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Coupled Inductor Improves
Cross Regulation in Multiple
Output Forward Converters
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C. S. Mitter, Semtech, Newbury Park, California

ultiple output power converters suffer from
cross regulation issues. This problem is pres-

ent in ATX desktop power supplies where

multiple output voltages of 5, 3.3, 12, -12,
and -5 Vdc are required. Although all these outputs refer-
ence the same ground, cross regulation suffers from the
fact that feedback control often references one output via
an optocoupler for isolation. When a large load swing occurs
on an output other than the sensed output, poor regulation
can result. The coupled inductor is employed as a method
of feeding back load swing information to the sensed wind-
ing to provide better regulation. The method for designing
a coupled inductor for an ATX power supply can be applied
to any multiple output forward con-
verter.

inductors in a standard multiple output design, the feed-
back would have to transmit from the 3.3Vdc output
through the 3.3V inductor, to the 3.3V secondary and cou-
ple to the 5V secondary through the 5Vdc inductor and
finally the feedback loop in order for the converter to
respond. By forcing the information to propagate through
the transformer and inductor, the 5Vdc output would not
see as much of a voltage reduction nor would it see it as
quickly as the 3.3Vdc output would. Therefore it is likely
that the 3.3Vdc output would fall out of regulation unless
a feedback method is introduced.

The purpose of coupled inductors is to relay current
loading information directly through the inductor as shown
in Figure 1. The information is again
relayed through magnetic coupling

Basic Multiple Output
Forward Converter

The basic, multiple output, for-
ward converter for today’s ATX
computer supply is shown in Figure
1. Note that only one output, the
5Vdc output is sensed. When using
separate inductors for each output,
poor regulation results in other out-
puts. Poor regulation will be great-
est in outputs with large load
swings, especially the 3.3Vdc out-
put that sees load currents of up to
10A at a slew rate of 30% of rated
current at 2.5A/usec’?’. The ATX
must maintain a voltage above the
minimum allowable 3.14Vdc during
load swing situations. With separate
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The coupled inductor
design procedure involves
basic transformer
reflection analysis using
turns ratios to reflect the
loads to the sensed 5Vdc
output. The resulting
loads are normalized to
the 5Vdc output in order
to calculate relative
parameters, such as
desired ripple current and
leakage inductance
values.

but not through the transformer
like before, but through the induc-
tor itself. Changes in load current
will feedback to the 5V winding
much faster and therefore the sys-
tem will react quicker. Other bene-
fits of the coupled inductor design
are:

* One magnetic element for the
coupled windings rather than one
inductor per winding

* Reduced board space

* Confined areas of EMI genera-
tion

* Smaller output capacitors (if
ripple currents are effectively
steered)

* Reduced cost.

For all the coupled inductor design
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Figure 1. ATX power supply with coupled inductor. voltage winding should have the

lowest leakage inductance and be

benefits, there are some disadvan- inductors the closest winding to the induc-

tages. These include: * Somewhat difficult design calcula- tor core.

* Leakage inductance and its rela- tions 3. For best results, reflect all of the
tion to ripple currents windings to the feedback winding.

« More difficult winding Coupled Inductor With these rules in mind, onc

*  Confining the heat to one element DCSigﬂ Basics should revisit transformer theory prior
rather than spreading it to several Before beginning design, it’s best to beginning the design. For this
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Coupled Inductors

example we will refer to the feedback
or main winding with a subscript of M
and the subordinate winding with a
subscript of R. Equations reference
Figure 2.

The basic transformer voltage
equation is:
Vv - We

=R (1
NM NR

From this we can calculate the volt-
age reflected to main winding M:

Similarly, from the basic trans-
former current equation:
\ —
Ing XNy =T xNg 3)
We can calculate the current
reflected to main winding, M:
_ Ig xNg

Iy = 4
NM

These equations will be helpful in
calculating voltage and current. How-

ever, to calculate inductors, capaci-
tors, and resistances, use the imped-
ance relationship. Impedance viewed
from the main winding M is:

V,
Zy = -

(3)
Iy

By substituting the reflected volt-

age and current equations developed

earlier, the reflected impedance can

be found to be:

£XN;\1 (6)
Iy IexNg
Ny

2 2
:_V_RX N\] :ZRX ‘\I.\'I :ZuR
IR NR “\IR

Often, the exact turns of the trans-
former are not known until the trans-
former is designed. However, the
actual design can proceed if the turns
ratio is substituted where the turns
ratio, TR, is:

TR = DM

R

()

Iy

Figure 2. Current and power for 5V and
3.3V outputs.

Transformer theory provides the
following rules:

1. The voltage reflected to the main
winding, M, is the voltage from
the reflected winding, R, mult-
plied by the turns ratio TR. (Volt-
age is multiplied by TR.)

2. The current reflected to the main
winding, M, is the current from
the reflected winding, R, divided
by the turns ratio, TR. (Current is
divided by TR.)

3. The impedance reflected to the
main winding, M, is the imped-
ance from the reflected winding,
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Variable Value R’ mllltipliCd by the tur~ns rati(-)’ 5V and 3.3V Qutput Currents and Power
Estimated max rectified Input TR squared. (Impedance is multi- - i ‘ 50
Vinmax= |407 plied by TR squared.) 1 B A EEEREEEE B
Estimated min rectified input These basic equations will assist in | [§" ] RN
= . . 510 1100 3
Vé)nmln 5‘;01 the design of the coupled inductor as S, - ] ggo 3
max= 1%, well as its associated output parame- [ |5 [ A NIl =
Np/N5 = TRSP= 22.35 ters =W — 3.3V OutpulCurrem\“‘— 38 %
(Vo5+vSchott)*TR5p/Vinmax = - -, L oner 1] Net: <
DminNew= |0.30 5 —+__(alloutputs) Lo &
0 R 0
(Vo5+vSchott)*TR5p/Vinnom = (AOll.plCd Ind}ICtor 0 5 10 15 ©
DminNom= | 0.36 DESIgn Detalls 5V Qutput Current
Np/N33 = TR33p= | 32.34 Detailed design of the coupled | Figure 3, ATX outputs with coupled inductor.
Np/N12 = TR12p= |9.83 inductor assumes that the transformer
Np/NN12 = TRN12p-= |9.83 turns ratios have alrcady been calcu-  Using the computation method
Table 1.dAtTXpowt¢rconvenermanparam— lated. Then the duty cycle range is  described here results in the turns
eters ana tums ratio. predicted over all input line voltages.  ratio values shown in Table 1.

Note that the calculations are from

Max Max Min Min | Output | Output | Output [Minimum Maximum| @an EXCEL program and therefore are
Current | Current | Output | Current | Voltage | Ripple | Range | Output | Output in EXCEL equation format. The

(amps) | Variable | Current | Variable | (VDC) | (Vp-p) (%) Voltage | Voltage specificati . o
Names | (amps) | Names (VD) | (vDC) specifications used for the 140W con

18 15max 1 15min 5 0.05 0.05 4.75 5.25
10 I33max 0.3 133min 3.3 0.05 0.05 3.135 3.465
4.5 I12max 0 [12min 12 0.12 0.05 114 12.6

verter are shown in Zable 2.

Also note that the combined power
for the 5Vdc and 3.3Vdc outputs can-
not exceed 90W as illustrated in Figure

0.3 | IN12max 0 INT2min | -12 0.12 0.1 -10.8 -13.2 3 The o leulati )
0.3 INSmax 0 INSmin -5 0.05 0.1 -4.5 -5.5 X .ore Chergy caey ation uses
- the maximum value of 90W, however,
Table 2. ATX specification for a 140W converter. the windings must be calculated to
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Coupled Inductors

handle the maximum current each
output will see. The information in
the table allows us to determine the
maximum current a winding will see
or determine the amount of current
on the 5Vdc output based on the out-
put current on the 3.3Vdc output.
The inductance of L5 is chosen
using the EXCEL formula:
[.5fin=((1-Dmin)*T* (Vo5 +
vSchott))/(IndPctMaxlo*I5max) (8)

Where the switching frequency, f =
100kHz and therefore T = 10 (sec.
Now that the inductance value of
the 5Vdc output is known from earlier
calculations, inductance values for the
other outputs are calculated using the
turns ratio impedance principle devel-
oped earlier. Figures 4, 5, and 6 show
how the windings reflected to the 5V
winding. The prime symbol (‘) on the
reflected windings means these wind-
ings have been normalized to the 5V
winding. In this case, normalized
means multiplied by the output turns

* N5

B

—— 15
0 +
5V Output
/T
S L33 +
g 133
N33 & 3.3V Output

i
=

T
0

L12 +
2
K T 12V Output

»i

N12

]

N7 5V Output

\l/ LM7905
IN5

< ~12V Output

IN12

NN12 &

T
I

LN12

Figure 4. ATX supply with all outputs
reflected to 5VDC the winding.

B Variable Inductance Inductance| Leakage Leakage Leakage Leakage Equation Used
Formula (uH) | Percentage | Inductance | Inductance |Inducctance in Normalizing Leakage
Using Transformer of Main (H) (uH) (Normalized Inductance to 5 VDC Winding
Turns Ratios Inductance to 5V) (H)
(%)
L lk [ Ik
L5fin 29.0 20% 5.79E-06 5.790 5.79E-06
L33fin | =L5fin*(TR33p/TRS5p)"2 60.6 25% 1.516E-05 15.162 7.238E-06 |Ik33'=Ik33/(TR33p/TR5p)"2
L12fin | =L5fin*(TR12p/TR5p)*2 5.6 2% 5.79E-07 0579 2.991E-06 |lk12'=lk12/(TR12p/TR5p)"2
LN12fin | =L5fin*(TRN12p/TR5p)"2 5.6 10% 0.000005 5.000 2.583E-05 |IkN12'=lkN12/(TRN12p/TR5p)"2
Table 3. Leakage inductance values; actual and reflected (normalized).
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design provides isolation voltages of over 3600 VAC RMS, allows optimum heat transfer direct to the heat sink, and is suitable for soldering on fo a printed

circuit board. IXYS DCB technology and planar glasspassivated silicon diffused chips
provide excellent long term reliability and thermal/load
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60010 1600V, 20 1o 80 A and can easily
replace up to 6 discrete devices.

Simplify your power circuits today

with the ECO-PAC from IXYS.

I-ﬁ IXYS Corporation
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Coupled Inductors

ratios. Note from Figures 4,5 and 6 that
the — 5Vdc output goes through a post
regulator via the —12Vdc output. The
—5Vdc output current is added to the
—12Vdc output current for accuracy.
Tuble 4 shows the calculated induc-
tance values as well as the EXCEL
formulas used to find them. Note that
a column of data titled “leakage
inductance percentage of main induc-
tance” is shown. These values were
used to predict ripple currents in the

final design so that minimum capaci-
tor values could be calculated. The
lowest percentage shown is 2% for the
highest voltage winding. It was estab-
lished earlier that the ripple current
would be steered to this winding and
therefore, it should have the lowest
leakage. This provides the magnetics
designer with some flexibility in
designing the inductor and orienting
windings for leakage. The ripple
steering inductance will be deter-
mined in breadboard experimenta-
tion, and this rlpple steering induc-

Ultra-Low ESR Capacitors

Chips Are Not Ceramic

Now Available in Shell
or Epoxy Enclosure

0.33pF to 20.0uF; 50 to 500 volts

Multilayer Polymer Film (MLP) Capacitors

Availab!e through these dxstribu’tors.
. ATLANTIC COMPONENTS (1-800-433-5600) - FUTURE (1-800-388-8731) +

+ GOPHER (1-800-592-9519) » KENT (1-800-422-8005) - MALLORY (1-317-273-2424) «
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+
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ki2’ nz

H————

C12'7 12V Output

CN12'IN12'V Output

kN12
IN12N5

Figure 5. ATX reflected outputs of Figure 4
redrawn for befter visualization.

Vin (N5/Np) IN12N5'

TOutput T()1|.|2t;)u1 T &gu\tl

Figure 6. Inductor winding diagram for leak-
age optimization for ripple current steering.

Nuz /‘\[“W’V"\{“‘ the Least Amount of Leakage

Core ——————————) These Windings Must Have
andMust Be Close to the Core,

Interleave If Possible

Hﬂl- Couple 5 and 3.3 volt closely,
Interleave If Possible
Half ofﬁWYY\
NL5

Figure 7. Capacitor voltage, current and
inductor current.

tance could be a combination of the
leakage inductance and an external
serics inductor. Similarly, the final
output capacitance value will be a
combination of available
holdup time specifications, and final
filtering of the output.

Based on the inductor calculations,

values,

the winding current and therefore
wire size can be determined. This
information is in 7zble 5 (which was
given to the magnetics design house).

More
given to the inductor designer in order

information needs to be

to choose the proper core. The cur-
rents in all windings are reflected to
the 5V winding. The reflected current
squared is then multiplied by the
inductance value, as shown in the
lable 6.

Finally, for the purposes of steering
the ripple current to the high voltage
winding, a winding diagram is pre-
sented in Figure 7. The 12 VDC
(NL12) winding will get most of the



Coupled Inductors

ripple current and must have the low-
est leakage inductance and therefore
be located closest to the core. The
negative 12Vdc output (NLN12) is
located next and finally the high cur-
rent 5Vdc and 3.3Vdc windings are
interleaved for close coupling and bet-
ter regulation.
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Current — Maximum Values Based
On 90W

4. ATX Outputs
Inductor

with Coupled
5. ATX Supply with all Outputs
Reflected to S5VDC the Winding
6. ATX Reflected Outputs of Figure 4
Redrawn for Better Visualization
7. Inductor Winding Diagram for

Leakage Optimization for Ripple
Current Steering

I

Capacitor charge balance timing
diagram

APPENDIX: Capacitor Value
Calculation Method

For the capacitor, the charge must
be balanced. As shown in Figure 8, the
shaded areas must be equal in area.
The voltage across the capacitance is
expressed in terms of this triangular
area. The area product of current ver-
sus time is equivalent to the integral
expression of the equation:

%)

Ji¢ xdt =(shaded area)

t

9

Where i, = Capacitor current
The voltage across the capacitance
is:

1
AV . =—X(area 10
oc C ( ) ( )
The new expression becomes:
. 1 1 1. 1
AVOC_EXEXEAILXETS (11)

- Where D’ = Duty cycle and T, =
i SMPS Switching Period

Where i = Inductor current
The peak-to-peak inductor current
is:

Ail =.YL3D'><TS (12)
Time (dt) is:

1 )
IZ—II:ETS (13)

The final expressions for the ripple
voltage due to capacitance is:
AV, = le—OxD’fo
8 LC
The final expressions for the total
output ripple voltage is :

(14)



High-Reliability
Hybrid PWM
““Switching”

Amplifiers

Up To 97% Efficient,

High Voltage Up To 500V,

High Current 5A Up To 30A,
Power Delivery Up To 10K Watts

SRumr

SAO1 Motor Driver with Tach Feedback

»i
* 1: 2
115vac P

CLKIN CLKOUT  +Vs

+PWM out
v SA14
cc

I15Vdc ILIM/SHDN GND  ISENSE

uH——

<
Q
o
"
"
543 2
<
(9]
O
+
11
Ll

SA14 Transformer-less AC/DC Converter

Find it Here
www.apexmicrotech.com/see/pcim
e Parametric Product Search Engine
» Product Data Sheets

e Computer-Aided Power Design Tool
e Sample Circuit Center

* Request Free CD-ROM or Data Book

Free CD-ROM or Data Book
Call: 1-800-862-1020
E-Mail: prodlit@apexmicrotech.com
Fax: 520-888-3329

MICROTECHNOLOGY
5980 N. Shannon Road, Tucson, AZ 85741-5230
www.apexmicrotech.com/see/pcim

Coupled Inductors

AV, =i xR, +1x&xD'xT§ (15)
: 8 LC

- Where R_= Capacitor ESR

By using the leakage calculated for
each winding to predict the ripple
steered to or from that winding along
with the established capacitor equa-

- tions, the capacitor values can be

CIRCLE 230 or www.1rs.com/912pm-230

found. The calculated capacitor val-
ues are illustrated in the Table 6. The
low ripple currents that result from
the ripple steering produces low
capacitor values and favorable ESR
values. Final capacitor values will be
much higher and LC filtering on the
output will filter some of the ripple
voltage that will occur across the ESR

iL Inductor Current
— _W - Io

e : . Capacitor Current

{  ChargeBalance |

Voc ‘ : .
N Capacitor Voltage
Y tp

Figure 8. Capacitor value calculation method.

For more information about the products or)
services covered in this article, please use the
reader service inquiry card and...CIRCLE 351

E-mail questions and comments to

of the large capacitors. \. editor@paim.com /
Output Winding Max | Inductance | Turns Ratio | Leakage Comments
Voltage of Label Inductor (uH)  [(winding/5V)| Inductance
Converter Current (uH)
(VDC) (ADC)
5 NL5 18 29.0 1.0 5.8 Leakage Can Be
High for Ripple
Steering But
Coupling to 3.3 volt
winding must be
close
33 NL33 10 60.6 14 152 | Leakage CanBe
High for Ripple
Steering But Cou-
pling to 5 volt wind-
ing must be close
12 NL12 45 5.6 0.4 0.6 Need Lowest Leak-
age for Ripple
Steering
-12 NLN12 0.6 5.6 0.4 5.0 Need Second Low-
est Leakage for
Ripple Steering

Table 4. Inductor values and parameters used to determine inductor windings.

L5 DC Current DC Current In Reflected 5 volt Inductor LI
Reflected to 5V Winding (Amps) Squared

Winding (A) Calculation

2.9E-05 34.71768 =I5max+I133max*(TR33p/TR5p)+ 0.0348956

[12max*(TR12p/TR5p)+
(IN12max+IN5max)*(TRN12p/TR5p)

Table 8. Total inductor current reflected to the 5 VDC winding (used to determine core power).

Output  Normalized ~ Actual Comins Capacitor Calculation Equations Comy  ESRmMax
Voltage of  Iripple Iripple (IE) F (ohms)
Converter Steered by Steered by

(VDC)  Leakage Leakage

Inuctance Inductance

(App)  (App)
5 0.404 0.404  1.01E-05 =iripple5/(8*{*VoSripl) 10.1 0.12
3.3 0.323 0.467 1.17E-05 =iripple33/(8*f*Vo33ripl) 1.7 0.1
12 0.781 0.344 3.58E-06 =iripple12/(8*f*Voo12ripl) 3.6 0.35
-12 0.090 0.040 4.15E-07  =irippleN12/(8"f*VoN12ripl) 04 3.01

Table 6. Calculated capacitor values.






