CURRENT AND MOSFET
POWER DISSIPATION
CALCULATION

Under normal operation, the high-side MOSFET's RMS
current is greatest when Vg is low (maximum duty
cycle). The low-side MOSFET's RMS current is
greatest when V|y is high (minimum duty cycle).
However, the MOSFET sees maximum stress during
short-circuit conditions, where the output current is
equal to the maximum overcurrent level. The
calculations below are for normal operation. To
calculate the stress under short-circuit conditions,
substitute the total output current at overcurrent level
(lout(oc)) for louT(max).

The RMS value of the high-side switch current and
low-side switch current is computed as shown in
Equation 4-48 and Equation 4-49.
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EQUATION 4-48:

I 2 [ 2
Iswis(rms) = <D [70“(4’”“) +%j
Where:
louT(max) = Total maximum output current at normal
operation Vour

D = the duty cycle of the converter b=
I (pp) = the individual inductor ripple current
n = is the efficiency of the converter

nxViy

EQUATION 4-49:

2 2
1 1
_ ourmax) , lep)
Iswrsrms) = J(1-D)x J[ 2 Y ]

Where:

louT(max) = Total maximum output current at normal
operation

D = the duty cycle of the converter D =
I PPy = the individual inductor ripple current
n = is the efficiency of the converter

Your
nxVyy

Converter efficiency also depends on other component
parameters that have not yet been selected. For design
purposes, an efficiency estimate of 85% to 90% can be
used. The efficiency can be more accurately calculated
once the design is complete. If the assumed efficiency
is grossly inaccurate, a second iteration through the
design procedure should be made.

For the high-side switch, the maximum DC power
dissipation is calculated with Equation 4-50.

EQUATION 4-50:

2
Pswusiocy = Rpsonsy * Uswusrus))

The AC switching loss for each of the high-side
MOSFETs is computed in Equation 4-51.

EQUATION 4-51:

Py =yt VD)XIOUT(MA)OXO'SXtTXfS

The total power dissipation for each high-side
MOSFET is calculated based on Equation 4-52.

EQUATION 4-52:

Ppissswrsy = Pswasioey T Pac

For each low-side MOSFET switch, the total power
dissipation is mainly DC power dissipation only, and the
AC switching loss is very small and usually can be
neglected. It is because the freewheeling diode across
the low-side MOSFET turns on first during the
switching transition times and the voltage across the
low-side MOSFET is small during its turn-on and

turn-off transitions. Therefore, the power dissipation of
each low-side MOSFET can be approximated by
Equation 4-53.

EQUATION 4-53:

2
Ppissswrsy=Pswrsoey = Uswrsrus)) * Rpson(ws)

4.18.7 EXTERNAL SCHOTTKY DIODE

A freewheeling diode in parallel with the low-side FET
is needed to keep the inductor current flow continuous
while both MOSFETs are turned off (dead time). Dead
time is necessary to prevent current from flowing
unimpeded through both MOSFETs. An external
Schottky diode is not necessary for circuit operation
since the low-side MOSFET contains a parasitic body
diode. An external diode will improve efficiency due to
its lower forward voltage drop as compared to the
internal parasitic diode in the FET. It may also decrease
high-frequency noise because the Schottky diode
junction does not suffer from reverse recovery.

If the MOSFET body diode is used, it must be rated to
handle the peak and average current. The body diode
may have a relatively slow reverse recovery time and a
relatively high forward voltage drop. The power lost in
the diode is proportional to the forward voltage drop of
the diode. As the high-side MOSFET starts to turn on,
the body diode becomes a short circuit for the reverse
recovery period, dissipating additional power. The
diode recovery and the circuit inductance will cause
ringing during the high-side MOSFET turn on. If the
internal FET diode is used, power dissipated during the
dead time should be added to the Pp,gg of the low-side
MOSFET.

An external Schottky diode conducts at a lower forward
voltage, preventing the body diode in the MOSFET
from turning on. The lower forward voltage drop
dissipates less power than the body diode. The lack of
a reverse recovery mechanism in a Schottky diode
causes less ringing and power loss. Depending on the
circuit components and operating conditions, an
external Schottky diode may give a %% to 1%
improvement in efficiency.

The average diode forward current is calculated in
Equation 4-54.

EQUATION 4-54:

Ipuvey = louruax) * tpr*fs
Where:
tpt = the dead time when both MOSFETs are off

The reverse voltage requirement of the diode is
calculated based as shown in Equation 4-55.

EQUATION 4-55:

Vpropewryy =

V[ N
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The power dissipated by the diode is computed based
on Figure 4-56.

EQUATION 4-56:

Pprope = Ipavey* Ve
Where:
Vg = the forward voltage at the peak diode current

4.18.8 SNUBBER DESIGN

A snubber is used to damp out high-frequency ringing
caused by parasitic inductance and capacitance in the
buck converter circuit. A snubber is needed for each of
the two phases in the converter. Figure 4-22 shows a
simplified schematic of one of the buck converter
phases. Stray capacitance consists mostly of the two
MOSFET's output capacitance (Cpgg). The stray
inductance is mostly package and etch inductance.
The arrows show the resonant current path when the
high-side MOSFET turns on. This ringing causes stress
on the semiconductors in the circuit as well as
increased EMI.

Coss1 ’ /

Voc A Sync_buck —Cour

Controller

— T — ®

FIGURE 4-22:

One method of reducing the ringing is to use a resistor
and capacitor to lower the Q of the resonant circuit. The
circuit in Figure 4-23 shows the resistor in between the
switch node and ground. Capacitor, Cs, is used to block
DC and minimize the power dissipation in the resistor.
This capacitor value should be between 5 and 10 times
the parasitic capacitance of the MOSFET Cpgs. A
capacitor that is too small will have high impedance
and prevent the resistor from damping the ringing. A
capacitor that is too large causes unnecessary power
dissipation in the resistor, which lowers efficiency.

Output Parasitics.

The snubber components should be placed as close as
possible to the low-side MOSFET and/or external
Schottky diode since it contributes to most of the stray
capacitance. Placing the snubber too far from the FET
or using etch that is too long or thin will add inductance
to the snubber and diminishes its effectiveness.

A proper snubber design requires the parasitic
inductance and capacitance be known. A method of
determining these values and calculating the damping
resistor value is outlined below.

1. Measure the ringing frequency at the switch node
which is determined by parasitic Lp and Cp. Define this
frequency as f;.

2. Add a capacitor Cg (normally at least 3 times as big
as the Cpgg of the FET) from the switch node to ground
and measure the new ringing frequency. Define this
new (lower) frequency as f,. Lp and Cp can now be
solved using the values of fy, f, and Cg.

3. Add a resistor Rg in series with Cg to generate
critical damping.

Step 1: First measure the ringing frequency on the
switch node voltage when the high-side MOSFET turns
on. This ringing is characterized by Equation 4-57.

EQUATION 4-57:

o 1

4 2nx [LpxCp
Where:
Cp and Lp are the parasitic capacitance and
inductance.

Step 2: Add a capacitor, Cg, in parallel with the
synchronous MOSFET, Q2. The capacitor value should
be approximately 3 times the Cngg of Q2. Measure the
new ringing frequency f, at the switch node. This
ringing frequency is characterized by Equation 4-58.

EQUATION 4-58:

1

2nx JLpx(Cg+Cp)

f

f is defined as shown in Equation 4-59.

EQUATION 4-59:

S=

el fnt

Combining the equations for fy, f, and f' to derive Cp,
the parasitic capacitance is show in Equation 4-60.

EQUATION 4-60:

c
Cp = ZS
-1

Lp is solved by re-arranging the equation for f; as
shown in Equation 4-61.
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EQUATION 4-61:

1

Lp =
@)’ x Cpx (1))

Step 3: Calculate the damping resistor. Ciritical
damping occurs at Q = 1 as illustrated in Equation 4-62.

EQUATION 4-62:

C,t+C

_ P S

0 = Rgx |-£—5
P

The solution for Rg is shown in Equation 4-63.

EQUATION 4-63:

I
R = L
| Cpt Cg

Figure 4-23 shows the snubber in the circuit and the
damped switch node waveform.

A

LSTRAY3

Rs
il

]— COSSZ

LSTRAY4

Y

FIGURE 4-23:

The snubber capacitor, Cg, is charged and discharged
each switching cycle. The energy stored in Cg is
dissipated by the snubber resistor, Rg, two times per
switching period. This power is calculated in
Equation 4-64.

Snubber Circuit.

EQUATION 4-64:

) 2
Psyusger = fs* Cs*Viy
Where:

fs = the switching frequency for each phase

Vn = the DC input voltage

419 Compensation of the Output
Voltage Loop

The voltage regulation, filter, and power stage sections
are shown in Figure 4-24. The error amplifier for
Channel 1 is used to regulate the output voltage and
compensate the voltage regulation loop. It is a voltage
output op amp that is designed to use Type Il (PID)
compensation. Type Ill compensation has two
compensating zeros, two poles and a pole at the origin.
The figure also shows the transfer function for each
section.

For this analysis, the LC filter in the two-phase design
is combined into one. The inductances are in parallel
and the output capacitance is the total sum of all Coyr.
The ESR is the parallel combination of all ESRs. The
DCR is the parallel combination all inductor DCRs.The
output load is represented by a resistor R.

The output filter contains a complex double pole
formed by the capacitor and inductor and a zero from
the output capacitor and its ESR. The transfer function
of the filter is shown in Equation 4-65.

EQUATION 4-65:

Griprer1 () = N2
+(2)
o

Where:

o =t
=" C,xESRe,

1
® =

¢ [CoxLg

_ 1 Lo
0= s—s s X =
DCR+ESRcy  1(Cp

(For R>> ESRp and R >> DCR)
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FIGURE 4-24: Voltage Loop and Transfer Functions.

Compensation is necessary to ensure the control loop
has adequate bandwidth and phase margin to properly
respond to input voltage and output current transients.

High gain at DC and low frequencies are needed for
accurate output voltage regulation. Attenuation near
the switching frequency prevents switching frequency
noise from interfering with the control loop.

The Modulator Gain is proportional to the input voltage
and inversely proportional to the internal ramp voltage
generated by the oscillator. The MIC2155 peak-to-peak
ramp voltage is 1V as shown in Equation 4-66.

EQUATION 4-66:

v,
_ IN
Gpop1 = ( ]

VRAMP

The output voltage divider attenuates Vo1 and feeds
it back to the error amplifier. The divider gain is shown
in Equation 4-67.

EQUATION 4-67:

_ R4 _ Vrer
' RI+R4 Vyur

The modulator, filter and voltage divider gains can be
multiplied together to show the open-loop gain of these
parts. See Equation 4-68.

EQUATION 4-68:

Gyp(s) = Grrprer1(8) x Hy x Gyop)

This transfer function is plotted in Figure 4-25. At low
frequency, the transfer function gain equals the
modulator gain times the voltage divider gain. As the

frequency increases toward the LC filter resonant
frequency, the gain starts to peak. The increase in the
gain's amplitude equals Q. Just above the resonant
frequency, the gain drops at a —40 db/decade rate. The
phase quickly drops from 0° to almost —180 degrees
before the phase boost of the zero brings it back up to
—90 degrees. Higher values of Q cause the phase to
drop quickly. In a well-damped low-Q system the phase
changes more slowly.

90
45
4“
5 0 N \.Gain I
o -45 el
z
= Phase
& -9
A
-135 /
L—“/
-180
10 100 1k 10k 100k 1M
FREQUENCY

FIGURE 4-25:

As the frequency approaches the zero frequency (Fz),
formed by Cq and its ESR, the slope of the gain curve
changes from —40 db/decade rate to —20 db/decade
rate and the phase increases. The zero causes a 90°
phase boost. Ceramic capacitors, with their smaller
values of capacitance and ESR, push the zero and its
phase boost out to higher frequencies, which allow the

Gyp Transfer Function.
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phase lag from the LC filter to drop closer to —180
degrees. The system will be close to being unstable if
the overall open-loop gain crosses 0 dB while the
phase is close to —-180 degrees. If the output
capacitance and/or ESR is high, the zero moves lower
in frequency and helps to boost the phase, leading to a
more stable system.

The error amplifier is a type 11l compensated which has
two zeros, two poles and a pole at the origin. This type
of error amplifier works well when Ceramic output
capacitors make up the majority of Coyt because it
introduces an extra zero that helps improve phase
margin. See Equation 4-69.

EQUATION 4-69:

(1+ )< (1+ )

@z ©zy

£ x(1+L)x(1+L)

®po ®py ®py

Gp(s) =

Where:
_ 1
®z1 = RaxC2
R S
22 (R1+R3)xC3

1
®P0 T RixCl
P S
P1 - CIxC2
crica®?
1
©P2 T R3xC3

Figure 4-26 shows the bode plot of the error amplifier
transfer function.

e 1 Jog=
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180
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FIGURE 4-26: Type Ill Compensated Error
Amplifier Gain/Phase.

4.20 Error Amplifier Design Procedure

Step 1: Decide on the crossover frequency.

To maximize transient response, the open-loop
bandwidth should be made reasonably high. Initially,
the bandwidth can be selected to be 1/10 of the output
switching frequency. This may be improved once the
design is built and measurements are made. An initial
bandwidth of 100 kHz for the MIC2155 is a good
choice.

Step 2: Determine the gain required at the
crossover frequency.

Gpoost IS how much gain boost is needed for the Ggpy,
so that the open-loop transfer function crosses 0 dB at
the pre-determined crossover frequency. This can be
measured by plotting the Gyp(s) transfer function or
can be estimated with Equation4-70 and
Equation 4-71.

EQUATION 4-70:

For fc > f; (when ESR is relatively large),

1

R
VY Uz fe
Where:

fo = LC filter resonant frequency

fc = open loop bandwidth chosen in Step 1

fz = zero formed by Coyt and its ESR

H4 = voltage divider attenuation

Vm = amplitude of the internal sawtooth ramp (Vy, = 1)
V| = Input voltage to the power supply

Ggoosr =

EQUATION 4-71:
For fc < fz (when ESR is very small),

G _ 1
BOOST = >
Hy xV;y (/:Q]

Vas Ie

Where:

fo = LC filter resonant frequency

fc = open loop bandwidth chosen in Step 1

fz = zero formed by Coyt and its ESR

H1 = voltage divider attenuation

V1 = amplitude of the internal sawtooth ramp (V= 1)
VN = Input voltage to the power supply

Step 3: Determine the phase boost needed at the
crossover frequency.

Typically, 52 degrees of phase margin can be used for
most applications. This is a good trade off between an
overdamped system (slower response to transients)
and an underdamped system (overshoot or unstable
response to transients). It also allows some margin for
component tolerances and variations due to ambient
temperature changes. The phase margin excluding the
error amplifier phase boost at the crossover frequency
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(fc) can be determined by plotting the Gy,p(s) phase on
a bode plot or can be estimated with the formula in
Equation 4-72.

EQUATION 4-72:

Gl

1=

1 fO 1 fc
PuxBoosty = tan 7e ttan 7,

Oxfp

The additional phase boost required from the error
amplifier is shown in Equation 4-73.

EQUATION 4-73:

PpoosT = 52° = PymxBOOST)

Step 4: Determine the frequencies fz, and fp4.

The frequencies for the zero and pole (fz, and fp4) are
calculated for the desired amount of phase boost at the
crossover frequency (fc). See Equation 4-74.

EQUATION 4-74:

Step 5: Determine the frequency for fz4.

The low-frequency zero, f4, is initially set to one-fifth of
the LC resonant frequency. If it is set too low, it forces
the low frequency gain to be low and impact transient
response. If set too high, it does not add enough phase
boost at the LC resonant frequency. This could cause
conditional stability, which is when the phase drops
below —180 degrees before the gain crosses 0 dB. If
the DC gain should drop in this situation, this may lead
to an unstable system. Refer to Equation 4-75.

EQUATION 4-75:

Iz =

vl

Step 6: Determine the frequency for fp,.

This is the high frequency pole, which is useful in
additional attenuation of the switching frequency. It
should initially be set at half of the switching frequency.
If it is set too low, it lowers the phase margin at the
crossover frequency, making it difficult to achieve the
proper phase margin. If set too high, it does not provide
attenuation of the switching frequency, which could

lead to jitter of the switching waveform or instability
under certain conditions. The fp, can be calculated with
Equation 4-76.

EQUATION 4-76:

IS

Ip2

4.21 Calculating Error Amplifier
Component Values

Once the pole and zero frequencies have been fixed,
the error amplifier's resistor and capacitor values are
calculated.

R1: This value is chosen first. All other component
values are calculated from R1. A value of 10 kQ is
suggested. If R1 is chosen too high, R2 may be very
large and the high impedances could be sensitive to
noise. If the remote sense amplifier is used, R1 must be
large enough so than not more than 500 pA of current
is drawn from the amplifier.

R2: The value of R2 is determined from the mid-band
gain of the error amplifier. This gain depends on the
frequencies of the poles, zeros and LC filter resonant
frequency.

Based on the amount of Ggpq gain necessary at the
crossover frequency, the error amplifier mid-band gain
and R2 values are calculated using the formulas in
Equation 4-77.

EQUATION 4-77:

For fC > fZ and fp1 = fz,

() ()
Gco = HIXVIN Sz fPl

R2 = R1xGpp

EQUATION 4-78:

For fC < fz and fp1 = fz,

e fzz
Geo = H, ><V1N

R2 = R1xGpy

The other component values are calculated as
indicated in Equation 4-79, Equation 4-80,
Equation 4-81 and Equation 4-82.

EQUATION 4-79:
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EQUATION 4-80: 4.22 Compensation of the Current
B | Sharing Loop
O R, <RI RD) .
For R1>> R3, The control circuitry for Channel 2 forces the channel's
output current to match the current in Channel 1. The
a3 1 Channel 2 error amplifier compares the inductor

~ 2xmxfz xR currents in the two channels and adjusts the duty cycle

of Channel 2 to control its output current. A block
diagram is shown in Figure 4-27.

EQUATION 4-81:

_ c2
cr= 2xmx (fp; x C2xR2) -1
EQUATION 4-82:
_ 1
k3= 2x X fpy x C3
{145 Rz;-Coy) Voo Vo - Torr
Senl)=em —"or Oweormgm HisRe G S0
------ 6;.;;,-;9-|-2"“"-'1| ::' Modulator 2 l:
E Transconductance E/A | E i
i + Rz 1 g E E Dirvar i
! N e Py e |
E Cz1 I E ! Ramp !
Channel 1 |, —= U{__T__ __I:-I___“i L
4 ICD
FIGURE 4-27: Current Sharing Loop and Transfer Functions.
Unlike the voltage output amplifier used for Channel 1 The pole and zero frequencies are indicted in
compensation, a transconductance amplifier is used for Equation 4-84 and Equation 4-85.
the Channel 2 compensation since only a pole/zero
combination is required for compensation. The EQUATION 4-84:
transconductance amplifier transfer function is shown <
in Equation 4-83. froLg = z—x?%c_z]
EQUATION 4-83:
EQUATION 4-85:
1+s><RZ] ><CZl
Gpyo(s) = g, x % C P _ 1
Where: z1 JZERO 2><1'c><RZI ><CZl
Rgz1 and Cz = the external components connected to the The gain of the modulator is indicated in Equation 4-86
COMP2 pin .
9m = the transconductance of the internal error amplifier 2
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EQUATION 4-86:

~

IN

G = A
MOD2
% VM

Where:
Vm = the peak-to-peak amplitude of the internal sawtooth

The gain H, of the feedback circuit is the Channel 2
output current sense voltage divided by Channel 2
output current as shown in Equation 4-87.

EQUATION 4-87:

Hy =Rpy

The filter transfer function is the output current over the
applied voltage. See Equation 4-88.

EQUATION 4-88:

V1N7 VOUT

Grirrer2®) = 713 % Vin

The open loop transfer function is indicated in
Equation 4-89.

EQUATION 4-89:

Gor2(8) = Gpya(s) x Gyropr X Hy X Gy rppo(s)

_ & XU FsxXRy x C) X Rpp x (Vpy—Vour)
(sxCy)xV, x(sxL2)

The loop is inherently stable because the phase shift is
only 90 degrees. The error amplifier pole and zero is
selected to achieve a desired crossover frequency. In
this example, the desired crossover frequency is 50
kHz. The transfer function of the filter, modulator and
feedback is plotted in Figure 4-28.

50 \\ VIN =12V
q Vour = 1.8V
N L=15pH
W I R =1.9mQ
)] N .
< M Gain
Z TN
e N
& -50
Phase
100 LT
10 100 1k 10k 100k 1M
FREQUENCY
FIGURE 4-28: Current Sharing Loop

GFiLTeR2(S) X Grmop2 X Ho Gain/Phase.

The gain boost required at 50 kHz is 28 dB which is a
gain of 25. The gain for frequencies above the zero is
indicated in Equation 4-90.

EQUATION 4-90:

Gypip = Rz1% 8y

For a typical g,, = 1.25 mS, use Equation 4-91 in
solving for Rz4.

EQUATION 4-91:

Set the zero frequency to be 1/5 of the crossover
frequency. See Equation 4-92.

EQUATION 4-92:

1

C, = —————
2xmx R, xfy

Z1

1

T Tx %20k % 10k S00PF

The compensated open-loop gain/phase plot is shown
in Figure 4-29.

200
134.17466 fzero = 10kHz
N fc = 50kHz
™ H o
100 S Phase margin = 80
u M I
< bb(f) S| Gain
T I
o 0 —
L)
<
0]
-100 P
Phase g
-179.9424 AT
-200
10 100 1k 10k 100k 1M
FREQUENCY
FIGURE 4-29: Compensated Current

Sharing Loop Gain/Phase.
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4.23 General Layout and Component
Placement

There are three basic types of currents in a switching
power supply—high di/dt, moderate di/dt and DC.
Examples of each are shown in Figure 4-30.

r/\A

Moderate di/dt DC

High di/dt

FIGURE 4-30:

In a buck converter, high di/dt currents in the 0.5 A/ns
range are generated by MOSFETs switching on and
off. These fast switching currents flow in the high-side
and low-side MOSFETs, external freewheeling
Schottky diode and the input capacitor. Fast-switching
currents also flow in the gate drive and return etch
between the controller and the power FETs. At that
switching speed at a 10 nH piece of etch generates 5V
across itself. Therefore, attention to proper layout
techniques is essential. Traces that have high di/dt
currents must be kept short and wide. Additionally, a
power ground plane should be used on an adjacent
layer to help minimize etch inductance. Figure 4-31
shows a layout example that minimizes inductance.

Current Diagram.

i o
Vi O O
5 LSFET Co Vo Load
O
3: B i N
Lo

FIGURE 4-31: Layout.

Moderate di/dt currents flow in the inductor and output
capacitor. Although layout is not as critical, it is still
important to minimize inductance by using short, wide
traces and a ground plane. Figure 4-31 shows the etch
connecting the inductor to the output is shaped to force
current to flow past the output capacitor before
reaching the output terminal (or output load). This
minimizes the series inductance between the inductor
and the capacitor, which improves the ability of the
capacitor to filter ripple. Additionally, the inductor
current has a large DC component and requires a wide
trace to minimize voltage drop and power dissipation.

DC currents in a high-current buck converter require
wide etch paths to minimize voltage drop and power
dissipation. The input and output current are mainly
DC. At or near maximum output power, the inductor
current is also predominately DC and requires ample
etch to reduce copper loss, reduce temperature rise
and improve efficiency. Minimizing voltage drops in the
output and ground path helps improve output voltage
regulation for configurations without remote voltage
sensing.

The gate drive connections to both the high-side and
low-side MOSFETs must each have their own return
current path. The high-side MOSFET's source is
connected to the switch node and returns back to the
controller's SW1 or SW2 pin. The high-side gate drive
and return (switch node) traces should be routed on top
of each other on adjacent layers to minimize
inductance. These traces swing between V|y and
ground and should be routed away from low-voltage
and noise-sensitive analog etch or components. The
low-side MOSFET return path is power ground. High
di/dt currents flow in the low-side gate drive and return
paths. These must be kept away from noise sensitive
signal traces and signal ground planes.

Ceramic capacitors are recommended for most
decoupling and filtering applications because of their
low impedance and small size. Depending on the
application, most dielectrics (X5R, X7R, NPO) are
acceptable, however, Z5U type ceramic capacitor
dielectrics are not recommended due to their large
change in capacitance over temperature and voltage.

4.24 Design and Layout Checklist

» Ceramic capacitor placed between the high-side
FET drain and the low-side FET source.

* MOSFET gate drive traces must be low
inductance and routed away from noise-sensitive
analog signals, components and ground planes.

» The signal and power ground planes must be
separated to prevent high current and fast
switching signals from interfering with the
low-level, noise-sensitive analog signals. These
planes should be connected at only 1 point, next
to the MIC2155 controller.

» The following signals and their components
should be decoupled or referenced to the power
ground plane:VIN1, VIN2, VDD, PGND1, PGND2

» These analog signals should be referenced or
decoupled to the analog ground plane: AVDD,
SYNC, EN, SS, PGOOD, COMP1, COMP2, FB2,
EA2, VOUT, FB1, AGND

 Place the current sharing RC components (that
connect across the inductor) and any related
filtering components close to the FB2, EA2+ and
VOUT pins (18, 17, 20). The traces connecting
the inductors and these components should be
routed close together to minimize pickup or EMI
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radiation.

» Place the overcurrent setting resistor close to the
CS1 pin (pin 4).The switch node to this resistor
connection should be connected close to the
drain pin of the Channel 1 low-side MOSFET. The
trace coming from the switch node to this resistor
has high dv/dt and should be routed away from
other noise-sensitive components and traces.

» The remote sense traces must be routed close
together or on adjacent layers to minimize noise
pickup. The traces should be routed away from
the switch node, inductors, MOSFETs and other
high dv/dt or di/dt sources.
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5.0 PACKAGE INFORMATION

5.1 Package Marking Information

32-lead VQFN Example

M XXX mmMiC
XXXXXXX 2155YML

WNNN 3230

Legend: XX..X Product Code or Customer-specific information
Y Year code (last digit of calendar year)
YY Year code (last 2 digits of calendar year)
ww Week code (week of January 1 is week ‘01’)
NNN Alphanumeric traceability code
@ Pb-free JEDEC® designator for Matte Tin (Sn)
* This package is Pb-free. The Pb-free JEDEC designator ()
can be found on the outer packaging for this package.

Note: In the event the full Microchip part number cannot be marked on one line, it will
be carried over to the next line, thus limiting the number of available
characters for product code or customer-specific information. Package may or
not include the corporate logo.
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5.2 Package Outline Drawing

5.0 BSC 0.50 BSC

254mA. PIN #1 1D
’ 32 I | o __—|U|—[J U UIU uu sz oz
i 0.20 MIN. = i 8 1
11 o
i D | 2
PIN # ID _j/ ! - ! -
0.20 DIA TYP. A | ok 310%010 —%— -———!—-—- —g—
1 = | -
D) 1 d
! |—P+ I S
! 1NNANNNTC
I 0.40+0.05 4X i ;
TOP VIEW BOTTOM VIEW
e D )
/\ SEATING PLANE | ) QO_REF_—F
0.00~0.05 A\ ’
SIDE VIEW

32-lead 5mm x 5 mm VQFN
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APPENDIX A: REVISION HISTORY

Revision A (April 2019)

» Converted Micrel Doc# DSFP-MIC2155 to Micro-
chip DS20006106A. Removed all references to
MIC2156.

» Added some sections to comply with the standard
Microchip format

» Changed the package marking format

* Made minor text changes throughout
the document
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PRODUCT IDENTIFICATION SYSTEM

To order or obtain information, e.g., on pricing or delivery, contact your local Microchip representative or sales office.

Example:
PARTNO. X XX -
Device JUnction o, kage Media Type a) MIC2155YML-TR: Two-Phase Single-Output PWM
Temp. Options Synchronous-Buck-Control IC,
p
Range 32-lead VQFN, 1000/Reel
Device: MIC2155 = Two-Phase Single-Output PWM Note: Tape and reel identifier only appears in the
Synchronous-Buck-Control IC catalog part number description. This iden-
tifier is used for ordering purposes and is
not printed on the device package. Check
Junction Tem- Y =  —40°C to +125°C RoHS-Compliant with your Microchip Sales Office for pack-
perature Range: age availability with the Tape and Reel
’ option.
Package: ML = 32-lead (5mm x 5mm) VQFN
Media Type: TR = 1000/Reel for an ML Package
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