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Abstract: Due to their several advantages, tape-wound core transformers are used in various power electronic systems. To obtain the
optimal designs of the transformer using multi-objective optimization techniques, the effect of its performance on the whole system
should be accounted for without computational liability. This may be achieved by deriving a meta-model based on scaling laws
which relate the transformer performance equations to general quantities such as rated power, frequency and current density. A per-
unit T-equivalent circuit and magnetic equivalent circuit model are used to obtain the transformer scaled model. By using genetic-
algorithms based multi-objective optimization and curve fitting techniques, the transformer meta-model is derived. The derived
meta-model is used to study the effect of varying frequency and rated power on the transformer performance.
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Specifically, the MEC model is used to establish
leakage inductances and an initial guess of the

1. INTRODUCTION

Tape-wound transformers are used in numerous
applications, including power distribution, galvanic
isolation, amplifiers, and dc-dc converters [1]-[4]. An
advantage of tape-wound transformers is that there is no
airgap in the core. In contrast, in stacked lamination
designs, cores are typically assembled by bonding U or |
segments together, which creates an effective airgap,
which increases the Magnetomotive force (MMF)
necessary to obtain a desired flux level in the core.

In order to analyze and design a tape-wound
transformer, a model of the transformer is required. This
may be achieved by using finite element analysis [5]-[6]
or analytical techniques [7]-[12]. Since finite element
analysis is computationally very expensive, analytical
model is considered herein. The T-equivalent circuit in
conjunction with the magnetic equivalent circuit (MEC)
model [8]-[12] is considered in the work herein. The
transformer operating point analysis may be conducted by
establishing coupling between the MEC and a T-
equivalent circuit which includes a core resistance to
model core loss, to iteratively establish transformer
performance from specified primary voltage and load
impedance. To do so, the approach proposed in [9] is
applied.

magnetizing inductance. From these values, the T-
equivalent circuit is used to predict magnetizing and
secondary voltages and currents, as well as the primary
current. These values are then used to update the
magnetizing inductance. In addition, the winding currents
are input to the MEC model to calculate core flux
densities, which are used to update the core resistance.
The final iteration is then used to obtain transformer
performance, which includes voltage regulation, in-rush
current, core loss, and winding loss.

After performing the operating point analysis, Multi-
objective optimization techniques, such as particle swarm
[11], or genetic algorithms [12]-[15], may be used to
obtain optimal designs of the transformer. Genetic
algorithms (GAs) is used herein to perform a multi
objective optimization to obtain the optimal designs based
on trade-off between transformer mass and total loss [12]-
[15]. In this optimization process, the winding and core
geometries and material properties are considered as free
or arbitrary parameters. In order to obtain practical
designs, constraints include limits on in-rush current,
physical dimensions of the transformer, mass, voltage
regulation, current density, bending radius, winding
height, no-load voltage, and primary current amplitude are
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imposed. The total mass and total loss correspond to each
set of free parameters are evaluated. The process is
repeated to obtain a Pareto-optimal front that constitutes
the trade-off between the transformer mass and loss.

However, when the transformer is a component in a
multiple component system, it is not accurate to optimize
each component separately since the performance of one
component such as temperature affects the performance
of another component in the system [13]. On the other
hand, the optimization based design of the system may
not converge to the desired solution when all components
are considered as a single optimization problem.

To resolve this issue, scaling laws are used to derive a
meta-model for the transformer [13]. In the work herein,
the meta-model is derived for the tape-wound
transformer. Using the normalized MEC model and the
multi-objective optimization approach, pareto-optimal
front between normalized mass and normalized loss is
obtained. Then the curve fitting techniques are used to
obtain the meta-model which represent the optimum
designs as a function of the transformer rated power,
operating frequency, and current density.

The contribution of this work to the one discussed in
[13] is that:

(i) Core loss is included

(ii) Voltage regulation is included

(iii) The meta-model is a function of frequency

(iv) The derived meta-model is used to conduct the
transformer performance evaluation.

2. TAPE-WOUND TRANSFORMER GEOMETRY

Prior to deriving the scaling laws, it is useful to define
the dimensions of the transformer considered as well as
the T-equivalent circuit that is used in concert with the
MEC. A cross-sectional view taken from the front of a
core-type tape wound transformer is shown in Fig. 1. The
grey region is the core, the lighter orange region is the a-
winding and the darker orange region is the S-winding.
The variables « and S are used to denote secondary and
primary windings, respectively. As depicted in Fig. 1 the
core corners are curved and not rectangular since the core
considered herein is tape wound. The advantage of
curvature is the reduction of saturation at the corners
which may improve the transformer performance. The
bending of a coil is accomplished at a certain radius which
is proportional to the radius of the coil conductors as
illustrated by the top cross-sectional view shown in Fig. 2.
Thus, parallel conductors are generally used to reduce the
bending radius.

W,

Figure 2. Tape-Wound Transformer Top View

3. SCALING LAWS AND NORMALIZATION BASE

The objective of this section is to set the stage for the
normalization process by defining the normalization base.
The goal is to scale all quantities tied to ratings (i.e.
dimensions) and not those that are rating independent (i.e.
flux density and field intensity) [13].

Since the transformer key equations and design
constraints can be expressed in terms of current density,
the current density is considered as a good candidate to be
a parameter in the scaling laws (in addition to power and
frequency). Another advantage of selecting the current
density as a parameter is that it is a general quantity. In
other words, a particular value of the current density may
correspond to a wide range of transformer sizes, power
ratings, and voltage levels.

A. Geometrical Quantities
The linear dimensions are scaled as [13]

X=x/D (1)

In (1), the notation “** denotes the scaled quantity and
D is the normalization base. The area and volume are
scaled accordingly using [13]

d=al/D? (2)
U=U/D* 3)
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Since mass is obtained by multiplying the volume by [N di
the mass density which depend only on the material type vo=2 4 (12)
then from (3) ' ood T dt

M=M/D’ )

B. Electrical Quantities

As mentioned earlier, it is not desired to scale the flux
density when deriving the meta-model. To achieve that,
the current must be scaled as [13]

I =i/D (5)
The current density of winding j is defined as

J _ N jel ijc (6)
J kjpf Al'Cl

where N, i, k., and A, are the number of turns,
current, packing factor, and cross-sectional area of coil j

respectively.

Applying (2) and (5) to (6), the scaled current density
is [13]

A

j=p )

The flux linkage associated with j-winding is

expressed as
4 =N,J, B-ds (8)

]
where S; is the surface.

Since the flux density is not scaled [13], then from (2),
the scaled flux linkage can be expressed

A=A1D )

The j- winding instantaneous voltage is calculated
using

JJ’li d/IJ'

v, - (10)
' oa ' dt

where |, and a; are the winding j wire length and area

respectively, i

o is the winding conductor material conductivity.

is winding j instantaneous current and

If time is scaled as [9]
f=t/D? (11)

then from (1), (2), (5), and (9), the voltage can be
expressed in terms of scaled quantities as [13]

From which one can observe that voltage is not scaled.

The frequency is the reciprocal of time and therefore,
from (11) the frequency is scaled as

f = fD? (13)
The scaled rated power is defined as [9]
S,=S./D (14)

C. Normalization Base Selection

The selection of the normalization base is a very
crucial step. Since transformers are typically defined in
terms of the rated power, the base of normalization is
selected to be the rated power; thus,

D=5, (15)

D. Nominal Design Performance

Before starting the scaled design process, it is useful to
explain how one can apply the equations derived thus far
to a specific design. If the voltage of winding j and
transformer rated power are defined, then the winding j
rated current is calculated using

(16)

If the winding j current density is defined and the
winding dimensions are known, then the number of turns
for the corresponding winding is calculated using (6).
After calculating the current density, the transformer
performance equations can be evaluated.

4, TAPE-WOUND TRANSFOREMR SCALED MODEL

Now, the scaling laws derived in the previous section
are applied to the tape-wound transformer. Prior to doing
so, it is convenient to consider the T-equivalent circuit
shown in Fig. 3 [9].

i 2 s Lfﬁ L!rx {’a i I
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m
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Figure 3. Transformer T-equivalent Circuit
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The development of a magnetic equivalent circuit
(MEC) model enables efficient magnetic analysis and
design. As concluded in [10], the MEC model shown in
Fig.4 can be used to represent the transformer magnetic
equivalent circuit within reasonable accuracy. The MEC
model shown in Fig. 4 is used in conjunction with the T-
equivalent circuit to perform the transformer operating

point analysis and to evaluate the transformer
performance.
o Tov
P
2 ac| P
P 2N, e
acl'ac 4
2 ml
Adj (pch
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2

Figure 4. Reduced Magnetic Equivalent Circuit

The scaled T-equivalent circuit parameters need to be
independent of number of turns. To achieve that, the per

unit value ™ which correspond to an actual quantity
f is defined as

f(P-U) - (17)

base

Using the per-unit definition and the scaling laws
derived in the previous section along with the T-
equivalent circuit model shown in Fig. 3 and the MEC
model shown in Fig. 4, the scaled parameters of the T-
equivalent circuit may be obtained. The scaled per-unit
value of the linear magnetizing inductance is expressed as

A
ac|s & &
Jp=ippda=0

NN,k A

pep = ptmppf el

l:(p.u) — Y" pst

'm0 b

(18)

The scaled per-unit values of the leakage inductances
of the a-winding and p-winding are respectively
expressed as

ac ac

35=03,=3,

NacsNacp‘ja‘lkapancl_N N j k A

fes” " frep ™ g ot T el

3p=dpda=0

(19)

|:(|PU) :YApsl
o b

i b
Apu) G ps Bel3,=3,0300 3,3y 034=0
= =N T A | @
pes” T pep T Bt ppf T Bl
The winding resistances are obtained using
Flow :Y"pst Uacl (21)
a b ~
kapf Ajcl O_rzc Nacs ercp
) u
f:lgp.u) =prsl k = pel (22)
Ao, N N

Bt © pel = pet T pes T pep

where YAD"St is the base conductance per square turn which
is defined as

A

A 2
A~ pst (k/]pf Aﬂcl ‘]base N,Bcs Nﬂcp )
Y, = g (23)

base

It is noted from the latest equations that the scaled per-
unit quantities of the T-equivalent circuit model are not
functions of the number of turns. In the next section, the
scaled per-unit T-equivalent circuit model will be used in
conjunction with the MEC model to conduct the operating
point analysis.

5.  OPERATING POINT ANALYSIS

The operating point analysis is conducted using a
numerical method [9]. As discussed in the previous
section, the T-equivalent circuit and the MEC are
expressed in terms of the p.u. quantities instead of the
actual quantities. It is assumed that the analysis is
performed under normal loading conditions with the

assumption that the input voltage \7£ and the referred load

impedance Z, are constant.

The steps of the numerical method are as follows:

A. Step 1 — Magnetizing Current Density as a Function
of Magnetizing Flux

Since it is not desired to specify currents and number
of turns, the magnetizing curve is constructed as a
relationship between the magnetizing current density and
the magnetizing flux. To obtain this relationship using the
MEC, the f~winding current density is set to zero and test
current densities between zero and multiple of the
nominal are applied to the o—winding. The magnetizing

flux corresponding to a test current density jm is
calculated as

24
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From this data, the current density is generated as

jml =F, (é)m)

Initialization

(25)

B. Step2-

The p.u. value of the core resistance and the
magnetizing inductance are initialized to

Ficl(p'”) =0

meu _ [ (pu)

Also from (26) the component of the p.u. magnetizing
current that flows in the core resistance is initialized to

(26)

27

1Y =0 (28)
C. Step 3 - Solving the p.u. T-equivalent Circuit

In order to solve the T-equivalent circuit, the p.u.
values obtained in the previous section are used. From the
T-equivalent circuit depicted in Fig.3, the per-unit
impedance at the magnetizing branch is calculated as:

H "k(p.u) Jk
g __JoL" R
RYPY) 4 jo Q:n(p-U)

c e
The per unit values of the a-winding branch

impedance and the referred B-winding branch impedance
are defined as

(29)

20 =" + joo, 0 (30)

2 =6+ jo G (31)

The series combination of Z*Y and Z* s
expressed as

AR N RS

And finally, the parallel combination of Z**" and
7 (pv)

o is expressed as

7 k(p-u) 7 (pu)
2 k(p.u) — Zm Zal

mal Z":](p_u) + Z"[glp_u) (33)

Using the impedance expressions derived in (29)-(33),
the p.u magnetizing voltage and the voltage and current at
the load side are calculated

5 k(p.u) A
Z 7k(p-u)

mal

Fk(pu) —
7k(pu) | 7 (pu) A
Zmarl + Z[f

m

(34)
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A 7 (pu) s
k(p.u) _ | k(p.u)
Va - 2(pu)+2(pu) m (35)
| a
~ V:k(p,u)
k(pu) _ Ya
[ = I (36)

It is noted form (6), (7) and (17) that the p.u current
and current density are equal, thus

jk(p.u) _ Isk(llu)j (37)
a a base
D. Step 4 — Magnetizing Current Density
The p.u. magnetizing voltage is assumed to be
AN VAR sin(cbef+¢§vkm) (38)

The p.u magnetizing flux linkage obtained from the
magnetizing voltage using Faraday’s law as

ﬂ &

A

A = ——cos(af

+45)  (39)

The relationship between the p.u. flux and flux linkage
is considered

S
)

(40)

From the definition of p.u. inductances, it can be noted
that the base flux linkage is equal to the base voltage

A A

ﬂ’base Vbase (41)

Using (6), (7), (17), (40) and (41), the actual value of
the magnetizing flux can be expressed as

é)k ~ ﬂ, k(p. U)S

NN K J

m
pep " ppf  base ﬁcl

(42)

Substituting the value of the magnetizing flux obtained
using (42) into (25) yields the corresponding magnetizing
current density then the p.u. magnetizing current is
calculated as,

i‘k(p.u)
mL

(43)

-0
‘]base
The total p.u. magnetizing current is then calculated as

0 (£) =10 (€)1 (€)

(44)
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E. Step 5- Updating Magnetizing Branch Parameters

In this step, the p.u. magnetizing inductance and the
core resistance for the following iteration are calculated.
First the s-winding current is calculated

i\;(PU) (f) — fr:(P“) (f)_f:(l’“) (f) (45)

The current density of the g-winding is then calculated

as
2 _ :‘.( u) A
J, =10 (46)
The mmf of the j-winding is defined as
. k Tk A
mmf* =27k A, (47)

Using the MEC depicted in Fig. 3 with the winding
mmfs defined in (47), the flux density in the core tube is
obtained. Then the MSE is used to compute the core loss

P, [9]

Using (17), the per unit core loss is calculated as

e P
Ryt =5 (48)
Pbase
Next, the p.u. core resistance is updated
(\; K(pv) )2
Rk+1(P‘u) — (49)

¢ If)k(v-U)

cl

The p.u. current in the core resistance for the next
iteration is thus computed as

t(pa) Vk(p-U)
=k+l(p.u m
== 50)
mR k+1(p.u) (
R P
Next, the Fourier series is used to obtain the
fundamental component of the p.u. current through the
magnetizing inductance. To do so, Fourier series
coefficient are expressed as
. 4712 0 fp RS
4, == £ i (£)cos(a,f)df (51)
~ N
bt == £ i (€)sin(a,f) df (52)

The p.u. rms value of the magnetizing current through
the magnetizing inductance is computed as

mw=j§<amﬁ4@qz (53)

Subsequently, p.u. value of the magnetizing
inductance for the next iteration is updated as
. v‘k(p.u)
L) = (54)
m A k(p.u)
welmLp

F. Step 6 — Checking the Convergence

To check the convergence, the error metrics are

defined
5 k+( p.u) Sk(p.u)
e =max| | — R
| Rk+l(p.u) | !

I:k+l( pu) I:k(p,u)

|:k“{p-U) |] (55)

m

In (55), if the error is less than the maximum allowed
error, emx then the algorithm proceeds to the final
calculation step. Otherwise, the iterative process is
repeated starting at step 3.

G. Step 7 —Final Calculations

Once convergence is obtained, the transformer total
power loss is computed. The resistive power loss is
calculated as

A A 2 A 2
e = ple) ( i (p-U)) n fa(p'u) ( i (p-U)) (56)
The p.u. total power loss is
R =R+ R (57)

From (17), the actual value of the total power loss can
be obtained

A

R=R"R.

(58)

The current density in the j-winding is also calculated
using

3, = |11, (59)

J

6. TRANSFORMER META-MODEL DERIVATION

In order to derive a meta-model which represent a
wide range of transformer ratings and frequencies, a
genetic algorithms based multi-objective optimization is

conducted between scaled total mass M, and total loss

P of the transformer. To achieve that, the fitness function
is defined as

!
f(6.0)=4|M, B| (60)

where the design space vector 6 is defined as,
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2 ~ TABLE Il DESIGN SPECIFICATIONS AND FIXED PARAMETERS
h 61
0:|:‘]r mc mﬂ B I’wﬁw ma rhaw rwaw r:iw rwes rrcl:| ( )
Parameter Value Parameter Value
where h,, is the scaled height of the $-coil and the ratios vy 1 ot 100
o (J=0,0), T Ty e and 1, are defined as (A 1.02 N, 50
W Ve 0.98 O, 10°
— W
= (62) irimea 01 O 10
/fW A
L5 1 10°
(= h,, (63) T 0.05 ¢, 10°
" s 22 ¢, 10°
A (pu) A* 9
d ey 0.05 ¢, 10
fo, = (64) o - g
N \ [1 1] ” 10
" atal [2 1] K, o 06
rrci: "Cl (65) (;‘)e ah)e [1 1] k/ipf 06
™ w [0.1 0.4 0.5] N, 2
_The design parameter encoding a_n(_j range which is B 01 N,. 1
defined between maximum and minimum values as -
depicted in Table | T 2210, Noey 2
J, 10° N,. 1
TABLE I. DESIGN PARAMETER ENCODING 3 10°
Bt
Number | PARAMETER Minimum Maximum Type . . . . .. A
: " n 8“ xmy P The multi-objective optimization is repeated for four
14 H H . - - . .
1 J, 10 10 Logarithmic different frequencies with the current density defined as a
2 m, 1 4 Integer design parameter. As a result, four Pareto-optimal fronts
3 m 1 2 Integer which represent the trade-off between the scaled mass and
~ ~ —— the scaled loss are obtained. The normalized mass versus
4 Ny 10 10 Logarithmic normalized current density and normalized loss versus
5 r, 0.1 20 Logarithmic normalized current density at each normalized frequencies
pw
6 m 1 5 Integer are depicted in Fig. 5 and Fig. 6 respectively.
7 o 0.1 20 Logarithmic o Py
Meta-model
8 . 0.1 20 Logarithmic . L amet ot
10 10 .
9 I 0.1 20 Logarithmic — Moot v
= 15410'0 Hz W2
10 [ 0.01 10 Logarithmic X Ll
11 r, 10* 10° Logarithmic =
10
The design specification vector D is defined in Table 11
10

10’ 10"
3o (AW 7 m?)
Figure 5. Normalized Mass versus Normalized Current Density

10

1"0'0 Hz W2
Meta-model
375M0"0 HeW?
Meta-model

15°10'° Hz W2
Meta-model

Qar

10° 10
J. (4w Im?)

Figure 6. Normalized Loss versus Normalized Current Density
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Applying curve fitting techniques to these four curves
yields the transformer meta-model [13]

M =C,P* ()" (3P )™ (66)

ol nfl2

R=CP (R ()" +b, ) (F)"  (67)

The parameters of the meta-model expressed by (66)
and (67) are calculated using curve fitting techniques and
listed in Table II.

TABLE II1. META-MODEL PARAMETERS
Parameter Value Parameter Value
C, 9.218*10° b, 2.907*10*
Ny -0.9155 n, 1.098
Ny -0.6892 N, -0.5345
C, 2.993*107 Ny, -0.1137

The parameter distribution plot is depicted in Fig. 7.
As shown, each parameter tends to almost converge to a
specific value except b; which seems to have less
significant contribution to the loss Meta-model equation.
As shown, the parameters are normalized with zero
correspond to the minimum value and one correspond to
the maximum value.

Qe S5y

Normalized Gene Value

Parameter

Figure 7. Distribution Plot of Meta-Model Parameters

The curves predicted by the meta-model are plotted
with the original data in Fig. 5 and Fig. 6. It can be seen
that the meta-model is reasonably accurate in predicting
the relationship between normalized mass and loss for
different values of normalized frequency and current
density.

7. META-MODEL BASED PERFORMANCE
EVALUATION

In the previous section, multi-objective optimization
approach and curve fitting techniques were used to derive
the transformer met-model. The meta-model relates the
transformer total mass and power loss to the current
density, frequency and rated power. In this section, the
derived meta-model is used to predict the performance of
a wide range of rated power, frequency, and current
density.

To study the effect of the transformer rated power on
the total mass and total loss, the frequency is set to 1 kHz
and the current density is set to 7.6 A/mm? which
correspond to the thermal limit for copper conductors [9].
The rated power is varied between 1 kW and 100 kW. As
illustrated in Fig. 8, the total mass per kW decreases as the
transformer rated power increases.

200

150 <

100

M/ P.(kg/kW)

50

0 . :
10° 10" 10°
P, (kW)

Figure 8. Total Mass per kW versus transformer rated power

The efficiency increases with increasing the
transformer rated power as depicted in Fig. 9. This should
be expected since the transformer performance is better
for larger transformers.

99.95

99.9 : e

99.85

1 (%)

99.75 — '
10° 10! 102
B, (kW)

Figure 9. Efficiency versus transformer rated power

The effect of the frequency on the transformer mass is
depicted in Fig. 10. By varying the frequency between 10
Hz and 1 kHz with the rated power set to 10 kW and at
7.6 A/mm? current density. As one may expect, the
transformer total mass is inversely proportional to
frequency. This explain the tendency of operating many
power electronic systems at higher frequencies. Since core
loss is included in the meta-model derivation, the meta-
model can accurately predict the transformer performance
with operating frequencies up to few kHz. The effect of
the parasitic capacitances is negligible at this frequency
level [10].
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Figure 10. Total mass versus frequency

The transformer efficiency is also plotted with

frequency as illustrated in Fig. 11. As shown, the
efficiency improves as frequency increases which give
another advantage of operating the transformer at higher
frequencies.

99.88

99.86 — e

99.84

99.82

17 (%)

99.78

99.76 IR e
10 102 10®
1 (Hz)

Figure 11. Efficiency versus frequency
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