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ABSTRACT

The electric power subsystems (EPS) of most remote sensing satellites consist of a solar array as a source of energy, a
storage battery, a power management and control (PMC) unit and a charge equalization unit (CEU) for the storage battery.
The PMC and CEU use high frequency transformers in their power modules. This paper presents a design, implementation
and testing results of a high frequency transformer for the EPS of satellite applications. Two approaches are used in the
design process of the transformer based on the pre-determined transformer specifications. The transformer is designed
based on an ETD 29 ferrite core. The implemented transformer consists of one center-tapped primary coil with eleven
center-tapped secondary coils. The offline calculation results and measured values of R, L for transformer coils are
convergence. A test circuit for measuring the transformer parameters like voltage, current and B-H hysteresis was
implemented and applied. The test results confirm that the voltage waveforms of both primary and secondary coils were as
desired. No overlapping occurred between the control signal and the transformer, which was not saturated during testing
even during a short circuit test of the secondary channels. The dynamic B-H loop characteristics of the used transformer
cores were measured. The sample test results are given in this paper.
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1. Introduction

Static inverters, converters and transformer-rectifier (T-
R) supplies intended for spacecraft power use are usually
created in a square loop toroidal design. The design of
reliable, efficient and lightweight devices of this class for
such use has been seriously hampered by the lack of
engineering data describing the behavior of both the
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commonly used and the more exotic core materials with
higher frequency square wave excitation. The magnetic

materials are studied by M

for use in spacecraft
transformers used in static inverters, converters, and
transformer rectifier supplies.

Transformers used for inverters, converters and T-R
supplies operate from the spacecraft power bus which is
usually in DC. One important consideration affecting the
design of suitable transformers is that care must be taken
to ensure that operation involves a balanced drive to the
transformer primary. In the absence of a balanced drive, a
net DC current will flow in the transformer primary,

which causes the core to saturate easily during alternate
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half- cycles. A saturated core cannot support the applied
voltage, and because of lowered transformer impedance
the current flowing in a switching transistor is limited only
by its beta. Transformer leakage inductance results in a
high voltage spike during the switching sequence which

M In order to

could be destructive to the transistors
provide a balanced drive, a push-pull power circuit
controlled by a PWM signals (symmetrical drive for both
sides of the transformer primary winding) is used in the

application presented in this paper.
2. Transformer Specification

The specification of transformer is determined by the
application in which the transformer is used. Unlike 1, the
transformer design considerations dealt with in this
publication are:

e Maximum power level to be handled,

e Frequency range,

¢ Input & output needed voltages (turns ratio),

Allowable control signal,

e Duty cycle of signal operation,

e Core type, shape and material properties.

The following information is the design specification for
a push-pull transformer, operating at 30 kHz, using the Kg
core geometry approach. For a typical design example,
assume a push-pull, full-wave, center-tapped circuit, as
shown in Fig. 1 PM4,
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Fig. 1 Multiple Output Converter

Table 1 illustrates the design transformer parameters
(specification).

Table | Design parameters of the transformer

Parameter Symbol  Value & unit
1. Input voltage, Vp =20 volts
2. Output voltage # 1, Voi = 1.2 volts
3. Output current # 1, To = 6.0 amps
4. Output voltage # n, Von = 1.2 volts
5. Output current # n, Ion = 6.0 amps
6. Frequency, f =30kHz

7. Efficiency, n =98%

8. Regulation, (04 =0.5%

9. Diode voltage drop, \A = 1.0 volt
10. Operating flux density, Bac =0.1 Tesla
11. Window utilization, Ku =04

12. Temperature rise goal, Tr =30°C

13. Summation of Output Z[ o _104
Current

3. Transformer Design Approaches

Two design approaches for designing the HF
transformer based on the core geometry are introduced by
Colonel WM. T. McLyman !, and R.W. Erickson 1°!,
These two approaches are applied in this case study, the
design steps as well as results are shown in the following
two sections. The results of both will be analyzed and

confirmed with the experimental results.

3.1 First Design Approaches

Colonel WM. T. McLyman reported in ) a detailed and
well defined procedure for the design of an HF
transformer for a different application. The application of
this approach is illustrated in the following 28 steps:

Step 0 : Selection of Wire Diameter
At this point, select a wire so that the relationship
between the AC resistance and the DC resistance is;

R‘( —
e =1

The skin depth, ¢, in centimeters, is:

2
& =% =0.038cm

Jr (1)

Then, the wire diameter, DAWG is:
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DAWG =2.¢ =0.0764 (2)
Then, the bare wire area, Aw, is:
Ay 24—”'(DZWG 3 =4.5*10"cm’
=0.45mm*  Practically we use 0.5 mm’

From the section of Wire-Table (Table 2), wire number 2
has a bare wire area of 0.005188 centimeters square. This
will be the minimum wire size used in this design. If the
design requires more wire area to meet the specifications,
then the design will use a multiplier of #2.

Table 2 Wire Table

o o - L I
¢ = 9 @ @
oegSs 8§83 5 ¢ Egsgng
b o 8 5 &5 L 9
it B d B R AR AN RS
1 6531 2639 7539 00980 102 80 005940
2 5188 3323 6065 00879 114 99 004726
3 4116 4189 487 00785 128 124 003757
4 32430 5314 38570 00701 143 156 002965
5 25880 6660 31350 00632 158 191 002372
Step 1 : Calculate the transformer output power, Po
F, =Fy+Fy+.+F,
3

22
= I, *(V,+V,)=22W
1

Step 2 : Calculate the total secondary apparent power, Py,

E, =F*U )
Notes:

e Using a center-tapped winding, U = 1.41

e Using a single winding, U=1.0

P =31.02w

Step 3 : Calculate the total apparent power, P,.

t p

P =P +P’A_:i*U+Fz\,=62.67W (5)
n

Step 4 : Electrical conditions Calculation, K,
Ke  =0.145%K >* f2*B 2107 = 2088 (6)

Step S : Calculate the core geometry, K,.

Pt
Kg = cm’
= 2K, a
With operation at 30 kHz, and because of the skin effect,

the overall window utilization, Ku, is reduced. To return

the design back to the norm, the core geometry, Kg, is to

be multiplied by 1.35,
g:_ﬂ_ 5_ 62.67*1.35
2K, a 2*2088*0.5

*

=0.0405cm’ (7)

Step 6 : Select an ETD core

From the data base in ®> ©*), the relevant core types are;
EE43208, EC35, ETD29, ETD39(lp), PQ26/20, RM-10,
and many others. In this application, an ETD29 core is
used, and the following design steps can be completed.

Step 7 : Calculate the number of primary turns, Np, using

Faraday's Law.

¥V, *10t
K,B,f A

NEP? = 21.9= 22 Turns

®)

P

Step 8 : Calculate the current density, J,
Using a window utilization, Ku = 0.29.
4
K; K,.B,.fA,

Jirpay = 1.6675A/mm?,

It should be noted that K, for ETD29>desired K, by

more than 30%, so j_ . canbe considered at least:

Jirnae = 2.875A/mm’

Step 9 : Calculate the input current, I;;:

1, =Jde _1124 (10)
Vel

Step 10 : Calculate the primary bare wire area, Awp):

A Iin.}/D_ (11

WP(B)

ETD-29 _ 2
A by Dmex = 0.262mm”>
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AL =0.214mm?,0.5mm? s used.

Step 11 : Calculate the required number of primary strands,
Snp.

A
Snp = i (12)
Bare Area of wire #2
for Dmax Snp=0.87, for Dmin Snp=0.71

In practice, the equation Snp =1 is applied.

Step 12 : Calculate the primary M2 jom

1/ cm =@=3323 (13)
np

Step 14 : Calculate the primary resistance, Rp.

R, :MLT*N,,*(EJHO* (14)

cm

RE™ = 0.04678Q2

Step 14 : Calculate the primary copper loss, Pp.
58 =1,"*R, (15)
PP =0.05889 W

Step 15 : Calculate the secondary turns, Nsl,..n

- :Np*Vsl*H_a_j (16)
Sl.n V,, 100

ETD-29
Ng = =2.09 Turns

Taking into account the 0.7V diode voltage drop, in
practice the number of turns of the secondary winding is 2
turns while the number of turns of the primary winding is
22 turns.

N, =22 Turns and  Ng= 2 Turns

Step 16 : Calculate the secondary bare wire area, Aysg;.

A = 13D (17)
' J
A s =0.:013%en’, A B =0.0114em’

WS1:D=0.3

Step 17 : Calculate the required number of secondary
strands, Sys.

= AWSI
nsl — . (18)
wire #2
ETD-29 ETD—-
Snsl:D:O.45 = 267’ Snsl:%ngB = 22

In practice, the number of secondary strands is taken
only 2 times for possible implementation of the
transformer with 11 secondary coils. Also, the maximum
current is applied for a limited short period of time,
although this rarely happens and then is distributed for
multiple channels.

Step 18 : Calculate the secondary, S; new &) /cm.

1/ cm
m / cm( new) =

=166.451Q/ cm (19)

nsl

Step 19 : Calculate the secondary S, resistance, Rg;.
Ry, = MLT* N, *(ﬂj*lo*‘ (20)

cm

REP =0.00213 Q

Step 20 : Calculate the secondary copper loss, Ps.
P, =X1*R, 21)
B 0213 W

Step 21 : Calculate the total primary and secondary copper
loss, Pcu.
Py =Pu+Fy (22)
BER S02710 W

Step 22 : Calculate trans. regulation, &
R (23)
(0]

@ o =1,236%,
If regulation is reflected to secondary apparent power, p,

a2 =0.87 %,

Step 23 : Calculate the milli-watts per gram, mW/g.
mW / gm =0.000318*f"*' *B, *7
=328mW/g

(24)
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Step 24 : Calculate the core loss, Py
P =mW | g*W, *107 (25)

Je
PE =0,0918 W

Step 25 : Calculate the total loss P,
P; = Pfe + Py (26)
PP =03637W

Step 26 : Calculate the watts per unit area,

v (W '4'1)12)
Py
4 4,
% =0.008558,
Step 27 : Calculate the temperature rise, T,
T,A =450*an:n (28)

TS = 817,

3.2 Second Design Approach

R. W. Erickson reported in "' that the design of an HF
transformer can be summarized in the following four
steps:

Step 1 : Core geometrical constant
I %y (UB)
_ IDA‘] 'Il()l ‘KJ'L) %108 29
ofe = @ 10 (29)
4‘Ku '(PI()! )
Where:
L Wire effective resistivity (2—cm ), for copper
1.724*10°
A, Applied primary Volt-Second (V-Sec)

A=V, T, D (30)

D  Duty Cycle

Vp Primary Voltage (average during ON period)

TS = 1/f/2)
primary and full wave,

in case of single winding in

= 1/fin case of center-tapped winding in primary
I, Total rms current referred to primary (A)

K;

e Core loss Coefficient
K, =2.5W/T%.Cm’

fe —

Ku Winding fill factor (0.3-0.5), Typical 0.4
B Core Loss Exponent (Typical =2.6)

( Wem'T! ),

. K .
Calculation of * & parameters:

A =200 V.u-Sec
¢ P():Z]*VS:BW G
S

o n=V,/(Vs+V,) =9 (32)

e Allowed P, = 0.5%*P, = 0.11W

$ . b 1, (33)
L, _1,,+;le. = L ;13. =2.2354

e Then; K, =0.0021537

From the data base in *! and ', the relevant core types
are; EE187, EE41805, EC35, ETD29, ETD34(lp), EFD20,
PC41811, RM-6, and many others. In this application, the
ETD29 core is used as the common selection in both
approaches.

Step 2 : Evaluate peak AC flux density

AB = 10?‘ *p'A:'lmrl * (MLT) * 1
2K, WA PK,

C "m

X
/n:,‘ (34)

Where for ETD-29 cores:
MLT  Mean Length per Turn (cm), 6.4

W, Core Window Area (cm?), 1.419
Ac Core crosses sectional area (cm?”), 0.761
L Magnetic path length (MPL) (cm), 7.2, then,

1
1.724*%107°.(200%107)* 2.23> [l.(w—l)
2*0.4
(6.4) -

1.419%0.761°*7.2 2.6*2.5
=0.0807119 Tesla

10® *
AB =
*

It should be noted that AB is less than operating flux
density by means by which the core will not go into
saturation during the handling of the desired power rating.

Step 3 : Evaluate the number of windings turns
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(35)

- *10%,
2.AB.A,

Then n, =16.28,

np ng =np/n,

ng =16.28/9=1.809

Since n, should be integer value,
n, = 2turns, then np = 18 turns,

Step 4 : Choose the wire size
_a, KW (36)

= u " A
ap = > Awp -

Lsm as KW, (37)

Fraction of winding area assigned
to primary and secondary,

Ayp, Ay
a, =0.0608,
o, =0.163,

Winding cross sections area (cm®)
A, =0.192mm’
Ay =4.6mm’

In cases where 0.5mm? is used this means that:
Spp =1, &S, =09.

4. Analysis of the Two Design Approaches

The first approach illustrates a detailed step by step
description of transformer design while the second one
summarizes these in only four steps. Below shows a
comparison between the two design approaches.

Table 3 Comparison between results of common parameters
in two design approaches

Transfo
ansformer 1% approach 2"% approach

Parameter

Design reference Core geometry

Number of steps 28 I 7
Core type ETD 29
Flux Density 0.1T (assumed) 0.0807T
(calculated)
NP’ s"P 22, 1 18, 1
Ns, Sns 2,2 2,9

Wire type Wire #2 (Table 2)

The first approach gives logical accepted results in both

primary and secondary sides of the transformer either
from number of turns or from number of strands.

In the second approach, it is clear that the number of
secondary coils strands is unaccepted since it needs nine
parallel wires in each coil side just to carry 6A using a
wire of cross section area 0.5188mm’. From an
experimental point of view, it is impossible to have eleven
center tapped coils with two turns each and nine parallel
wires. However, second approach calculates the flux
density and confirms that the transformer will not go into
saturation during handling of the desired power.

As a result, the first approach was implemented.

5. Transformer Implementation

The design results shown in Table 3. They are used to
implement the transformer based on the ETD-29. Figure 2
— Figure 4 shows the ETD-29 implemented transformer
from different sides.

The implemented transformer has the following:

e One center-tapped primary coil with 22 turns,

e Eleven center-tapped secondary coils with double

wires,
e ETD-29 core.

6. Transformer Verification

The implemented transformer is verified by measuring
and calculating the transformer parameters. The coils
inductances can be calculated using the formula *:

L=p,.u n*.Al (38)
Where:

L =inductance in H

K, =4 n* I0(rationalized M.K.S. units)

U, = relative permeability

A = average ferrite cross section m’
1 = average length of the lines of force in m
n = turns ratio.

Table 4 shows the calculated and measured L & R
values for the ETD-29
transformer with the application of the first design

core based implemented

approach results. The convergence between the measured

and calculated values is very clear.
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Table 4 Calculated & measured L, R for Primary and secondary coils

223

; I Secondary
MU, Primary Inductances Primary Measured Tolactaion: Secondary Measured
Values L, mH Resistance Rp Resistances Rg
Ls mH

Calc. Meas. Side of coil | two sides Calc. Meas. Side of coil | two sides
1470 1.070 1.072 0.147 0.317 0.00798 0.008 0.037 0.045
1540 1.120 1.103 0.147 0.317 0.00836 0.009 0.037 0.045
1610 1,175 1.105 0.147 0317 0.00874 0.009 0.037 0.045

4.5 0.032°

(Total inductance for the center tapped primary coil), “Total inductance for the center tapped secondary coil)

Fig. 2

Side View of transformer

Fig. 4 Top View of transformer

7. Implemented Transformer Testing

7.1 B-H curves and Hysteresis Loop

For any given magnetic material, the relationship
between the magnetizing force and the magnetic flux
produced can be plotted. This is known as the B-H curve
of the material, Fig. 5. From the B-H curve it can be seen
that, as the magnetizing force is increased from zero, the
flux increases up to a certain maximum value of flux.
Above this level, further increases in magnetizing force
results in no significant increase in the flux. The magnetic
material is said to be 'saturated'.

A transformer is normally designed to ensure that the
magnetic flux density is below the level that would cause
saturation ' Along the initial magnetization curve at
point X, the dashed line, in Fig. 6, B increases from the
origin nonlinearly with H, until the material saturates. In
practice, the magnetization of a core in an excited
transformer never follows this curve, because the core is
the

magnetizing force is first applied. The hysteresis loop
3]

never in a totally demagnetized state, when

represents energy lost in the core !

B (Flux Density - Tesla or Gauss)
+vee flux

Ve curment H (Magnetiz ing force
mpee turns/meter

- a
or Qersteds)

+ve current

e flux

Fig. 5 B-H curve definition [/
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B leska)
b | o | ™
Py s |
|
|

-H /} \/ H, {oersteds]
He

o
Fig. 6 Hysteresis loop of B-H Curve

7.2 Test Circuit of the B-H Loop

The test circuit is as shown in Fig. 7 ™*. The resistor R1
is kept small in comparison with the inductive reactance of
the wound sample.

Field strength, H, is set by varying the current which is
read as voltage across resistor R1.

Flux density of the cores is determined by integrating
the secondary voltage using the RC circuit ).

This relationship is displayed using the “X versus Y”
display mode on an oscilloscope.

7.3 Measuring Parameters of B-H Loop

Magnetic terms are readily expressed in electrical terms
to calibrate the display in units of Oersteds (Oe) versus
Gauss (G) ). Magneto -motive force is given by the
equation *);

mmf = 0.4z NI, (gilberts) (39)
Whereas mmf is the force, H is the force field, or force
per unit length,

H = m_’nf = M[mz(kmmlx (40)
MPL MPL +
= =0.47r*l«’p*Nl, (41)
fosl MPL*R,

Normally,2.0< 7, <3.0, / = 2.50¢ then: R1=20Q

The flux density in Tesla can be deduced as follows:
Y Eyy = 40" Ny * S Ppepery (42)
=4.0*N*f*B, *4

%
o[m™]

[turns

Since f= 1/T, and T is equal to the multiplication of the
RC values (shown in Fig. 7), then flux density in Gauss
can be obtained from the following formula:

* (%
@ = SZA C[cni/zs] "o “
§$°°C
Where:
R2,C s the integrating resistance, and capacitor.
Normally,

e B =0.1T owa, » then:
*  RC=0.722%10"s
o If C=lpuf,Then R,=7.22Q

7.4 HW set up for B-H Testing

The test circuit in Fig. 7 is implemented as shown in
Fig. 8. The power amplifier module is built up based on
the push-pull topology with IRF540 switches; the control
signal is generated by a TL94 PWM generator. A digital
storage oscilloscope is used in X-Y mode to plot the B-H
curve at different conditions.

Function
Generator

[

Power
Amplifier - <

Test Core
H
i
H
H

: m <

Fig. 8 B-H measuring HW

8. Experimental Results

Fig. 9 shows the primary voltage (two sides of coil)
waveforms and Fig. 10 show a one side secondary voltage

and current waveforms.
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Transformer Primary Voltages of Center Tapped

Terminals, No Load
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Fig. 10 Secondary Volt (B) & Current (Y), N L, R1=6.8Q),
R2=0.35Q, C=1uf Ceramic, D=0.3.
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It is clear that the peak primary voltage is 20V with no
overlapping between signals (Duty Cycle 45%), while the
peak secondary voltage is 2V.

Fig. 11 and Fig. 12 show two B-H curves at different

values for R1 and no load transformer conditions.
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Fig. 13 shows the primary current and secondary
voltage and Fig. 14 shows the B-H curves at test
conditions in Fig. 13.
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Fig. 13 Secondary Volt (B), Primary Current (Y), No Load,
R1=0.35Q,, R2=6.8Q2, C=1pF Ceramic, D=0.45
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Fig. 15 shows the secondary voltage (Blue) and current
(Yellow) while Fig. 16 shows the B-H curves at test

conditions in Fig. 15 and transformer loading.

SAVE/REC
Action

Images

Select
Folder

Save
TEK0020,JPG

Fig. 17 shows the primary voltage (Blue) and current
(Yellow) and Fig. 18 shows the secondary voltage (Blue)
and current (Yellow) while secondary during a short

circuit via rectifying diode loading conditions.
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Fig. 16  B-H Curve of Conditions in Fig.
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Fig. 17 Primary Current and Voltage, Loaded (DC)
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Fig. 18 Secondary Current and Voltage, at Short Circuit test (AC)

9. Conclusions

The design and implementation of an HF transformer
for satellite EPS applications is introduced in this paper.
The specifications for the transformer reflect the actual
requirements for the battery charge equalization unit of the
LEO satellite EPS. Two approaches for HF transformer
design were applied; the analysis of the design results
confirms that the first approach provided an appropriate
design. The calculated and measured parameters of the
implemented transformer were converged together. The
hardware setup was built to test the implemented
transformer waveforms and B-H curves at different
operation conditions. The results prove that the
transformer will not become saturated during the handling

of the desired maximum power rating.
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