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Abstract

Linear power supplies are commonly used power sepgbr many applications. They have some drawbacikh as low
efficiency, difficulty in thermal management andalin regulation of the output voltage. Some ofséhdrawbacks can be
overcome by Switch Mode Power Supplies (SMPS). @frthe best-suited applications of SMPS is for gpajgplications that
require power supplies which are lighter, smalteore efficient and highly reliable. Multiple-outpDIC-DC converters are an
important topology of SMPS that can be used focemplications. But, in multiple output convertassially, only the master
output is regulated and the other outputs areuleegulated and this can result in cross-regulatiorthis paper, post regulators
such as Magnetic amplifiers (Mag-amp) and Low Drop€gulator (LDO) are proposed to regulate eadpuiwtand also to
improve load regulation. In addition to this, thmput voltage feed-forward control technique is g to control the duty
cycle of the switch, which is dynamically fasterdaprovides better line regulation when comparedhto voltage feedback
controller. Besides, over current protection diréor the converter is discussed in detail.

Keywords:Cross regulation effect, Mag-amp and LDO, multiplgput forward converter, output over current petion,
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1. Introduction

In space missions power electronic circuits wigely used in areas of power management, poweditoning, and control
systems. The power supply systems for deep spassiams are to be designed such that they are leeldaddl operate efficiently
under extreme temperatures. The power supply isnemface between electric power and electric loatich are usually
classified as linear power supplies and switchedianpower supplies. There are many basic topolagsesl in power supply
design (Hart, 2010). Among various isolated corersitthe Forward converter has many advantages ather topologies
because it is more energy-efficient and used iliegtons requiring comparatively higher output powThe proposed converter
consists of three outputs, wherein one outputlvélimaster output, that is, the highest output gel@mong the three outputs. The
closed-loop is provided to the master output anttlets voltage is maintained constant under varliime and load regulations.
But the other two outputs are slave outputs andreopen loop and left uncontrolled. The variat@frslave outputs in open-loop



44 Patil et al. / International Journal of Engineerin§cience and Technology, Vol. 12, No. 3, 20204326

due to the changes in master output or due to @saimgthe slave circuits is called cross-regulagfact (Cash, 1991). This can
be overcome by the use of post regulators like lsiag-and LDO regulator, where the selection of pegtilators will be based
on the output current. If the output current isslésan 1.5A the linear regulators like LDO regulatare used as post regulators
and if the current is more than 1.5A then Mag- aamgsused as post regulators (Nabestetradl, 1985; Cash, 1991).

The PWM technique for the proposed convertethés voltage feedforward control technique (CS5122fasheet, 2002).
Conventional Voltage mode control includes feedbackl possesses a poor line transient responseertumode control
technique has better transient response but ibisptex to design due to the presence of two lodso, exclusively post
regulated output with voltage feed-forward congrives more reliable performance (Bleatal, 2016).

Protection circuits are the most important pafteshe power supply unit. In the proposed convette output overcurrent
protection is provided in addition to input undertage and output over-voltage protection. If thepat current exceeds 125% of
the desired output current, then the protectiocudirgets activated thus the converter gets shutdmvad protects the power supply
unit from major failure. The Mag-amps works on fivénciple of core saturation. These are saturafdieigtors; when the core
reaches the saturation level the complete voltpgears across the mag-amp coil and drops to zet@amies the total current.
When unsaturated, the coil blocks the full voltagel no current flows through it. Magnetic amplidiers post regulators are very
effective to regulate the output voltage on theoedary side and are easy to use (McLyman, 1993).[2@ regulator is a simple
and cost-effective voltage regulator to obtaingutated output voltage from a higher input voltalgeO takes in a variable input
voltage and provides a continuously controlledadye low-noise DC output voltage.

The sudden spikes in the output voltage duepuot line voltage changes can be reduced. Tcemehbetter line regulation, the
PWM controller should be made to respond to injng Moltage instantaneously and vary the duty cyollewing the input
voltage. This can be obtained by voltage feed-fodwachnique. In this technique whose slope vddiswing the input voltage
is implemented instead of fixed slope ramp. Thigvjates great line regulation and excellent respoiise output overcurrent
protection is required to protect the converter ponents and load, from an abnormal condition thadl Ito a large current. The
fundamental principle of overcurrent protectiontlisit the current is sensed by a current sensingegit like a resistor and
subsequently it is compared with the referenceetuirif the sensed output current is more thandference current, then the turn
OFF command is sent to the PWM IC and the conveets shutdown.

This paper proposes Mag-amp and LDO post regngldor a forward converter designed to provideeg¢houtputs as per the
specifications. The input voltage feedforward tégha is used to improve the line regulation. Théailke about the proposed
regulators and the results obtained are discuss#ukifollowing sections. The paper is organizedodlews: In Section 2, the
circuit and specifications of the forward converdee provided. Section 3 discusses the Low Dropagulators and Section 4
discusses Mag-amp as post regulator. In Sectidhesdesign details of hardware implementation &i@ve. Section 6 briefs
about the voltage feed-forward network with certaguations. In section 7, overcurrent protectionuif is discussed. Section 8
discusses the simulation results and in SectidgheQexperimental results are presented. Finalgyctinclusion is made in Section
10.

2. 2. Circuit and Specifications of Forward Converter

The block diagram of the proposed convertesisteown in Figure 1, and the specifications ofsuee are as shown in Table 1.
The expected voltage and current outputs and hésdirhit for the line regulation, load and crosgulations are listed in Table 1.
In the circuit, isolation is provided between thérary and secondary winding through the transforiéhen an input voltage is
applied across the primary winding of the transfarmnd the switch (Q) is closed, the primary curtegins to flow. A voltage
appears across the secondary winding due to thepalarity of the transformer and energy is transf@rfrom primary to
secondary. The diode D1 becomes forward biased wieswitch is ON and the transformer secondariagel develops across
the low pass filter constituted by L1 and C1, ahd output is delivered to the load. The Diode D2uisied OFF during this
period.

Feedback
Control

Figure 1. Proposed three output forward converter with pegtilators
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of the designed converter

Parameters Range
Minimum Input voltageV;, 24V
Nominal Input voltagev, 28V
Maximum Input voltageV, 36V
Number of outputs 3
Output<] 5.3V/12A
Output<] 5.4V/4.5A
Output<] -5V/0.7A
Total output powerP, , 92.6watt
Efficiency >70%
Line regulation 1%
Load and cross regulation 2%
Switching frequency-,,, 140kHz
Input under-voltage protection <22.6V
Output over-voltage protection 110% of the outmitage
Output over-current protection 125% of the outputrent
Dmax 04

As the input power is carried to the load, this masl stated as powering mode of the Forward coeneltiode D3 is reverse
biased and remains OFF due to its opposite dotipol@he freewheeling mode begins during the OBRdition of switch Q. The
continuous current is maintained by the filter iothu on the secondary side and it supplies to ahd through the freewheeling
diode D2. The forward diode D1 remains OFF durinig mode and the Diode D3 conducts due to the digpdet polarity of
reset winding(Nr) and primary winding(Np) as shoiurFigure 1. Hence the magnetizing current flowghe reverse direction
and resets the core.

3. Low Dropout Regulator (LDO)

Low Dropout Regulators are used as linear postlaggns that can regulate even when the supplyoisecto the output. The circuit
of the Linear Drop Out regulator is shown in Figdrerhe desired output can be found by using theakon (1).

Vout = Vin — Voror 1)

where \byr is the desired output,¥is the input voltage andp¥op is the dropout voltage

T~

L1l

a1l Viout

Figure 2. Low dropout regulator
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A low dropout regulator consists of an error anigtiind PMOS transistor between\and \pyr. The output voltage M) is
scaled down by the voltage divider R1, R2 and cosgbdo the reference voltagespdé The minimum potential difference
necessary to achieve stable transistor operatioallisd the dropout voltage. In this casg ¥+ Vprop is the minimum operating
voltage. In this proposed work, Outputef the Forward converter as specified in Tabls ddrived from a LDO regulator and is
obtained practically by reversing the voltage measient terminals on the load side of the conveatet is calculated by using
Equation (2).

5V=-54V+04V 2
4. Mag-amp regulators
In this proposed work, Mag-amp is proposed as pagitlator for OutputZ and Output-] of Forward converter as specified in

Table 1. Mag-amp is actually a saturable induckbe principle and operation of Mag-amp can be dised using a simple LR
circuit as shown in Figure 3 (Bhat et al., 2016).

SW b
oYY Y

C) Vin Rload Vou!

Figure 3. Mag-amp equivalent circuit

Mag-amp works on the principle of core saturatitinoperates in two modes: during mode 1 the swigclopen, hence, no

saturation current flows through the circuit duemitich the does not get saturated and it offersimam inductance. Hence full

resistance is offered to the load, thus, no curilemts to the output. Similarly, during mode 2 thwitch is closed, hence the full
saturation current flows through the core whicld&e#o the core saturation and makes the inductaer@e Hence, the inductance
coil just acts as a short circuit and no resistanadfered to the load therefore full current flowo the output.

5. Design detailsfor Hardwar e implementation

The following sections discuss the design detaitsesponding to Output | of the Forward convertespecified in Table 1. For
the other two outputs (Output Il and Output IlI§ thame design procedure is followed.

5.1 Design equations and Filter Design for OutpufMcLyman, 1993)

The duty cycle range and the expected input cumestvn by the converter is calculated by considermaximum duty cycle
(Dmay and minimum obtainable efficiency, equal to 70% as specified in the Table 1. Theealior all other parameters in
Equations (3) to (11) are specified in Table 1. Tiiaimum duty cycle is calculated by using outpottage gain equation as
below.

Vm i
D, = Dy X| | = 0.266 ®

mmax

The input flat topped pulsed current is calculdigdquation (4).

=
| = out =13.77Am
pdf V. xnxD,_ 3 P 4)
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The average input current is given by Equation (5).

= L = 551Amp

nxV,

ave (5)

MNmin

The output filter section consists of an inductoséries for current smoothening and capacitoamalfel to decrease the output
ripple voltage. The inductor value is designed biyable output inductor current ripple and is cédted by Equation (6).

-D for 33% current ripple (6)
VouL‘L X (1A‘[L)m|n) ><TS = 7097IUH
|

Inductor L =

where where| is considered to be 130% of output current forséker operation of the circuit. The output fileapacitor is
calculated by assuming suitable output voltageleippd is given by Equation (7).

| K for 2% voltage ripple @)
Capacitor C =221 =178/F
SWAV;

where b is considered to be 130% of output voltage forghfer operation of the circuit, ks the ripple factor i.e. 0.25. The
filter capacitor connected at the output side sliardware implementation should be five times ntioa@ the calculated value is
connected which will decrease the total ESR vahgeraduces the maximum peak to peak ripple voltage.

5.2 Design of transformer (McLyman,1993)

The initial design of the transformer is done blgekating the area product required by the magretie for the designed
converter specification. The area product for tirevird converter is given by Equation (8).

Dmax X POUI( Eff. 1.
A, = PN~ 3.979%10° mnt (®)
Kyd X10° B, Fqy,

where K,: Window Utilization Factor = 0.4, J: Current Delyst 6 Amp/mm”2, B: Flux Density = 0.12 Tesla and,P Output
Power = 92.6 Watts

The selected core should have an area productegré@n the calculated area product value. The duae is selected is
O0R43019UG, material: R, AL: 6680nH/1000T. The turato for the Output +1 of the transformer is calculated by using the
output voltage gain equation including the diodepdat the output side and this is given by Equat®n

T _ Nsl :Vouu -V

rationl ~
N

D =1.119 (9)

P N P
where \, = 0.68V is the diode drop voltage .

The primary turns are calculated using Faradayisda Equation (10).

V‘ X D max

N, = e = 288 Turns (10)
B,Ac X107 Fg,

where A = 136 mnj; N, = 2.801 Turns considered as Np = 5 Turns;



48 Patil et al. / International Journal of Engineerin§cience and Technology, Vol. 12, No. 3, 20204326

The secondary turns are calculated by using thesttatio and primary turns calculated above udieg¢lation in Equation (11).
Secondary turns = K Taio1 = 5.59 = 7 Turns (1)

The primary and secondary turns is wounded to tire by selecting suitable number of copper strasfdB8AWG wire to

sufficiently carry primary and secondary currertieTdesigned values of the proposed converter awgrsin Table 2 (McLyman,

1993). The other design values for Outputemain to be same as Outputas shown in Table 2.

Table 2. Designed values of the proposed converter

Output-I 5.3V/12A
Primary winding inductance L1 167uH
Secondary winding inductance L2 327uH
Magnetizing Inductance L4 284uH
Output Inductance L3 7uH
Output capacitance C1 178uF
Load R1 0.48o0hm

Output-[] 5.4V/4.5A
Secondary winding inductance L5 327uH
Output Inductance L6 19.28uH
Output capacitance C2 66.78uF

6. Voltage feed forward Control
One of the common techniques to control the dutecgf the switch is Voltage feedback techniquet this technique is found to

be dynamically slow and also results in poor liegulation (Bhat et al., 2016). This can be overcbméhe use of input voltage
feed forward control. The block diagram of the agk feed forward control circuit for the converteshown in Figure 4.

+
POWER STAGE Vo

d
PWM i

Modulator

The design details and its operation can be destiiy following equations (Bhat et al., 2016). lhistapproach, a ramp whose
slope varies in proportion with the input voltagariation is utilized at the PWM modulator input tieesd of a fixed slope saw
tooth ramp (Equations (12) and (13)).

D:(%j:x—cz% (13)
S in

where D: Duty ratio; K: constant:;)/ Input voltage; \& Peak-Peak Saw Tooth Voltage;:\Control Voltage

7. Over current protection (OCP)

Protection circuits are the crucial part of the powupply unit. The schematic of the output overent protection circuit for the
converter is shown in Figure 5.
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Vblas
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< .
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- @ 2.5V
SHDN |
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<
GND 0
Figure5. Over current protection circuit

The schematic of the output over current protectiocuit is shown in Figure 5. The ramp curreptstflows through a resistor to
produce a ramp voltage. The signal strength is i@gyand hence it is amplified with an op-amp AU3Ais amplified signal is
compared with 2.5V that is always maintained atitiverting terminal of AUSB. When the current exdsel25% of the rated
secondary current the output of AUSA goes beyold¥ 2Hence the output of AU5B goes HIGH. This HIGigral will be sent
to the shutdown pin of the PWM IC (SHDN) as showrFigure 5. Hence the converter shuts down and tteiconverter is
protected against overcurrent.

8. Simulation results

The simulation model developed using LT spice farppsed converter is shown in Figure 6. The sinmadatesults obtained are
presented. In the simulation, Outputand Output-l are obtained by varying the input from 24V to 3&ith Mag-amp as post
regulator on the secondary side as shown in Fi§u€utput+][ is derived from a Low dropout regulator as pogutator shown
in Figure 13. Linear regulator is used to droprdng voltage across the secondary of the transfofroer 5.4V to -5V where 0.4V
is dropped due to LDO. The output current of thedtbutput (Output-111) is 0.6A which is very smalhd hence LDO is used as
post regulator (Bhat et al., 2016). The outputltesare shown in Figure 7 to Figure 16.

D u 20m
D2
D3 L1 . - L2
Vs
1673 : 27p D +C1

i

L21L5 9998

hart
La M x
284 IPP110N20N3

a PULSE(O 12 0 10u 0 0 10u)
5 v2
> 9

Figure 6.Closed loop Forward converter with multiple output
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Figure 7 shows Output which is obtained as 5.3V with an input voltag4V.

Vin017) Vi{n0o5)

Voltagem V'
3

vt
T T T T T T T T T
Oms Tms 2ms Ims 4ms ams Bms Ims Bms ams

Time in ms

Figure7. 5.3V output with 24V input

Figure 8 shows Output which is obtained as 5.3V with an input voltag8V.
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Figure 8. 5.3V output with 28V input

Figure 9 shows Output which is obtained as 5.3V with an input voltag&6V.

Vin0uod) VinD05)

E
ERL
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2TV
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15
12—
vl
B! ——
V-
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Voltage in V

Time i ms
Figure9. 5.3V output with 36V input

It is observed that, with variation of input voleags 24V, 28V and 36V, the output remains constabt3V for Output I.
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Figure 10 shows Outputs which is obtained as 5.4V with an input voltag@4V.
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Figure 10. 5.4V output with 24V input

Figure 11shows Output, which is obtained as 5.4V with an input voltag@®8V.

T T T T T T
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Figure 11. 5.4V output with 28V input

Figure 12 shows Output, which is obtained as 5.4V with an input voltag&6V.

Bms 9ms
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12V
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Figure 12. 5.4V output with 36V input

Brms 9ms

It is observed that, with variation of input voleags 24V, 28V and 36V, the output remains constaBt4V for Output II.
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Outputil for the Forward converter is obtained by using LE2Qulator as post regulator on the secondary(Figdeire 13). The -
ve value is obtained by reversing the voltage mmesgsent terminals on the output side.

PNF

& Output-[]

§R5
RZ 10k

15k

c2 R7
Vi Ri E 300

RE
10k

c1

1in

uz

LT1634-2.5

-tran 10 6

Figure 13. LDO regulator

Figure 14 shows Output; which is obtained as -5V with an input voltage2d¥/.

BT W(n002) VinDo1)

21—
18—
15%W—
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9w —
TR
EAT R
0% —
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-BY I | | I 1 | | |
S 1s 2% 3= Az S bs is Bs Os 10=
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Figure 14. -5V output with 24V input

Figure 15 shows Output; which is obtained as -5Vwith an input voltage28¥/.
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Figure 15. -5V output with 28V input
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Figure 16 shows Output; which is obtained as -5V with an input voltage36¥.

T V{noo2) V({no0D1)

PV
AN
FIATE
16—
2% —

av—

AV—

oV -
AN
B

Voltagem V'

T T T T T T T T T
= 1= L] 3= A= S G= = B= = 10=

Time i ms
Figure 16. -5Voutput with 36V input

From the results obtained, it is observed that) wériation of input voltage as 24V, 28V and 36M butput remains constant at
-5V for Output I1I.

Figure 17.Top view Figure 18. Rear view
A - PWM IC; B — MOSFET; C — Transformer; D - Diffartial mode inductor; E - Common mode inductor;Nfag-
amps;G - Output diode; H — LDO

9. Experimental Results

The hardware implementation of multiple output Fardvconverter is shown in Figures 17 and 18. Th@wa components of
hardware implemented are as listed. Following tesare obtained from the hardware implementatiothe@fcircuit and are shown
in Table 3. An ideal value of 0% is obtained as &gutation in some of the cases, as accuracy forapiication under

consideration is considered to be satisfactory tptodecimal points. The percentage load regulaiorOutputt] is calculated
for different input voltages and different leveld@ads and tabulated in Table 3.

Table 3. Output voltages at +5.3V output at various loadditions with % line and load regulation

Output Voltage (V) % Load Regulatiory
Vin (V) Minimum Load Nominal Load Maximum Load
24 5.28 5.27 5.25 0.19
28 5.28 5.27 5.25 0.18
36 5.28 5.27 5.25 -0.19
% Line Regulation 0 0 0
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It is observed that, % load regulation is in thege-0.19 to +0.19 and %line regulation is an idedie of 0%. These are well
within the specifications of line regulation whishould be less thatr 1% and load regulation which should be less ttha2f%6.
The percentage load regulation for Outputs calculated for different input voltages andatiént levels of loads and tabulated
in Table 4.

Table 4. Output voltages at +5.4V output at various loadditions with % line and load regulation

Output Voltage (V) % Load Regulatior
Vin (V) Minimum Load Nominal Load Maximum Load
24 5.47 5.46 5.45 0.18
28 5.47 5.46 5.45 0.18
36 5.47 5.46 5.45 -0.18
% Line Regulation 0 0 0

It is observed that % load regulation is in theger0.18 to +0.18 and %line regulation is an idediie of 0%. These are well

within the specifications of line regulation le¢mn 1% and load regulation less than 2%. The ptgenoad regulation for
output4] is calculated for different input voltages andetiént levels of loads and tabulated in Table 5.

Table 5. Output voltages at -5V output at various loaddittons with line and % load regulation

Output Voltage (V) % Load Regulatior
Vin (V) Minimum Load Nominal Load Maximum Load
24 -5.02 -5.02 -5.004 0.318
28 -5.02 -5.01 -5.01 0.199
36 -5.02 -5.01 -5.01 0.199
% Line Regulation 0 -0.199 +0.199

It is observed that %load regulation is in the ®n§0.199 to 0.318 and %line regulation is inrdwege of -0.19 to +0.19. These

are well within the specifications of line regutatiless thant 1% and load regulation less than2%. The percentage cross
regulation of the three outputs is calculated fffecent input voltages and tabulated in Table 6.

Table 6. Cross regulation obtained at various conditioith different input voltage condition

Output Voltage (V)

Vin (V) 5.3V/12A 5.4V/4.5A -5V/0.7A
24 -0.189 0 -0.199
28 0 0 0
36 -0.189 0 0.199

From the experimental results it is observed thaximum cross regulation is 0.19%. Thus the conventeets the specifications

of cross regulation less thah 2% for all outputs. Figure 19 to Figure 21 showsdate voltage, stress across the main switch
and voltage across the mag-amp coil. The Y- axisasents the voltage in V and X-axis representsittie in ms.

ekFRun I

| Trig'd

A
- | I 4600 @ 1264V
5] [l p—l ey — { B} 2.80C

© 240.0mV

(
{
-
|

|

{ @& -0V J(4.00us 50MS/5 @ 7 || M 20
B-+0.000000 10k points 608V 16:22:08

Figure 19. Gate Voltage (20V/div) of the MOSFET at 36V inputdamaximum load. (Time scale 2gs/div).



55 Patil et al. / International Journal of Engineerin§cience and Technology, Vol. 12, No. 3, 20204326

The gate voltage of the MOSFET{Y is as shown in the Figure 19 and is found toduegakto 12V Hence the minimum gate
voltage of 12V required to switch on the MOSFEBligained.

The voltage stress across the MOSFE <[\ shown in the Figure 20, and is found to beabtiu128V

ek Prevu ; 7 |

y
O -1200 @ 1280V
[ ') 12000 m‘ru ]

A24.00

[¢ 00ys 250MS/s e H 4 Mar zuzo}

i @& 0oV Ni+v0.0000005 10k points 680V | 17:23:48

Figure 20. Voltage stress (20V/div) across the MOSFET at 8§t and maximum load. (Time scale 2gs/div)

TheVps of the selected MOSFET is 200V, hence the obsemalthge stress is 128V and is well within ie gpecifications of
the MOSFET.

The voltage across the mag-amp coil is shown irFtgare 21

Tek Stop

[ @ 00V j[a 00ys 250MS/s i Jl 4 Mar zuza]
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Figure 21. Voltage (20V/div) across the mag-amp coil at 36puihand maximum load (Time scale 2gs/div)
The voltage across the mag-amp coil at maximunagelof 36V with maximum load is observed to be.G0A
10. Conclusion

This paper presents the design and implementatfoa three output Forward Converter with Mag-aamul LDO as post
regulators for Space Application. Design detailshaf converter and regulators are discussed irl.d€ke voltage feed forward
control technique is applied to improve the lingulation of the converter. Simulation and hardwanglementation of the
converter is carried out. From the results obtaiiitdd found that, the performance of the Mag- aanp LDO regulators is found
to be satisfactory in regulating individual outpatsd achieving good load and cross regulation dahatwell within the required
specifications. It can also be concluded that, ithplementation of voltage feed forward techniques f@aproved the line
regulation.
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