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Abstract: High-frequency (HF) transformers used in pulse-width-modulated power converters conduct periodic non-sinusoidal
HF currents, which give rise to additional winding losses caused by harmonics. This study presents expressions for winding
power losses in a two-winding transformer with periodic non-sinusoidal primary and secondary current waveforms for flyback
converters operating in the continuous conduction mode (CCM). Dowell’s equation, which takes into account both the skin
and proximity effects, is used to determine the primary and secondary winding resistances as functions of frequency. Fourier
series of the primary and secondary current waveforms and the winding resistances are used to determine the winding power
losses at harmonic frequencies. The harmonic primary and secondary winding loss factors Frpn and Frg, are introduced for
CCM operation. The theory is illustrated by performance evaluation of the transformer in a flyback converter in CCM over
the entire range of converter operation. Power losses in the primary and secondary transformer windings are illustrated as

functions of the output power and the DC input voltage.

1 Introduction

High-frequency (HF) transformers are an integral part of pulse-
width-modulated (PWM) converters, which are widely used in
many applications such as power-factor correctors, DC—DC
power converters and electromagnetic interference (EMI) filters
[1-5]. For low-power applications, flyback PWM DC-DC
converter is a popular choice because of its low parts count
when compared with other isolated DC—DC converter
topologies. The HF transformer in a flyback converter is used
to provide galvanic isolation and also to store the magnetic
energy required for power conversion. Operating the flyback
converter at high switching frequency reduces the size of the
transformer, but increases the transformer winding losses
caused by skin and proximity effects. Additionally, since
transformers in isolated PWM converters conduct periodic non-
sinusoidal currents in steady state, the spectra of the primary
and secondary current waveforms of the transformer are very
rich and the losses caused by the harmonics further increase the
winding power losses. The harmonic losses in transformer
windings at HF also increase the operating temperature.

HF effects in windings and cores were studied in several
papers [6—29]. The winding AC resistance caused by the skin
and proximity effects for sinusoidal current in a winding
was presented in [6—8]. The theoretical analyses presented in
[6—8] were further extended in [9—15]. In another method
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[16], the AC resistances for a number of arbitrary waveforms
were determined using the rms values of the current
waveforms and the rms values of its derivatives. Methods to
design inductors and transformers for PWM converters are
available in [30—32]. However, the transformer design in [30]
and other publications do not account for winding losses
caused neither by HF skin and proximity effects nor by
harmonics. Until now, the Fourier expansion of the flyback
transformer primary and secondary current waveforms in
PWM converters operating in the continuous conduction
mode (CCM) as shown in Fig. 1 has not been presented in the
literature.

The objectives of this paper are (i) to develop winding power
loss equations for a two-winding transformer conducting
periodic non-sinusoidal HF currents containing DC
components and harmonics such as those in flyback PWM
converters [33—35] operating in CCM, using Dowell’s theory
and the methods developed in [36—38], (ii) to give a step-by-
step procedure to design a two-winding transformer for
flyback converter operated in CCM, using the area product
method and (iii) to study the effect of harmonics on winding
losses in the transformer of a flyback PWM DC-DC
converter in CCM over the entire range of converter operation.

Sections 2 and 3 present the derivations of core area
product and winding power loss equations for a flyback
transformer in CCM conducting periodic non-sinusoidal
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Fig.1 Flyback converter circuit and two-winding flyback
transformer current waveforms for CCM operation
a Flyback PWM DC-DC converter circuit

b Primary winding current i,
¢ Secondary winding current iy

current waveforms, respectively. The procedure to design a
two-winding transformer for a flyback PWM DC-DC
converter operated in CCM is given in Section 4. In Section
5, the performance evaluation of the designed flyback
transformer is given. Experimental and simulation results
are presented in Section 6. Finally, conclusions and
discussions are given in Section 7.

2 Core area product for a two-winding
flyback transformer

The instantaneous magnetic flux linkage of the primary
winding is given by

M) = N, (1) = NyAB(t) = Lyip (1) (D

where ¢(t) is the instantaneous magnetic flux linking N, turns
of the primary winding of the transformer, 4. is the core
cross-sectional area in m?, L, is the inductance of the
primary winding, iy(f) is the instantaneous current in the
primary winding and B(¢) is the instantaneous magnetic flux
density in 7. Equation (1) for the peak values becomes

)\pk = di)pk == NpACBpk == L [ (2)

p*p max

The maximum current density of the primary winding wire is

I
Ty = G
wp
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where A, is the bare wire cross-sectional area of the primary
winding in m®. The window area limited by the maximum
current density in both primary and secondary windings is
given by

W = NpAwp + NsAws
a= K

u

“4)

where Nj is the number of turns in the secondary winding, A

is the secondary winding bare wire cross-sectional area in
2 . . - . .

m”~ and K, is the window utilisation factor. Assuming the

winding allocation is such that Np4,,, = N4, the window

area is

2N A
W,=—7"" (5)
KU
where the window utilisation factor is defined as
A 2N _A,,
K=30 == ©)
w /%

a a

where Ac, is the total copper cross-sectional area in the
window in m? The maximum energy stored in the
magnetic field of the transformer is W, = (1 /2)LmIL2mmax,
where L, is the magnetising inductance on the primary
side and I, is the current through the magnetising
inductance L,,. Assuming that L, >~ L, and /ynax
It m(max)> and using (2), (3) and (5), the area product of the
core is defined as

2
%=%4=M”W= il (7)
KquBpk KquBpk

In (7), Bpr < Bs, where By is the core saturation flux density at
the highest operating temperature. The area product 4, is a
measure of energy handling capability of a core and can be
used to select a suitable core using the manufacturer’s
datasheets.

3 Copper power loss for flyback transformer
conducting periodic non-sinusoidal current
in CCM

In transformers used in isolated PWM DC-DC power
converters in CCM, the current waveforms through the
primary and secondary windings are pulsating. Therefore
the amplitudes of the harmonics are high, resulting in
high winding losses. This situation is different in non-
isolated PWM converters in CCM because the current
waveform of the inductor is nearly constant and the
amplitudes of harmonics are low as compared to the DC
component [38].

3.1 Primary winding power loss

Assume that the primary winding current for CCM is a
rectangular waveform with a duty ratio D as shown in
Fig. 1b. The primary winding current waveform is given by

P~ Lymax>s for 0 <t <DT ®)
P 0, for DT <t<T
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The DC component of the primary winding current waveform
for CCM is

1 T I DT
_ “pmax
Ly = Tjo idr = T JO dt = DI )

The Fourier series of the current waveform in the primary
winding is

) > sin(nmD)
iy = L, [1 +2 ;Wcos(nwst)] (10)

and the amplitudes of the fundamental component and the
harmonics of the primary current waveform for CCM is

27
L, = PP sin(nmD) =
nir

(11)

The AC resistance factor Fr obtained from Dowell’s one-
dimensional solution in Cartesian coordinates [7] is

sinh(24) + sin(24)
cosh(24) — cos(24)

R
Fp=—Y
R™R

wdc

=F,+F, :A[
(12)

N 2(N} — 1) sinh(4) — sin(4)

3 cosh(4) + cos(4)
where the first term represents the skin effect winding AC
resistance factor Fg and the second term describes the

proximity effect winding AC resistance factor Fp. The
power loss in the primary winding for CCM is

2
I (R 1
P, =R, sl | 1+= N |
P wpdeTpd an;(prdc) <[pdc

2
1 I,
= Lwpde 1+§ZFan(IL>
n=1

pdc

- sin(nD) 2
PwpdC{l +22FRP"[W} }

n=1

= Pwpchwpn (13)
where the normalised primary winding resistance at the

fundamental frequency and harmonic frequencies obtained
from (12) is

R
Fron = an:FSn+FPn:Aﬁ
P prdc

sin(24./n) + sin(24/n)
" | cosh(24y/m) — cos(24, /)

N 2(N? — 1) sinh(4/n) — sin(4/n) ] (14)

3 cosh(4+/n) + cos(4/n)

The factor Fyy, takes into account the skin and proximity
effects in the winding. Note that Fz and Fy, are different
as the latter is dependent on the nth harmonic of the
primary winding current waveform. The primary winding
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harmonic loss factor is defined as the total primary winding
loss consisting of DC and AC power losses normalised
with respect to the primary winding DC power loss given

by

Frpn :P—

wpde nmwD

sin(nD)|*
_1+ZZFRW[ ( )} (15)
The skin depth of the winding conductor at the nth
harmonic is

8W
Sy = 7’2 (16)

where 0, = ./p/muy/ is the conductor skin depth at
the fundamental frequency f, which is equal to the

converter switching frequency f;. The winding conductor
thickness normalised with respect to the conductor skin
depth is

_h _hn_
4y =5— === AYn (17)

W wl

where the normalised winding conductor thickness at
the fundamental frequency for a rectangular conductor is
[39]

A:— = (18)

for a square conductor is [39]

——f (19)

and for a round conductor is

7,—)3/4 d f 20)

In (18), (19) and (20), w/p, h/p and d/p are called the layer
porosity factors, w is the width of the rectangular bare
conductor, /4 is the thickness of the square and rectangular
bare conductors, d is the diameter of the round bare
conductor and p is the distance between the centres of
two adjacent conductors, called the winding pitch.

3.2 Secondary winding power loss

Assume that the secondary winding current for CCM is a
rectangular waveform as shown in Fig. lc. The secondary
winding current is given by

o,
3 = I

smax?

for 0 <t < DT
for DT <t<T 1)

The DC component of the secondary winding current
waveform for CCM is

1 (7 I T
[sdc:?joldt ”;“jmdt (1 = D) max (22)
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Table 1 Two-winding transformer design for flyback PWM DC-DC converter in CCM

Step Parameter Equation Value
number
Converter specifications
1 input voltage v 50 + 10V
2 output voltage Vo 24V
3 switching frequency fs 100 kHz
4 output power Pomax(Pomin) 30 W (5W)
Design equations for the transformer in flyback
converter
5 maximum load resistance R _ Vé 115.2 Q
Lmax POmin
6 minimum DC voltage transfer function M o _ VY 0.4
VDCmin — Vlmax
7 maximum DC voltage transfer function m _ Y% 0.6
VDC max Vlmin
8 transformer primary-to-secondary turns ratio* - — Neonv Dimax 15
T (1 - Dmax)MVDC max
9 minimum duty cycle D — 1t Mypc min 0.4
i nTMVDC min + nconv
10 minimum magnetising inductance for CCM Lo~l 2B max(1 = Doin)? 466 uH
P Tmimin) 2f, pick 500 pH
1 secondary winding inductance L Ly 222 pH
S n%
12 maximum peak-to-peak primary winding current AiL A _ nrVo(1 = Diin) 0.43A
p(max) Lm(max) stp
13 maximum DC input current hoo = Mypc max 1o max 0.83A
TICOF\V
14 maximum peak primary winding current | _ lo max nyVo(1 — Dppay) 1.84 A
pmax nT(1 - Dmax) 2stD
Area product
15 window utilisation factor Ky 0.3
16 peak flux density B« 031T
17 maximum current density of the winding wire Im 6 A/mm?
18 maximum energy stored in the transformer magnetic W. — 11_ 2 0.85 mJ
field mo 2 PRmax
19 core area product (calculated) aw,, 0.61cm?*
p . A, = WA, = —KquBpk
Core selection
20 selected core magnetics ferrite p-type round-slab (RS) core 0P-43019
21 area product of the selected core Ao 0.63 cm*
22 core cross-sectional area Ac 1.23cm?
23 core window area W, 0.51cm?
24 mean magnetic path length I 4.56 cm
25 mean length of single turn I 6.05cm
26 core volume V, 5.61cm?®
27 core permeability Mre 2500 + 25%
28 core saturation flux density Bs 0.49T
29 coefficients in core power loss density equation (for p- P, = k(f; in kHz)""(1OBm)b
type ferrite material and 100 kHz < f, < 500 kHz)
29(a) k 0.0434
29(b) a 1.63
29(c) b 2.62
Wire selection
Peu(20°C)
30 skin depth of copper wire (at 20°C and f; = 100 kHz) Oy = W 0.209 mm
31 selected copper wire AWG No. 26
32 bare wire diameter of the strand wire d, 0.40 mm
33 insulated wire diameter of the strand wire dos 0.45 mm
34 bare wire cross-sectional area of the strand Auwsi 0.12 mm?
35 insulated wire cross-sectional area of the strand Awso 0.16 mm?
36 DC resistance of the strand per unit length Rwdc/hw 0.1345 O/m
Primary winding design
37 cross-sectional area of the primary winding wire A — Jomax 0.30 mm?
'wp Jm
Continued
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Step Parameter Equation Value
number
38 number of strands in the primary winding s — Awp 2.38
P Awsi pICk 2
39 number of turns of the primary winding N — Ku(W,/2) 29.82
P S A pick 30
40 total length of the primary winding wire hyp = Nphr 181.5cm
Primary winding losses pick 187 cm
41 primary strand DC and low-frequency resistance R _ (R"Vd°>l 251.5 mQ
wpdes — /_ wp
w
42 primary winding wire DC and low-frequency resistance R _ Rupdcs 125.8 mQ
'wpde — Sp
43 primary winding DC and low-frequency power loss Papde = Wpdclszmax 0.087 W
44 primary winding harmonic loss factor Frph (Use (15) @ Vimin, Pomax) 5.195
45 primary winding total power loss Poup = Frph Pwpde 0.453 W
Secondary winding design
46 maximum peak secondary winding current Is max = N7l max 281A
47 cross-sectional area of the secondary winding wire A = Is max 0.46 mm?
S Jm
48 number of strands in the secondary winding S — Ans 3.63
S Apsi pick 4
49 number of turns of the secondary winding N = Ny 19.88
S ong pick 20
50 total length of the secondary winding wire hys = Nglp 121cm
pick 130 cm
Secondary winding losses
51 secondary strand DC and low-frequency resistance R _ (Rwdc>, 0.174 Q
'wsdes — /— 'ws
w
52 secondary winding wire DC and low-frequency R _ Rusdcs 43.71 mQ
resistance wsde Ss
53 secondary winding DC and low-frequency power loss Posdc = Busde ! max 0.068 W
54 secondary winding harmonic loss factor Frsh (Use (26) @ Vimin, Pomax) 5.19
55 secondary winding total power loss Pys = Frsh Pwsdc 0.354 W
Total winding losses
56 total DC and low-frequency power loss in both Pude = Papde T Pusdc 0.155 W
windings
57 total winding power loss Py = Pap + Pys 0.808 W
Core losses
. 2
58 air-gap length [ — moAN, I 0.26 mm
YT L e
P rc
59 maximum peak magnetic flux density _ BoNplo max 025T
Pk Ig + (lc/Mrc)
60 magnetic flux density AC component B — N, (Ain> 0.024T
m Ig + (Ic/Mrc) 2
61 core power loss density P, = k(f, in kHz)?(10B,,)° 2.07 mW/cm?®
62 core loss P, =V.P, 10.99 mW
Total losses, temperature rise and efficiency
63 total transformer power loss P, = PP, 0.819 W
64 total core surface area A; 31.95 cm?
65 surface power loss density V= Pew 0.025 W/cm?
A
66 temperature rise of the transformer AT = 4504082 21.79°C
67 window utilisation factor (recalculated) K — (NS, + No)Aysi 0.35
u Wa
68 transformer efficiency at full power and Vimin _ Po 97.34%
e PO + Pcw
*Assume converter efficiency n= 0.9 and Dy, = 0.5
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Table 2 List of symbols

A

A
ACu

winding conductor thickness normalised with
respect to conductor skin depth

transformer core cross-sectional area in m?

total wire cross-sectional area in the core window in
m2

area product in m*

bare wire cross-sectional area of the primary
winding in m?

bare wire cross-sectional area of the secondary
winding in m?

peak magnetic flux density in T

saturation magnetic flux density in T

converter duty cycle

winding AC resistance factor

primary winding harmonic loss factor
secondary winding harmonic loss factor
magnetising inductance current in A

primary winding current in A

secondary winding current in A

winding wire maximum current density in A/m?
window utilisation factor

magnetising inductance of the transformer in H
inductance of the primary winding in H
inductance of the secondary winding in H
number of turns of the primary winding of the
transformer

number of turns of the secondary winding of the
transformer

primary winding power loss in W

secondary winding power loss in W

time period of one switching cycle of the converter
ins

core window area in m?

maximum energy stored in the magnetic field of the
transformer in J

skin depth of the winding conductor in mm
magnetic flux linkage in Wb-turns

magnetic flux in Wb

The Fourier series of the current waveform in the secondary

winding is

= i 1-D
iy = Iy, 1+22M00s(nwst)

(23)
— nm(l — D)

75

7

65 =

X FR.nn /
5 6
0= ]
= 55
u.;‘gi </

s '*~—-.._fﬂsn

45 e

4 B e

35

40 42 44 45 48 50 52 54 56 58 60
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Fig. 2 Primary winding harmonic loss factor Fgy,;, and secondary
winding harmonic loss factor Fry, as functions of the DC input

voltage V;
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v,o) . Py (W)

Fig. 3 Winding power losses as functions of DC input voltage V;
and output power Po

a Primary winding loss Py,

b Secondary winding loss Py

¢ Total winding loss Py,

and the amplitude of the fundamental component and the
harmonics of the secondary winding current waveform for
CCM is

2I 21,
Iy = =t sinfn(l = D)) = ¥ sinfn(l — D)

24
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v, “© P,

Fig. 4 Core loss, total transformer loss, transformer temperature rise and transformer efficiency as functions of DC input voltage Vi and

output power Pg

a Core loss Pc

b Total transformer power loss P,

¢ Flyback transformer temperature rise AT

d Transformer efficiency 7, of the flyback converter in CCM

The power loss in the secondary winding for CCM is

I~ (R Iy’
P o—p 12 1 1 Ttwsn _sn
WS wsdc sdc|: + 2 n; <Rwsdc) <Isdc> :|
1< L\’
= Fysde |:1 + 5 ; FRS“ (Isdc)

_ °° sin[nm(1 — D)]]?
= wsdc{l‘*‘Z;FRsn[m] }

Fren (25)

= Dwsde
where the secondary winding DC power loss Py
Ryelei- The secondary winding harmonic loss factor is
defined as the total secondary winding DC and AC power
loss normalised with respect to the secondary winding DC
power loss given by

_ Py > sin[n(1 — D)]1?
FRsh_P = 1+2;stn[,m(1_D)] (26)

wsdc

where

R
FRsn: wsn:an—'—Fpn:A\/ﬁ
Rwsdc

cosh(244/n) — cos(24,,4/n)

2N} — 1) sinh(dy/m) — sin(dym) |
* 3 cosh(4/n) + cos(4./n) 27)

y [ sinh(24./n) + sin(24/n)
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In (26), Frsy can be computed using (27) for the secondary
winding and using (18), (19) and (20) for rectangular,
square or round secondary winding wire, respectively.

4 HF transformer design for a flyback
converter in CCM

The above theory will be illustrated by the case study of
the transformer used in the flyback converter operating in
CCM. The following specifications of the flyback converter
are used: DC input voltage ;=50 + 10V, DC output
voltage Vo = 24 V, maximum output power Pognax = 30 W,
minimum output power Pomin=35W and switching
frequency f; = 100 kHz. Using the procedure for the flyback
converter design [33], a step-by-step design procedure of the
flyback transformer is given in Table 1. A list of symbols is
given in Table 2. In Table 1, steps 1—4 are the flyback
converter specifications. The design equations for the
transformer used in flyback converters for CCM operation
are given in steps 5—14 [33]. Steps 15—19 are used in the
calculation of area product. In steps 15 and 16, the values of
window utilisation factor K, and peak flux density B are
assumed to be 0.3 and 0.31 T, respectively. The typical values
of K, for transformers and inductors are 0.3 and 0.4,
respectively. The typical range of values of saturation flux
density B for ferrite core material at high temperatures is
03-0.35T. In step 17, the value of current density J,
is assumed to be 6 A/mm?. The typical range of J,, for power
converter applications is 0.1—8 A/mm>. Using the value
of area product calculated in step 19 and using the
manufacturer’s datasheets, the parameters of the selected core
are listed in steps 20—29. In order to mitigate the influence of
skin effect, several strands of copper wires are used to make
the primary and secondary winding wires. The diameter of the
bare strand is taken to be twice the value of skin depth &,.
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Fig.5 Spectra of primary and secondary currents, winding resistances and winding power losses

a Amplitudes of the fundamental component and the harmonics of the flyback transformer primary winding current in CCM at minimum DC input voltage V; and

maximum output power Pg

b Spectrum of the primary winding AC resistance of the flyback transformer

¢ Spectrum of the primary winding power loss of the flyback transformer at minimum DC input voltage 7; and maximum output power Pq
d Amplitudes of the fundamental component and the harmonics of the flyback transformer secondary winding current in CCM at minimum DC input voltage V;

and maximum output power Pg

e Spectrum of the secondary winding AC resistance of the flyback transformer

f Spectrum of the secondary winding power loss of the flyback transformer at minimum DC input voltage /7 and maximum output power Po

The value of skin depth &, which is a function of converter
switching frequency f; is calculated in step 30. The parameters
of the selected strand wire are listed in steps 31-36.
Equations in steps 37—40 and 46—50 are used to determine
the number of turns and the number of strands of primary and
secondary windings, respectively. Steps 41-45 and 51-55
are used to estimate the DC resistances and the power losses
of primary and secondary windings, respectively. The total
DC power loss and the total winding power loss are estimated
using steps 56 and 57, respectively. Steps 58—62 are used to
estimate the transformer core loss. In step 61, the core power
loss density is estimated using the Steinmetz equation
[40, 41]. Step 63 gives the total transformer power loss. Steps

370
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64—66 are used to estimate the temperature rise of the
transformer. In step 66, an empirical formula is used to
estimate the rise in temperature of the transformer [30]. The
assumption of the value of K, in step 15 is rechecked in step
67. The efficiency of the transformer estimated at full power
and minimum DC input voltage is given in step 68.

5 Characteristics of a HF transformer for
flyback converters in CCM

In this section, the computed characteristics of the designed
flyback transformer are presented for a wide range of
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Fig. 6 Spectra of primary and secondary currents and winding power losses

a Amplitudes of the fundamental component and the harmonics of the flyback transformer primary winding current in CCM at maximum DC input voltage /; and
maximum output power Pgo

b Spectrum of the primary winding power loss of the flyback transformer at maximum DC input voltage ;7 and maximum output power Po

¢ Amplitudes of the fundamental component and the harmonics of the flyback transformer secondary winding current in CCM at maximum DC input voltage V;
and maximum output power Pg

d Spectrum of the secondary winding power loss of the flyback transformer at maximum DC input voltage ¥; and maximum output power Po
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Fig. 7 Simulation results of the amplitudes of the fundamental component and the harmonics of the flyback transformer winding currents in
CCM

a Converter operating at minimum DC input voltage Vi, and maximum output power Pomax. Top trace: I, for primary winding current waveform. Bottom
trace: Iy, for secondary winding current waveform
b Converter operating at maximum DC input voltage Vimax and maximum output power Pomax. Top trace: I, for primary winding current waveform. Bottom
trace: I, for secondary winding current waveform

operating conditions of the flyback converter in CCM, that is, and the width of the primary winding current waveform is
over the entire range of the load current and the DC input low and contains many significant harmonics. It is also seen
voltage. Fig. 2 shows the primary winding harmonic loss that the maximum value of Fgrg, occurs at minimum input
factor Fgp, and the secondary winding harmonic loss factor voltage. This is because at minimum input voltage, the duty
Frqn as functions of input voltage 7] computed using (14), cycle is high and the width of the secondary winding
(15), (20), (26) and (27) at N;,=2, d/8,; = 1.9378, current is low and contains many significant harmonics. For
d/p = 0.8 and n = 100. It is clearly seen that the maximum CCM operation, Fgy, and Fgrg, are independent of the load
value of Fgp,, occurs at maximum input voltage. This is current. The value of Fgp, and Fgg, at the minimum input
because at maximum input voltage, the duty cycle is low voltage for a specific case of the CCM flyback transformer
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is predicted to be 5.195. Using Fryp, and the primary winding
DC power loss obtained in step 45, primary winding loss P,
as functions of input voltage and output power is plotted in
Fig. 3a. The maximum primary winding power loss occurs
at full load and minimum input voltage. Using Fry, and the
secondary winding DC power loss obtained in step 55,
secondary winding loss P, as functions of input voltage
and output power is depicted in Fig. 3. The maximum
secondary winding power loss occurs at full load and
minimum input voltage. The plot of total winding power
loss P, of the transformer as functions of input voltage and
output power is shown in Fig. 3¢c. The maximum total
winding power loss occurs at full load and minimum input
voltage.

The variation of core loss Pc as a function of input
voltage is shown in Fig. 4a. The core loss is calculated
using steps 12, 29 and 58—-62 in Table 1. The total power
loss P., of the transformer as functions of input voltage
and output power is shown in Fig. 4. The maximum total
power loss of the transformer occurs at full load and
minimum input voltage. Fig. 4c shows the temperature rise
AT in the flyback transformer as functions of input voltage
and output power. The plot of transformer -efficiency
7, as functions of input voltage and output power is
shown in Fig. 4d. As expected, the minimum efficiency of
the transformer occurs at full load and minimum input
voltage.

Figs. Sa—c show the spectra of the primary winding
current, the primary winding AC resistance and the primary
winding power loss computed using (11), (14) and (13),
respectively, for the flyback transformer in CCM at full
load and minimum input voltage. Figs. 5d—f shows the
spectra of the secondary winding current, the secondary
winding AC resistance and the secondary winding power
loss calculated using (24), (27) and (25), respectively, for
the flyback transformer in CCM at full load and minimum
input voltage. Figs. 6a and b show the spectra of the
primary winding current and the primary winding power
loss computed using (11) and (13), respectively, for the
flyback transformer in CCM at full load and maximum
input voltage. Figs. 6¢ and d show the spectra of the
secondary winding current and the secondary winding
power loss using (24) and (25), respectively, for the flyback
transformer in CCM at full load and maximum input
voltage. The winding resistance is independent of both the
input voltage and the load current.

6 Experimental and simulation results

The designed transformer was built and the winding DC and
AC resistances were measured at selected frequencies using
Hewlett Packard 4275A multi-frequency LCR meter. The
AC resistances of the primary winding of the transformer
measured at 100, 200, and 400 kHz were 0.386, 0.861 and
1.588 (), respectively, and were in good agreement with the
theoretical values presented in Fig. 5h. The AC resistances
of the secondary winding of the transformer measured at
100, 200, and 400 kHz were 0.275, 0.706, and 1.404 (),
respectively, and were in fairly good agreement with the
theoretical values presented in Fig. Se.

The parameters extracted from the constructed two-
winding flyback transformer were used in the transformer
for the simulation of a flyback converter in CCM. Figs. 7a
and b show the spectra of the primary and secondary
winding currents for minimum and maximum DC input
voltages, respectively, for the flyback transformer in CCM
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at full load, obtained from Saber Sketch simulation. The
theoretical values of the amplitudes of the fundamental
component and the harmonics of the primary and secondary
current waveforms of the flyback transformer predicted in
Figs. 5 and 6 were in excellent agreement with the
simulated waveforms of Fig. 7.

Measurement of the winding losses is a challenging
problem, especially with the current harmonics present in
the primary and the secondary windings. A major difficulty
is to separate the winding losses and the core loss. Also, the
other component losses have to be considered while
measuring the converter efficiency. Therefore the theory
proposed in this paper is validated by presenting the
experimental results of the winding DC and AC resistances
measured at the fundamental frequency and several
harmonics for the windings of the constructed transformer
along with simulation results depicting the spectra of
currents in primary and secondary windings of the two-
winding transformer used in a flyback converter.

7 Conclusions

Expressions for the primary and secondary winding power
losses for periodic non-sinusoidal transformer current
waveforms have been derived. A transformer has been
designed for a flyback converter in CCM and its
performance has been evaluated as functions of the output
power and DC input voltage. The resistances of both
windings have been measured at selected frequencies. It has
been shown that the primary winding harmonic loss factor
Frph increases as the DC input voltage V7 increases because
the duty cycle decreases with increase in V;. In contrast, the
secondary winding harmonic loss factor Fgrg, decreases as
the DC input voltage increases because the width of the
secondary current increases with increase in Vj. Both these
factors are independent of the output power. The winding
power losses caused by the harmonics of the primary and
secondary currents are not negligible for CCM operation of
isolated PWM converters. This is because the spectra of the
winding currents are very rich as opposed to the inductor
current spectrum in non-isolated PWM converters. The
maximum power loss in each winding occurs at the
minimum DC input voltage V; and the maximum output
power Po for the CCM flyback converter. A similar
procedure to evaluate the winding power losses in
transformers can be used for other isolated converters.
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