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AN973: Design Guide for Si8281/83
Isolated DC-DC with Internal Switch

The Si8281 and Si8283 products have an integrated isolated gate driver with an isola-
ted dc-dc controller. The controller’s internal switch can drive an external transformer
directly to generate isolated voltages to power the driver’s output. This integration
allows the Si8281 and Si8283 products to operate with a single 3-5V input supply while
generating isolated positive and negative voltages optimized for MOSFET and IGBT
switching operations. This functionality eliminates the complexity of having a separated

KEY POINTS

» Theory of Operation
» Power transfer states & State Waveforms

de-dc circuit and performance limiting issues when a bootstrapping circuit is used in the * Blocking Cap and XFRM Power Split
driver high-side half-bridge configuration. This application note provides guidance for * Transformer Design
selecting external components necessary for the operation of the dc-dc controller. « Compensation and Loop Stability

The figure below shows the minimum external components required for the Si8281, " Inputand Output Caps

Si8283 asymmetric half bridge fly back dc-dc circuit. They include a blocking capacitor * Design Example
Cb, input capacitor C2, fly back transformer T1, diodes D1 and D2, output capacitors
C26 and C27, voltage sense resistors R1 and R2, and compensation network compo-
nents RCOMP and CCOMP. Note that RFSW and the CSS are used only on the
Si8283 product to select the dc-dc switching frequency and set maximum start-up
duration.
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1. Introduction

The Si8281, Si8283 dc-dc controller is designed to operate with input voltages between 3.3-5.5V and generate isolated supply voltages
for the integrated gate driver. The Si8281 operates at a fixed 250 kHz switching frequency while the Si8283 has programmable
switching frequency ranging from 100 kHz to 1 MHz through the selection of the external RSW resistor and CSS capacitor. The
controller operates in closed loop feedback across the isolation to achieve high level of output voltage accuracy and regulation for
output power level up to 2 W with 5 V input and 1W with 3.3 V input. The inrush current is controlled to ramp up smoothly during start
up. The Si8281 has a 40 ms soft-start period and the Si8283 soft-start period can be set with the value of the CSS.

The external transformer is driven by the controller’s internal switches, and with the proper transformer N ratio, it produces the desired
output voltage for a given input voltage level. It is possible to have two secondary windings to generate positive and negative voltages
for the gate driver output stage. The controller provides one close loop regulation for the entire transformer secondary windings and the
transformer splits the output voltages to generate VDDB and VSSB according to the secondary winding ratio.
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2. Theory of Operation

The Figure below shows the Si8281-Si8283 dc-dc application circuit. The left side primary circuit has the internal SH-SL half-bridge
power switches to drive the L-C series circuit comprised of the Lp transformer primary winding and the Cb capacitor between Vin and
GND. The transformer secondary split windings are connected to the output diodes D1 and D2 to generate VDDB and VSSB on C26
and C27 bypass capacitors. The R1 and R2 form the closed loop feedback divider circuit, and RC and CC establish the compensation

circuit.
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Figure 2.1. Si8281, Si8283 DC-DC Circuits

The Si8281, Si8283 dc-dc converter operates in two main power states. In the first state (t0-t1), current from Vin charges the
energy-storage elements Cb and Lp and this stored energy is delivered to the output during the second dc-dc state (t1-t3). The
sections below discuss the two converter operating states in detail.
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Figure 2.2. Si8281, Si8283 DC-DC State Waveforms
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AN973: Design Guide for Si8281/83 Isolated DC-DC with Internal Switch « Theory of Operation

2.1 DC-DC State 1 (t0-t1): Storing Energy on Cb and Lp

The Figure below shows the dc-dc current flow during state 1. The SL switch conducts (SH is off) and the current flows starting from Vin
through the Cb-Lp series circuit to ground. This current flow stores energy in Cb and Lp causing the voltage, and current to increase in
Cb and Lp correspondingly. Notice that in this state, the voltages generated on the secondary windings are in reversed polarity with the
diode D1 and D2 and consequently no current flows in the secondary circuits.
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Figure 2.3. Si8281, Si8283 DC-DC State 1

As shown on the figure above, the SL/SH switches, Lp, and Cb form a basic synchronous buck circuit. Therefore, according to the buck
converter topology, the voltage across Cb is directly proportional to the SL switch’s on time D.

Ve =DVip
Equation 1.
For optimum Si8281, Si8283 dc-dc operation it is strongly recommended to keep the duty cycle D < 0.3.
Assuming the voltage drop across the SL switching device is negligible, the inductor voltage is equal to Vin less V¢p,.
Vip= Vin- Vew

Equation 2.

Combine Equation 1 and Equation 2, we get the inductor voltage equation:
Vip= i(1- D)

Equation 3.

The inductance of the primary LP inductor can be expressed as:

Vip
Lp Eﬁ[
Equation 4.

The SL switch on time duration At is the product of the duty cycle D and period of the switching frequency period 1/Fsw:
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D
At=—
Fsw
Equation 5.

By substituting At from Equation 5 and V| p from Equation 3 into Equation 4 and simplifying, we get the transformer primary inductor
equation Lp.

_ Vig1-D)
b FswiLp
Equation 6.

The current flow during state 1 increases voltage across Cp, and the L, current. Energy storage in these elements can be expressed as.
_1
Ech=5CAVeh
Equation 7.
_1

Erp=3LplL

Equation 8.
The energies expressed in Equation 7 and Equation 8 are the energies transferred from the input voltage’s (Vin) charging of the storage

components Cb and Lp during dc-dc state 1. These energies will be transferred to the output during the dc-dc state 2 as described in
the following sections.
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2.2 DC-DC State 2 (t1-t3): Energy Transfer

The Energy Transfer state 2 begins when switch SL transitions to the off state and switch SH is turned on. The stored energies in Lp
and Cb during state 1 is transferring to the output in two consecutive steps.

» The first step of power transfer (t1-t2 of Figure 2.2 Si8281, Si8283 DC-DC State Waveforms on page 4) begins instantly after SL
turns off and SH turns on and is illustrated in the figure below. The current on Lp continues to flow in the same direction (as of
the end of the dc—dc state 1) but is now diverted to flow across SH switch towards the Cb capacitor. This current flow is energized
by the T1 primary inductance and continues to charge the voltage across the Cb capacitor and induces voltages on the secondary
windings S1, S2. By the transformer dot convention, the induced voltages have the same polarity as the D1, D2 diodes and generate
current flow toward the RL load. The current flow in the T1 transformer primary and secondary windings facilitate the transferring of
the Lp stored energy to the Cb capacitor and to the RL load. This first step of power transfer is the transformer primary inductor “fly
back” phenomenon and ends when the ILP current in the T1 primary winding reached the zero level (see ILp waveform in Figure
2.2 Si8281, Si8283 DC-DC State Waveforms on page 4).
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Figure 2.4. Si8281, Si8283 DC-DC State 2, Step 1

» Step 2 of the power transfer begins after the Lp stored energy is exhausted (t2—t3 of Figure 2.2 Si8281, Si8283 DC-DC State
Waveforms on page 4). At this point, the current flow on the T1 primary winding is reversed, and is now powered by the Cb
accumulated charge. The figure below shows the current flow during the second power transfer
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Figure 2.5. Si8281, Si8283 DC-DC State 2, Step 2

In Step 2, the current flow begins at the Cb positive terminal and flows through the SH switch and the transformer primary’s winding
then back to the Cb negative terminal. This current flow induces voltage on the secondary windings with same polarity as the diodes D1
and D2 and generates current flow to the RL load. This operation is similar to a forward dc-dc converter and therefore has the following
primary to secondary voltage transfer equation.

Vopet+ Vssg= Viop* (M + )

Where N1 and N2 are transformer ratios: N1 = S1/S0, and N2 = S2/S0

Combining the above equation with the buck voltage transfer equation 1, we get the voltage transfer equation from Vin to output
voltages Vppg and Vgsg.

Vope* Vissg= DVi{M + Ny)

Equation 9.

By dividing the secondary voltage according to the corresponding windings, one can calculate the voltage transfer equations for VDDB,
and VSSB as shown below.

Vpps = DViphy

VppB

therefore: Ay = 57~
n

Equation 10.
Vssg=-DVij\o

Vssa

therefore: N\, = 17
n

Equation 11.

The Step 2 power transfer ends when the charge in the Cb capacitor is exhausted or the switching cycle ends, whichever comes first.
The converter then starts a new switching cycle begins with dc-dc state 1 and the energy transfer scheme starts anew.
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2.3 Sizing the Energy-Storage Elements, C,, and L,

In the steady state, the total energy charging the primary side component Cb and Lp is the same as the energy transferred to the
secondary output in every cycle. For the relationship between the output power and the required storage energy on Cb and Lp, it has
been shown by Tso-Min Chen and Chern-Lin Chen in an IEEE publication (see 5. References) that:

Ecp=PoTsD
Equation 12.
Erp=FoTl-D)
Equation 13.

Equation 12 and Equation 13 indicate the splitting of the storage energy between the Cb capacitor and the Lp primary inductor to
support a given PO power output is strictly dependant on the switching duty cycle D.

The subsequent sections in this application note combine these two equations with the input energy-storage Equation 7 and Equation 8
to derive equations for the blocking capacitor Cb and transformer primary inductance Lp.

Cp Equation
Energy charging Cb from the input is the same as energy Cb transfers to the output: Combining Equation 7 and Equation 12:
1
5CA Vey? = P, TsD
2P,TsD 2P,D
Cb = =
Ao FsuAVerl
Equation 14.

L, Equation
Input energy charging Lp is the same as the energy Lp transfers to the output: Combining Equation 8 and Equation 13 gives:
1
ELp/Lp2 = P,T41- D)
. 2P1- D)
P Fsm/LP2
Equation 15.
Combining Equation 15 and Equation 6 and simplifying gives:

VipD(1- D) 2P41-D)
FswiLp — Fsyi P

- 2P,
LP™ Vb
Equation 16.

Substituting | p from Equation 16 to Equation 15 and simplifying gives:

_ VAD2(1-D)
PT o 2PFsw
Equation 17.

Equation 14 and Equation 17 provide calculations for sizing the energy-storage element blocking capacitor Cb, and transformer primary
inductance Lp base from the input voltage, output power, and dc-dc switching conditions.
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2.4 Sizing the Input Capacitor

The input capacitor, C7, provides current to Cb and Lp during the first state (t0-t1) of the dc-dc switching cycle (see current flow in the
figure below). The Iz current is governed by Equation 16 and has a discontinuous triangular wave shape as shown below.
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T

Figure 2.6. Input Capacitor C7 Current Waveform

The standard RMS current equation for a discontinuous triangular waveform is given in Equation 18.

_ 1
/C7_f/77.5‘ - /Pk\/ﬁ-

Equation 18.

Substitute Ik from Equation 16 and t1 = D/Fsy to Equation 18 and simplifying gives:
2P, p

et ms= bV, \3
Equation 19.

From which, the equation for C7 based on the RMS current and voltage is:

G = Ic1_rms - 2Pg D
7 VC7_rms D V/'/IVC7_rms 3

O

Equation 20.
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2.5 Sizing the Output Capacitor

On the transformer’s secondary windings, current flows through D1 and D2 only during the (1-D)Tgw portion (off-time) of the steady

state cycle. During the DTgyy portion (on-time) of the cycle, || oap is sourced solely by the output capacitor C26-27 (C26 in series C27).
Therefore, output peak-to-peak voltage ripple on C26-27 can be calculated by:

_ toapPTsw
VPK-PK RIPPLE= — 00 7
Which can be rearranged to yield the equation to calculate the output VDDB-VSSB capacitors:

Dl oaD _ Dhioap
FswVpK- PK RIPPLE  V2Fsy/Vams

Ce-27=

Equation 21.
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2.6 Selecting the D1 and D2 Diodes

As illustrated in the figure below, the current flowing through the diode during (1-D)TSW must provide ILOAD during that portion of the
cycle plus the charge current for C10 to supply the load during D.

A

Ipk

ID]./DZ, loap (DC)
0 t t2 t3\°

D 1-D

Tsw

Figure 2.7. Diode Current and I goap

During this time, the average || pap current must equal the diode current in the triangular waveform (areas under the curve are equal).
_IpL-D)Tsyy
ltoapTsw=—"—%5
Simplifying:

_2lLoaD
/PK_ 1-D

Equation 22.

Also, note that the diode average current is same as output current.

Pout _ Pout

Ip_av=1Loap= v, .= VbpB+ VSsE
Equation 23.

Moreover, the Diode voltage rating must handle the output voltage plus the reversed voltage generated by the transformer during D
period:

Vpiope max= Vourx* (Vip- DV N

Equation 24.

When operating the converter at high ambient temperatures (>70 °C), low-leakage rectifying diodes are needed in the power supply
output. The following table describes a diode that was tested in the circuit and will fulfill these requirements:

Table 2.1. DC-DC Supply Output Rectifier Diode for High Working Temperatures

Mfr P/N Mfr / Website Vf(max) Leakage Current (Reverse Current, Max)

Diodes Inc. 280 pAtyp @ VR =80V, TA = +125 °C, Short duration

MBR0580S1 www.diodes.com 800mV@05A,25°C pulse test used to minimize self-heating effect.

The other low-leakage rectifying diodes has been tested was PMEG6020ELR. Since PMEG6020ELR only has 60 V VR reverse voltage
rating, PMEG6020ELR can be only used when the application allows.
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2.7 Determining the VSNS Voltage Divider and R1 and R2 Values

Figure 2.1 Si8281, Si8283 DC-DC Circuits on page 3 shows the error amplifier with the negative () input connected to the internal Vref
=1.05 V, and the VDDB — VSSB voltage divider R1, R2 circuit connected to the positive (+) input. There is a small leakage current
lysns into the Vgns pin and the equation for the voltage divider can be expressed by:

Ry
Vops- Vssg = Vrer(ﬁz +1) + (RLx /\/sn9)

From data sheet, Vref = 1.05 V and lygns = £500 nA. For simplicity, the (R1 x IVSNS) can be ignored if R1 < 200 kQ (< 0.1 V error).
The above equation becomes:

R
VDDB- VSSB = 105(72 + 1)

Solving for R2 yeilds:

1.05x R1

R = bDB- VSSB-1.05

Equation 25.

2.8 Programming Soft Start and Setting the Switching Frequency (Si8283 Only)

The Si8281 soft start period and dc-dc switching frequency are fixed at 40 ms and 250 kHz. The Si8283 soft start and switching
frequency are programmable through the external CSS and Rsw. The equations for selecting CSS and Rsw are presented in sections
2.12.7 and 2.12.8 of the Si8281_82_83_84 data sheet.

2.9 Calculating Values for the Compensation Network

The compensation network is comprised of RC and CC connecting between COMP pin and VSSB. RC is fixed to 200 kQ to match the
internal compensation RINT. That leaves the C11 as the main parameter to place the compensation zero in relationship to the cross
over frequency to ensure loop stability. Below is the equation for estimating the Si8281, Si8283 dc-dc cross over frequency:

To achieve good phase margin, it is suggested to place the zero between 1/4th to 1/10th of the estimated crossover frequency. The
zero placement in the equation below was chosen to lead the crossover frequency by a factor of 6:

_ 200x103x3 « 1
C™ R x(M+M\2) "~ 206 97

Equation 26.

__ 6
Ce= 2, xR,

Equation 27.
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2.10 Calculating Values for the RC Snubber Network

During the internal MOSFETs on-off switching transitions, the transformer leakage inductance and the output diode’s parasitic capaci-
tors undergo LC resonance ringing and generate high voltage spikes across the internal Si828x switching MOSFETs. To minimize this
resonance ringing, a simple RC snubber network (R13+C2) is placed across the transformer secondary winding (see Figure 2.1.). This
snubber RC network provides damping effect to the transformer’s leakage inductance and diode parasitic capacitor resonance and
minimizes voltage ringing during switching. Below are the equations to calculate the values of the RC snubber circuit.

The value of the capacitor C2 is selected to control the resonance ringing while not dissipate too much power on R13 to minimize
its effect on the dcdc efficiency. A general rule of thumb is to set the snubber power dissipation at 0.5% of the total output power
dissipation (2 W).

Priz=05% x2= GVELy, = G(VDDB+|VSSB)2 1y,

Simplify and solve for C2:

= 0.01
(VDDB+|VSSB)2fy,,

Equation 28.

The RC timing of the R13-C2 need to be sufficiently small to ensure that the charge on C2 is dissipated before the next switching cycle:

1 _ 1
RlSQ T 40 7t9W— 401y,

Solving for R13:

_ 1
R13= 106,75,

Equation 29.
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3. Design Example
Consider the following design requirements for the Si8281 device:

Table 3.1. Design Requirements

Parameter Value

Input Voltage 5V
Input Voltage Ripple <150 mV (RMS)
VDDB 17V
VSSB -7V
Output Voltage Ripple <120 mV (RMS)
Maximum power output, PO 2W
Si8281 fixed switching frequency, Fsw 250 kHz
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3.1 Transformer Design

The design of the primary inductance for the Si8281 asymmetric half bridge fly back transformer is similar to the design of the fly
back transformer. The transformer primary inductance must be able to support the desired output power at the given input voltage and
switching duty cycle D. However, the design of the secondary windings are similar to the design of the forward converter since the
transformers' turns ratios determine the output voltages.

From Equation 15 and selecting D = 0.25 (D < 0.3 condition from equation 1):

_ VifD2(1-D)  52x0.32x (1-0.25) _
pP= 2P Fen T 2x2x250,000

1.5pH
Equation 31.

From Equation 16, calculate peak current on the primary winding:

2Pp _ 2x2
ok = VipD ~ 5%0.25 ~ 3.2A

Note: The transformer primary winding saturation current must be greater than 3.2 A.

Equation 32.

From Equation 10 and Equation 11, calculate the transformer turns ratio N1, N2:

Vops 17
= D\/I'”_O.25X5_13'6_>15
Vsse 7
M=y, ~02Bx5 - 26>

Note: Rounding N1 = 15 and N2 = 5 for manufacturability

Equation 33.

Table 3.2. Transformer Parameters Summary

Input Voltage Turns Ratio Primary Inductance Saturation Current Leakage Inductance

3.0-55V P:S1:52-1:15:5 1.5 uH >3.2A >125 ns

The above transformer design has the same characteristics as the UMEC UTB02269s transformers listed in the Si828x data sheet and
is used in the Si8281 customer evaluation board. Moreover, note that the value of the transformer leakage inductance is defendant on
the construction quality of the transformer and should be kept below 125 nH while the winding resistance (both primary and secondary)
should be kept as low as possible for optimum dc-dc efficiency.

3.2 Blocking Capacitor Cb Selection

The blocking capacitor should be sized sufficiently large to transfer the required power to the output. Using Equation 14 and allowing a
voltage variation AV¢y, = 0.7 V across the blocking cap dictates that:

oo 2P 2x2x025
07 FeudVe? ~ 250000 x 0.72

= 8.2uF

Equation 34.

For this design, round up the capacitance value to Cb = 10 yF and use a ceramic capacitor with a voltage rating of 25 V to ensure low
ESR rating
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3.3 Input Capacitor Selection

In most applications, VIN also supplies the VDDA pin that powers the dc—dc controller and Si828x left side silicon circuitry. It is
recommended to minimize voltage ripple at VDDA = 0.15 Vrums. Solving Equation 20:

27,
_ o [D__ 2x2 025 _
G = Dv,-nva_,ms\/; = 05x5x015\ 3 - OOHF

For this design, round up the input capacitor value to 10uF and use a 25V rated ceramic capacitor for low ESR rating.

3.4 Output Capacitor Selection

The output capacitors C26 and C27 (C26 + C27 series value) can be set to the same value and can be calculated based on Equation
21.

DIL OAD D(PO/( VDDB + VSSB))
N T V2FsyNVrms

Ce-27=

_ 025x(2/(17+7) _
€26-27 = 3 x250,000% 0.05 - M

For this design, rounding the series output capacitance value to 5 pyF makes the value for C26 and C27 right at 10 yF each. For
minimized high frequency ripple, it is recommended to use ceramic capacitors with voltage rating of 25 V for both C5g and C»7.

Gp = G7 = 10uF

3.5 D1 and D2 Diode Selection
Equations 23 and 24 define the parameters for selecting the D1 and D2 diodes.

Calculate diode average current from Equation 23:

_ Pout _ 2 _
Ip Av= VppB+ vese = T7+7 - 82MA
Then calculate peak current from Equation 22:
_2lioap _ 2x85 _
/PK_ —(1 ) = —(1 20.25) =225mA

From Equation 24 calculate the voltage rating for D1:
VD]. MAX= VOUTX+ (‘/In- D‘/IN)M =17+ (5 -0.25 x 5) x15=73V

From Equation 24 calculate the voltage rating for D2:
VDZ_MAX: VOUTX+ (‘/I'ﬂ- DVm)NZ =7+ (5 -0.25 x 5) x5=26V

For simplicity, the 100 V 1A ES1B diode is selected for both D1 and D2. This diode gives ample headroom for this application. For
high working temperature applications, the low-leakage diode is required. Please refer to 2.6 Selecting the D1 and D2 Diodes and Table
2.1 DC-DC Supply Output Rectifier Diode for High Working Temperatures on page 12 for more details.

3.6 VSNS Voltage Divider Calculation

The values of the R1 and R2 determine the VDDB-VSSB voltage level while the transformer winding ratio between the two secondary
windings determine the split voltage between VDDB and VSSB. From Equation 25 and selecting R1 = 178 k to keep the voltage error
due to the £500 nA leakage current into the VSNS pin small: Verr = 178 k x £500 nA = 0.089 V (< 0.1 V). The equation below can be
used to calculate R2

Ry =178k

1.05x Rl _ 105x178

R = VDDB+ VSSB-1.06 ~ 17-(-7)- 1.05

=8.14k=8.25k

For this design, round up the R2 value to the nearest 1% resistor of 8.25 kQ.
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3.7 Compensation Network Calculation

Calculate the cross over frequency using Equation 31:

_ 200x103x3 9 1
€T R x(NL+A2) ~ 2G5 27

¢ fgg b 182:(31; erssi " 2 x 288 x110 <106 -~ 2 TkHZ
Calculate the compensation capacitor CC using Equation 32:
Ce= 2fc?< R, 2x27x 1o§x 200x103 - 187
3.8 Calculating Snubber Network C2, R
From Equation 28, calculate C2 value as shown below:
= 001 =00 _79=100pF

" (VDDB+|VSSB)2f;,, ~ 242 x 250000

For this application, round up C2 value to 100 pF for simple BOM selection.

From Equation 29, calculate R13 value as shown below:

1

1
Ria = =
187 2061, ™ 40 x 100 x 10-12 x 250000

=100

Equation 28 also gives us the power dissipation calculation for R13.
Pp13=05% x2=0.01W

Select SMD resistor package size of 0402 or larger to handle the 0.01 W power dissipation

3.9 Design Summary

The following table lists component selections that meet the design requirements.

Table 3.3. Design Summary

Part Reference Description Manufacturer Manufacturer Part Number

Cb, C26, C27 CAP, 10 yF, 50 V, £10%, X7R, 1210 Venkel C1210X7R500-106M
cC CAP, 1.8 nF, 50 V, £10%, X7R, 0603 Venkel C0603X7R160-182K
C2 CAP, 100 pF, 50 V, +20%, X7R, 0603 Venkel C0603C0G500-101M

D1, D2 DIO, FAST, 100V, 1.0A, DO-214AC Diodes ES1B
RC RES, 200 kQ, 1/10 W, £1%, ThickFilm, 0603 Venkel CR0603-10W-2003F
R1 RES, 178 kQ, 1/10 W, £1%, ThickFilm, 0603 Venkel CR0603-10W-1783F
R2 RES, 8.25 kQ, 1/10 W, £1%, ThickFilm, 0603 Venkel CR0603-10W-8252F
R13 RES, 100 Q, 1/10 W, £1%, ThickFilm, 0603 Venkel CR0603-10W-1000F
T1 TRANSFORMER, POWER, FLYBACK, UMEC UTB02269s
1.5 yH PRIMARY, 125nH LEAKAGE, 1:15:5, 2
TAP, SMT
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4. Conclusion

This application note provides the user with a comprehensive theory of operation of the Si8281 Si8283 dc-dc converter and a method
to calculate the parameters of the external components. The user should consult application note AN1009 as well as the overall driver
system design to determine the power design requirements as shown in Table 3.1 Design Requirements on page 15. This application
note also provides a design example with simple step-by-step calculations to determine the parameters of the custom transformer

as well as the external components. Table 3.3 Design Summary on page 18 provides a typical BOM design that can satisfy most
applications.
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