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Abstract

Transformers are still widely used for adjusting the voltage and current levels;
one of their most recent application areas is electric vehicles (EV) dc charging stations. In
order to provide charging to several vehicles simultaneously, it is possible to employ a multi-
winding transformer consisting of one primary and a few separate secondary windings. In the
introductory chapters of the following work, a brief summary of the transformer theory and
self- and mutual inductance effects is presented and the general EV charging station system
is described, emphasizing the advantages of using a multi-winding transformer. Two different
topologies of ac-dc power conversion are presented: one consisting of a diode bridge
rectifier and step-up/down converter and the other one of a voltage source converter
operating as a boost rectifier. A comparison between them is made in terms of components

choice, control complexity and waveforms quality.

The core work starts with a simple, but at the same time detailed design procedure of
four- and six-coil transformers for the given application. The parameters of the equivalent
network of each transformer are identified by using classical analytical approach and coils
geometry as input variables. The aim of this modelling procedure is to estimate the copper
and core losses in ideal sinusoidal operating conditions. After having selected one of the
designs proposed, based on its characteristics and modelling ease, a more detailed analysis
of the transformer performances in distorted conditions is presented. Harmonic components
of the secondary and primary transformer currents are determined by Fourier analysis, and
total harmonic distortion, copper and core losses, as well as transformer efficiency are
estimated. Waveforms are obtained by synthesis of the Fourier components. Different pulse-
width modulation techniques are analyzed in terms of switching frequency and carriers’
phases; unbalanced load conditions are investigated as well. A brief temperature validation

of the transformer design is done according to the relevant standards.

Keywords: electric vehicle dc charging station, multiple secondary winding,
leakage inductance, self- and mutual inductances, coils disposition,

harmonics content.



Sintesi

I trasformatori sono ancora ampiamente utilizzati per regolare i livelli di
tensione e corrente; una delle aree di applicazione piu recenti sono le stazioni di ricarica in
corrente continua per veicoli elettrici (EV). Al fine di fornire la ricarica a piu veicoli
contemporaneamente, ¢ possibile impiegare un trasformatore a piu avvolgimenti costituito
da un avvolgimento primario e alcuni avvolgimenti secondari separati. Nei capitoli
introduttivi del seguente lavoro, viene presentato un breve riassunto della teoria del
trasformatore e degli effetti di autoinduttanza e di induttanza reciproca e viene descritto il
sistema generale di stazioni di ricarica EV, sottolineando i vantaggi dell'utilizzo di un
trasformatore a pin avvolgimenti. Sono presentate due diverse topologie di conversione di
potenza in ca-cc: una costituita da un raddrizzatore a ponte di diodi e un convertitore step-
up/down e l'altra da un convertitore di sorgente di tensione che funge da raddrizzatore boost.
Viene effettuato un confronto tra loro in termini di scelta dei componenti, complessita del

controllo e qualita delle forme d'onda.

1l lavoro di base inizia con una procedura di progettazione semplice ma allo
stesso tempo dettagliata di trasformatori a quattro e sei avvolgimenti per la specifica
applicazione. I parametri della rete equivalente di ciascun trasformatore sono identificati
usando l'approccio analitico classico e la geometria degli avvolgimenti come variabili di
input. Lo scopo di questa procedura di modellizzazione e stimare le perdite di rame e di ferro
in condizioni operative sinusoidali ideali. Dopo aver selezionato uno dei progetti proposti, in
base alle sue caratteristiche e alla facilita di modellazione, viene presentata un'analisi piu
dettagliata delle prestazioni del trasformatore in condizioni distorte. I componenti armonici
delle correnti del trasformatore secondario e primario sono determinati dall'analisi di
Fourier e vengono stimate la distorsione armonica totale e le perdite di rame e di ferro,
nonché l'efficienza del trasformatore. Le forme d'onda sono ottenute per sintesi dei
componenti di Fourier. Vengono analizzate diverse tecniche di modulazione della larghezza
di impulso in termini di frequenza di commutazione e fasi dei portatori e vengono studiate
anche le condizioni di carico sbilanciato. Viene eseguita una breve convalida della

temperatura del progetto del trasformatore secondo le norme pertinenti.



Parole chiave: stazione di ricarica in corrente continua per veicoli elettrici,
avvolgimento secondario multiplo, induttanza di dispersione, induttanza
autonoma e reciproca, disposizione degli avvolgimenti, contenuto di

armoniche.



Introduction

The transformer is a mature technical product and its story is closely linked to the
beginnings of the application of electrical energy in the last decades of the 19" century. It all
started with the principle of induction discovered by Faraday in 1831. He basically found out
that when a changing magnetic flux links a circuit, a voltage or electromotive force is induced
in that circuit. Therefore, the so called inductors were the first devices based on Faraday’s
principle [1]. In March 1885, the three young engineers of the Hungarian Ganz factory,
Karoly Zipernowsky, Otto Balathy and Miksa Deri presented the transformer as a part of a
lighting system: the energy produced by a 100 Hz ac generator was transmitted to 12 pieces
of 5 kVA shell-type and 4 pieces of 7.5 kVA core-type transformers which produced 60 V
secondary voltage to supply more than a thousand of Edison’s incandescent lamps in parallel.
The main inventions were: developing a transformer with closed iron core and low drop (the
terminal voltage to be almost independent of the load), separating high voltage supply
network from low voltage consumer networks, and finally, connecting consumers groups in

parallel to the main line [2].

The transformer basic principles remain more or less unchanged; however there were
numerous improvements of the specific design characteristics and properties. Power ratings
and voltage level increased several orders of magnitude (as shown in Figure 1), while its
dimensions, weight and power losses decreased dramatically. These improvements have been

achieved due to the materials selection and development of advanced design tools [3], [4]:

e Core material: low loss and high magnetic saturation (= 2T) are obtained with cold
rolled grain oriented steel sheets. It provides reduction in lamination thickness (up to
0.18 mm), improved grain size and orientation, surface polishing, etc. Increasing the
Si content decreases eddy current losses and magnetostriction, i.e., the noise generated
by the core. For distribution transformers up to 2.5 MVA amorphous cores are widely

used.

e Conductor material: continuously transposed conductors have influenced winding
design in reducing additional losses. Some of the recent innovations employ different
types of superconductors, which provide much lower winding content and losses, and
a higher overloading capacity; however not on a commercial scale yet. A combination
of semi-conductor layer insulated with cross-linked polyethylene is experimented in

dry-type transformers.
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e Insulating material: cellulosic material, i.e., paper, transformer board, wood and
mineral oil remain as the predominating insulation materials, due to their high
reliability, long lifetime and low cost. Gas insulated transformers (SFe¢ insulated

transformers) are produced up to 300 MVA.

e Advanced design tools and manufacturing processes: design optimizations have been
achieved by using computers and mathematical methods; field plots, transient
conditions and geomagnetic disturbances can be examined more easily; however the
manufacturing process generally remains to be done by skilled workers, because
automatic core stacking and winding processes have high parameters variety and low

repetition rate.

10 000 MVA KV

2000 MVA

1300 MVA |
1150 kV
1000 MVA '_ 1000 kV
400 &V 800 kv
-+
220V ' 400 MVA
P —
110 li\' 200 MVA
100 MVA - o ' . |
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|
10 MVA —t +— -+ 10kV
I1MVA —— 1 1 MVA
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0.1MVA 4 oKV

1880 1900 1920 1940 1960 1980 2000

Figure 1 Development of transformer rated voltage and power [3]

Europe transformer market size in 2017 was valued 45 billion euro; more than 985
million euro of them belongs to oil filled distribution transformers. The anticipated
installation of all types of transformers by 2024 in Europe is expected to exceed 6 million
units annually: 2 million of them will be installed indoors; 200 thousand are estimated to be

oil filled distribution transformers [5].
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1 Basic transformer theory

1.1 Ideal transformer operation

A transformer is a static device which consists of two or more electric circuits (windings)
coupled by a common magnetic circuit. If one of these windings, so called primary, is
connected to an alternating-voltage source, an alternating flux will be produced which links
the other winding, so called secondary, and will induce a voltage in it. By suitably choosing
the number of primary and secondary turns which form the windings, almost any desired
voltage ratio can be achieved by the transformer [6]. According to the basic law of energy
conservation, the power transferred between the electric circuits remains unchanged, except

for a loss in the process.

To simplify the transformer analysis, a common representation assumes separation of the
primary and secondary windings, as if they were wound on separate legs of the core, as
shown in Figure 2. Applying an alternating voltage v; to the terminals of the primary winding
and assuming open secondary winding (S open), a small steady-state current 7, called exciting
current, flows in the primary winding and establishes an alternating flux in the magnetic
circuit. This flux induces an electromotive force (emf) e; in the primary equal to:
aP, _ 4o (1)

dt dt

where @;; is the flux linkage of the primary winding, ¢ is the flux in the core linking

e =

both windings and N; is the number of turns in the primary winding.

e
II a i s g 2
— I 1 -~ »
i ,"': :""I T |
v 4! I o bV Load
_q! N: 1t b _ ]
i 1
1 1
1‘-. _______ _.-l|l

Figure 2 Ideal transformer and load

As a first approximation, the properties of the transformer can be idealized under the

following assumptions [7]:

e Winding resistances are negligible, i.e., the conductors have a perfect conductivity

and therefore there are no Joule losses on the windings;
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e All the flux is confined to the core and links both windings, i.e., the ideal coupling

exists between the windings and the leakage flux is zero;

e No losses in the core; its permeability is so high that only a negligible exciting

magnetomotive force (mmf) is required to establish the flux;
¢ No capacitances are incorporated in the windings;
e The core exhibits linear magnetic characteristics (constant permeability).

Under these assumptions, when a time-varying voltage v; is applied on the primary
terminals, a core flux ¢ must be established such that the counter emf e; equals the impressed
voltage:
v,=el:N,C£I—(tD. &

The core flux also links the secondary winding and produces an induced emf e, and an
equal secondary terminal voltage v,, given by:

d
vzzeZ:NZd—i). 3)

From the ratio of Eq. (2) and (3), it follows that an ideal transformer is a device which
transforms voltages in the direct ratio of the number of turns in its windings:
w_M @

v, N,

Now let a load be connected to the secondary (S closed). A current i, and an mmf N,.i»
are present in the secondary. Under the hypotheses of the ideal transformer, the core flux is
unchanged by the presence of the load on the secondary; the net mmf acting on the core will

not change and therefore it remains negligible:

N,i, —N,i, =0. &)
From the Eq. (5) it becomes evident that a compensating primary mmf must result in

order to cancel that of the secondary. Since the net mmf remains unchanged, any change in

the mmf flowing in the secondary as the result of a load must be accompanied by a

corresponding change in the primary mmf. For the reference current directions shown in

Figure 2, the mmfs of the primary and secondary currents compensate. The net mmf acting

on the core is therefore zero, in accordance with the assumption that the exciting current of an

ideal transformer is zero.
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From Eq. (5) it follows that:

L_Ny (6)

Thus combining Eq. (4) and (6), it can be noted that the instantaneous power input to the
primary equals the instantaneous power output from the secondary; it is a reasonable
conclusion since all dissipative and energy storage mechanisms in the transformer have been

neglected.

In large transformers, typically the waveforms of the voltage and flux are nearly

sinusoidal. The instantaneous flux is given by:
p(t)=®__ sin o, (7
where @,,,, 1s the maximum value of the flux and w = 2 7 f is the angular frequency.

The induced primary voltage is:

e(t)zN@:de) cos wt . )
1 1 dt 1 max

For the current and voltage reference directions shown in Figure 2, the induced emf leads

the flux by 90°. The rms value of the induced emf ¢; is:

2

1,rms — \/5

E FN, @, =V27fN ®_ =444 fN, D, . 9)

1.2 Real transformer operation

Removing the assumptions imposed on the ideal transformer, a more detailed model
must take into account the effects of winding resistances, leakage fluxes, and finite exciting
current due to the finite (and nonlinear) permeability of the core. In transient conditions or
high frequency operation, the capacitances of the windings have to be included too. Starting
from the transformer ideal behaviour, it is usually possible to establish an equivalent circuit
based on physical reasoning. In this chapter, the analysis will be continued for a two-winding
transformer, aimed at completing the basic transformer theory and at helping in
understanding the preceding work. Multi-winding transformers and equivalent circuits will be

presented in details in the following chapters.

Considering the resistance of the conductors forming the windings is significant because
it generates Joule losses during transformer operation and increases the internal temperature.

The voltage drops caused by windings resistances can be expressed as:
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e, =Ri;; e, =Ry, (10)
The total flux linking the primary winding consists of two components [6]:

e Resultant mutual flux, confined essentially to the iron core and produced by the

combined effect of the primary and secondary currents, and
e Primary leakage flux, which links only the primary winding.

These components are identified on Figure 3. The leakage flux induces voltage in the
primary winding which adds to that produced by the mutual flux. Because the leakage path is
primarily in the air, this flux and the voltage induced by it vary linearly with primary current
i;. It can be therefore represented by a primary leakage inductance L,; and the corresponding

primary leakage reactance X,; is given as:
Xo=2nfL,. (11)

Voltage drops caused by the leakage inductance are expressed as:

di di
eg =Ly —"5 e, =Ly, —*. (12)
dt dt
mtual fiox leakage fhuix of the
fﬁ leakage fhux secondary winding | -~~~ _________
R R R SR R s ~
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Figure 3 Transformer leakage field (simplified and realistic approach)

Now it becomes evident that the primary terminal voltage consists of three components:
voltage drops on the primary resistance, voltage drop arising from primary leakage flux and
the emf induced in the primary winding by the resultant mutual flux, which are shown in

Figure 4. The same reasoning is valid for the secondary winding too.
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Figure 4 Non-ideal transformer and load

It should be put in evidence that adopting a secondary current direction exiting the
winding towards the load, as shown in Figure 2, corresponds to the real conditions when the
transformer supplies the load. On the other hand, current entering the secondary winding
highlights the fact that the flux it generates opposes the one generated by the primary
winding. When both windings are placed on the same column, they should be wound in
opposite direction in order to cancel out the fluxes they generate in the core. In the following
chapters this argument will be developed further, relating it to the self- and mutual

inductances.

1.3 Two-winding transformer equivalent circuit

In order to simplify the transformer analyses it is a common practice to assume that both
the windings have the same number of turns (N, = N, ). Therefore, all the parameters of one
transformer side should be referred to the other one, by using the transformer ratio. Usually
as a reference side is taken to be the one which is supplied by energy; however, the power
balance of the original transformer and the referred one cannot be varied. The following

equivalences are adopted:

e Under the condition of invariable magnetomotive force, the secondary current

referred to the primary winding can be calculated as:

Do , N N 1
ILLN,=ILN, = I,=1,—2>=1,—2>=—1,. (13)
N2 Nl k12
e Imposing a condition on the invariable total apparent power, the induced emf can be

referred to the primary winding:

I
?=E2~ﬂ=k12-E2. (14)

E,-1,=E,-1, = E'2=E2~I— N
2 2

e From the power losses invariance, the referred impedance values can be calculated:
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2
, : 1
R2-122=R2-122 = Rzzrz(l—,z] :Rz'k122§

2

(15)
sz =X, 'k122 ; Xclrz =X, 'k122 ; sz :sz +J'XI2
It is also convenient to remove the magnetic circuit from Figure 4 and represent all the

components in a single electrical circuit. This can be done by the following steps, which are

also shown in Figure 5 [8]:

e Both actual windings are replaced by two partial windings: an ideal one, wound on
the column and without any losses, and the other one has an impedance consisting of

active and reactive components;

e The two ideal windings placed on the core legs have the same number of turns; they
are therefore linked by the same flux and can be represented as an equivalent single

winding in which the magnetizing current flows;

e This equivalent winding consists of a mutual inductance L,, also known as
magnetizing inductance in two-winding transformers (since it links the mutual

magnetic flux) whose reactance is given by:
X,=2nfL,. (16)
e The magnetizing (excitation) branch is identified, which consists of active and
reactive impedance components, such that the induced emf E; can be determined as:
E=2Z,1,=R, +jX,)I,. (17)

It has to be noted that the parameters of the magnetizing branch (R,, and X,,) do not have
a physical meaning; they are only representations for the phenomena occurring in the
magnetic circuit, i.e., with the active component R,, the power losses in the core can be
represented, and the reactive component X,, is an equivalent of the power losses due to the

magnetizing of the core.
When R, is assumed constant, the core loss is therefore assumed to vary as Ef or as

®> . When X, is assumed constant, the magnetizing current is thereby assumed to be

independent of frequency and directly proportional to the resultant mutual flux. Both R,, and
X, are usually determined at rated voltage and frequency; they are then assumed to remain

constant for the small variations of the rated values associated with normal operation.
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Figure 5 Derivation of the transformer equivalent circuit: a) referring the parameters to the primary

side; b) transition from two ideal to one equivalent winding; c¢) T-equivalent circuit

1.4 Transformer leakage field: origin and effects

As a leakage field of a single winding is considered the part of the magnetic flux which
is not linked with the other windings. In the presence of iron core, this definition is
sometimes varied as: the flux whose lines do not follow entirely the path inside the iron core;
therefore the origin of its name “leakage field”. It can be claimed that the leakage fields are
confined in the air hollows of the transformer, including the volume occupied by the

windings, insulation etc., as shown in Figure 6 [9].

The leakage field due to the load current effectively results in impedance between the
windings, known as leakage reactance. The magnitude of this reactance is a function of the

number of turns in the windings, the winding currents, leakage field and the geometry of the
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core and windings, as it will be shown later. Its magnitude usually ranges from 4% to 20% of

the base transformer rating [10].
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Figure 6 Leakage flux fields
The transformer’s leakage field is particularly significant, because it affects primarily the

following quantities [9]:

e Leakage reactance, and therefore, the short-circuit current and voltage drop, i.e.,

secondary voltage variation occurs in normal operation;
e FElectromagnetic forces on the windings, especially in fault conditions;

e Increase in winding resistance due to skin-effect, and therefore increase in copper

losses and winding temperatures;

e Inducing currents in the constructional parts which increase the additional losses in

non-active components and increase in the temperature of these components.

It should be noted that since the leakage flux travels through empty space (or insulation
paper, mineral oil, etc.) instead of through iron, there is no hysteresis or saturation and the
permeability in this region is constant and equal to z,. The leakage flux is in phase with, and

is directly proportional to the load current [11]:
¢leak oc Bleak = luoHleak oC Iload . (18)

As the magnitude of the leakage flux increases, the magnitude of the flux in the core
decreases. The voltage drop on the secondary winding terminals is directly proportional to the

rate of change of the load current [11]:
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ood
AE,=E —-E = % ocdl,,, (19)
t

where Ej; is the secondary voltage assuming no leakage flux exists, ES is the secondary

voltage with leakage flux.

The relationship between the load current and secondary voltage is equivalent to placing
physical impedance in series with the output of an ideal transformer. This is called the
leakage reactance because it is an external manifestation of the effect of the leakage flux on

the secondary voltage.

1.5 Two-winding transformer leakage reactance calculation

In defining the leakage reactance it is useful to identify the total leakage field: it is the
field generated by the magnetomotive forces whose sum equals zero. Although it might seem
as a paradox statement, the phenomenon can be easily explained. Removing the assumption
on the null magnetizing current, in the actual transformers the sum of the mmfs of the

windings equals the magnetizing mmf:

N, -ii=N,-i,=N,-i, ,= N,-(i,—i,)=N, i,

u

(20)

N,-i,—N,-i,=0,
where i, is the component of the primary current which appears as a result of the load
current, i.e., it is the increase of the magnetizing current i, which flows in the primary

winding in no load conditions, up to the value i; which corresponds to a load current i,.

At no load conditions, only the current i; = i, flows in the primary windings and it
generates the main core flux ¢. At load conditions, this flux remains practically unchanged
and it is still generated by the magnetizing current. However, the primary current increases
for a value i,, and leakage flux appears. It is obvious that both the currents i; and i, generate
the leakage flux, and according to Eq. (20) their total mmf equals zero. It is also evident that
the magnetic flux which generates this null mmf cannot have paths which link both the

windings; it has to contain paths which close intersecting one winding only.

Therefore, in calculation of the leakage flux and self- and mutual inductance only the air
hollow can be considered, and that in the primary and secondary windings currents are

generating mmfs which are equal in amplitude and have opposite directions.
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The self- and mutual inductance depend on the shape, dimensions and disposition of the
transformer windings. An example will be shown for the simplest case of two concentric

windings with equal heights, as shown in Figure 7. Applying the Ampere’s law:
fH-di=3 N-i. (21)

The magnetomotive force value of the winding 1 starts from zero and increases linearly
until the radial dimension reaches the external edge of the winding (D; + a;); as the radial
distance increases, the flux tubes link larger number of turns. Assuming the numbers of turns
are equal, N;=N,, it means that the currents are also equal: I;=I>=I, and they flow in opposite
directions. This implies that the magnetomotive force of the winding 2 linearly decreases

from distance (D> - b) to D-.

|
|
: . 0
I ;
| ”}
| |
i : 1J’|® * .'r'3®
. | _5:[ -'__Rjj
- mﬂlﬂﬂ
+ |
! Di : I h
L I
! |
| Ds | |
L 211 2
| )
| e -
|

Figure 7 Two winding transformer leakage fluxes

Considering both the windings together, the total leakage field and total self-inductance
can be obtained as L,;+ L»: separating them may be slightly more complex. Therefore the
primary and secondary winding can be viewed as a single winding with N number of turns

and current /, without taking into account the core flux (as shown in Figure 8):

Figure 8 Equivalent winding obtained by connecting the primary and secondary windings (both referred

to the same number or turns NN)
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According to the Figure 9, the following proportions for the left and the right branch can
be established:

B B
B B o g By (22)
X a a,
B B B
="M B="" (g +h+a,—X). (23)
a+b+a,-x a, a,

Bmax’

(ar+b+az)-x

Figure 9 Flux density distribution in one half of the transformer window

The maximum flux density in the hollow can be calculated as:

' B ' N * I
H h=N-I1=—"h = B_ =u ——. (24)
M, h
In order to calculate the total short-circuit reactance, which is given by Eq. (25) we can
start from the magnetic field energy. For an instantaneous current value i, the corresponding

energy is given by Eq. (26).

Xk:a).Lk:a)'(Lal_'_Lo‘l)' (25)

w=%gﬁ. (26)

Using the root mean square value of the current, it can be written:

I, =21 = W, =5—k1;. (27)
w
X, = “’I‘fm . (28)

The total energy of the leakage field can be calculated as:
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W, =

%J’BmHde=Lij,dv. (29)
\4

2#0 \%4

This energy is stored in the volume consisting of three parts:

W

al

In the air hollow with radial length b, the flux density is constant and equal to its
maximum value, thus the volume is V =7z-D, -b-h and the energy stored in the
leakage field is:

_ , N°I?

1
s~ o H, B2

D bl = ‘;— (NIV 2D, b (30)

In the volume occupied by the winding 1 the flux density on a distance x is:

NI
B =B =y —n*. 31)
a, h aq

Taking into account the elementary volume dV = z(D, +2x)h dx, the energy stored

in this part is:

K ' D D
=L [, + 20 e = 27 (NiY (_ _j (NP )
2u, % h 3 2) h 3

In the analogue way, the energy stored in the volume occupied by the winding 2 is:

W, ~ e (NrpaPe (33)
h 3

The total energy of the leakage field is a sum of these three components:

D
W, =W, +W, +W,, = u N’ h—’,”(%+b+%2jlz. (34)

The flux lines do not cross the air hollow in straight lines, but rather shrink at the top and

the bottom of each winding: an effect known as fringing which causes increase in the losses

in the neighbouring conductors. This fringing of the leakage flux field is a function of the

windings geometry and can be evaluated by resorting to magnetic field plotting using finite

element analysis tools [12]. In practice, a useful rule of thumb can be applied: assuming the

windings have equal axial lengths h;=h,=h, an equivalent height h can be used instead,

which is related to 4 through the Rogowski coefficient [9]:

a, +b+a, (35)
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where h = h/k, . Taking into account the Eq. (28) and (34), the leakage reactance can

be expressed as:

oW, D, k

a a D k
X —ou r—"R L4 b+ 2 IN* =u 1—2"RcN?, (36)
k 12 luo h (3 3j luo h

where c is the distance between the windings electromagnetic centres; it can be regarded
as the distance at which the two windings (with assumed infinitesimal radial thickness)

should be positioned in order to store the same total leakage energy as the actual windings.

The load current causes a considerable voltage drop across this reactance. The ratio
between the reactance voltage drop and the winding voltage, multiplied by 100, is known as
percent reactance. It can be calculated taking into account the number of turns, the
magnitudes of the current and the leakage field, and the transformer geometry, or it can be
measured by short-circuit test. One of the windings is short-circuited, and the voltage
supplying the other winding is increased until rated current flows in the windings. This
voltage divided by the rated winding voltage times 100 is the percent reactance voltage or

percent reactance [10].

Leakage reactance limits short-circuit currents, and is therefore useful, but it also reduces
the secondary voltage under load and consumes reactive power. Varying the winding
dimensions and the spacing between them, the value of the leakage reactance can be
controlled. For example, if the spaces between the windings are kept small, there will be

fewer flux lines contained in these spaces and the leakage reactance will be small.

1.6 Self- and mutual inductances identification
Considering a single coil with N turns wound around a magnetic core, when current i
flows through the coil it generates total magnetic flux ¥ whose lines enclose all the turns N.

The ratio between total flux linked and the current in the coil is called self-inductance L:

i b [

[ Y _NO_ N NS, (37)
i

where ‘R is the magnetic reluctance of the flux path, @ is the flux per turn, / is the
average length of the flux path, Sy is the area of the core cross section and g, is the relative

permeability of the material.

The value of the self-inductance is mostly dependent on the number of turns in the coil

and the magnetic characteristics of the material which the magnetic field goes through. For a
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constant value of the current, the higher the self-inductance, the higher the flux linked with

the coil.

In linear magnetic circuits the permeability does not depend on the magnetic flux

density; therefore the induced voltage can be written as:

_d_T:_d(Ll) :—Lﬂ—ig. (38)
dt dt dr dt

If the inductance can be considered constant, which means that magnetic core saturation

is not taken into account, the Eq. (38) can be rewritten as:

di
=—L—. 39
€ 0 (39)

In non-linear magnetic circuits, considering the magnetizing curve ¥(i) curve shown in

Figure 10, it is suitable to write:

av __d¥ di (40)

Cdt di dt

where the first multiplier is so called differential inductance L;, which is used for
calculating the induced voltage. In linear magnetic circuits, L; equals the self-inductance L

calculated as a ratio between the total flux and the current.

. AY¥
; o L =lim—
1F i L — ._ Aj—si)
b
1_],r| ............ v A
]

.

i
Figure 10 Magnetizing curve for non-linear magnetic material [13]

Referring the aforementioned considerations for the inductance to a two-winding
transformer, the mutual inductances can be calculated: they define the relationship between
the current flowing through one coil and the flux linking the other coil placed on the same

magnetic core:
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where ¥, is the total flux generated by i; and enclosed by N, turns, ®@y; is the flux per
turn generated by current in coil 1 and constrained in the magnetic core, k; is the linking
coefficient of coil 1 and R, is the magnetic reluctance of the flux path to the field generated

by i;. The flux per turn created by the current i; is a sum of main (®,;) and leakage

component (®,):
D, =D, +D,, . 42)

Similar observations are valid for the situation when coil 2 is supplied by current and coil

1 is open:
v ) () N,i N,N
L12:#:N1._12:N1k2._2:N1k2.zlzzkz —=. 43)
L L L LR, R,
O,=D, +O0, . (44)

It has to be highlighted that L;, = L,; because they depend on the common (main) flux
which links both the coils, regardless of which one generates the flux. In case of non-linear
magnetic core, mutual inductances are equal only if they are calculated in conditions of the

same magnetic saturation.

The linking coefficient of each winding is defined as the ratio between the component of

the flux whose lines close inside the magnetic core only and the one which closes through air:

@ @
k=2l po=—12 45
Lo, o, (43)

The coils self-inductances according to (35) are defined as:

/4 ®d, N

L11:._1:N1._1:_]’ (46)
L L R,
'4 N2

L22:._2:N2._2:_2’ 47)
) L R,

Combining the previous expressions, the relationship between self- and mutual

inductances can be obtained as:
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L,L, = sz = k1k2L11L22' (48)

L, = \/klkz \/L11L22 = k\/Lanz . (49)

In the case when currents flow through both the coils, the total linkage fluxes depend on

the self- and mutual inductances and the currents, thus the expressions which relate them are:
¥, =L, L, - (50)

¥, =Ly, T Ly, - D

The flux linked due to mutual inductance can have the same or the opposite direction of
the flux due to the self-inductance. The sign of the mutual inductance depends on the current

direction and the coil wounding direction, as shown in Figure 11 :

—s— %1 EENERTR )
i o 2 - = i>
S A 21 A -ié I //’ a1 f\ L
B E L ,l'-*.l = T Famuwn

__'I_J—|L b | @1
Vi g i"—1+
| T f :I}

Vi

V) =Ly +Lyiy; ¥, =Ly, + L0, V=L, —Lyi,; ¥, =Ly, — Ly
Figure 11 Convention for mutual inductance sign [13]
Considering a secondary current flowing to the load, terminal voltages can be written

taking into account the active and reactive voltage drops as:

4% di di
v, :Rli1+7t1:Rli1+Ln£—Lui. (52)
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. d¥ : di di
—v, :R212+7;=R212+L227;—L127t‘. (53)

In sinusoidal steady state and after some mathematical rearrangements, the same

equations can be written as follows, emphasizing the leakage inductances L,; and L,;:

Vl:Rlll+jw(L11_L12)11+ja)L12(11_12)- (54)

_Vz:Rzlz+jm(L22_L12)12_ja’L12(11_Iz)~ (55)
N N

L, =L, _N_]le; L,=L,, _Vzlﬂz' (56)

2 1
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2 Multi-winding transformers: basic considerations

2.1 Introduction to multi-winding transformers and equivalent diagram

Multi-circuit transformers consist of three or more windings which interconnect different
voltage ratings. The same aim can be achieved by a few two-winding transformers, at
increased costs and reduced efficiency of the system. Several of the obvious situations which

require a multi-circuit transformer are [14]:

e Feeding a distribution system from two or more transmission circuits of different

voltages;

e Generating system which feeds two or more outgoing transmission circuits of

different voltages;

e Supplying an auxiliary load at a voltage different from that of either the primary or

secondary voltage;

e The need to subdivide the load into two or more separate secondary windings for the

purpose of reducing the short-circuit power due to faults;
e Autotransformers with tertiary winding, etc.

Some of the advantages of multi-winding transformer applications are [10]:
e Interconnection of several power systems operating at different voltages;
e Control of voltage regulation and reactive power;

e FElectrical isolation of secondary circuits.

An important aspect of the multi-winding transformers is the leakage inductance,
because it has a significant effect on voltage regulation, load division between the windings,
parallel operation with other transformers, short-circuit characteristics, efficiency, etc. All the
windings are magnetically coupled to the main flux and are affected by the loading of the
other windings. It is necessary to have a clear conception of the leakage impedance
relationships; otherwise the manipulation of the parameters may be very complex [15].
Therefore, it becomes clear that windings arrangement is of crucial importance in transformer

operation because it actually determines the leakage reactance between the winding pairs.

The equivalent single-line diagram of a multi-winding transformer consists of a pair or

primary terminals, at which the active power is supplied to the transformer, and a set of
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output windings: secondary, tertiary, etc., as shown in Figure 12. The diagram contains the
magnetizing admittance element placed at the input terminals, which may be left out for
simplifying purposes. Ideal transformers representing the no-load turns ratios between
different windings are connected to the linear network of series impedances which for an n-

winding transformer contains n(n-1)/2 independent elements [16].

Input [

(primary) n - port network

s |
LS 30 0 S S ¢
Output windings

Figure 12 Single-line equivalent diagram of multi-winding transformer

2.2 Four-winding transformer equivalent network

Starting the discussion on the equivalent network of multi-circuit transformers, it has to
be highlighted that only three-winding transformers may be represented both as a star and as
a mesh network (Figure 13). The three-winding transformer has three independent leakage
impedances among its circuits; therefore a three-terminal network in either star or mesh

connection is suitable as an equivalent circuit.

Figure 13 Equivalent networks of a three-circuit transformer: a) star (leakage impedances) network, b)
mesh network superposed on its star equivalent
The reactances of the star network can be interpreted as individual reactances of each
circuit or, from another point of view, as common or mutual load reactances. For example,
power flowing from terminal 1 to either 2 or 3 produces a voltage drop on R; and X; and
effects the voltages on terminals 2 and 3 equally, regardless of which of them connects the

load. Thus one can see the impedance Z; as a mutual leakage impedance of circuits 2 and 3; it
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adequately takes into account both the self- and mutual impedance drops of the three circuits

for load currents.

A four-winding transformer has six independent impedances among its circuits (counting
each different pair of windings). The 4 terminal star network has only four independent
elements, and therefore cannot be used as an equivalent representation. Since an n-terminal
mesh network has n(n-1)/2 independent elements, it is an excellent representation of the

impedance characteristics of the n-circuit transformer.

Derivation of the mesh equivalent network is shown in Figure 14: starting from the four
magnetically coupled independent windings, their return conductors can be joined together
without modifying the impedance characteristics. Since the ampere-turns of all the windings
must equal zero and no load current flows through the return conductor, it can be left out. The
last step of Figure 14 shows four windings which have self- and mutual impedances or as
many admittances. However, if impedances which interconnect the terminals are shown
instead of the windings, the mesh network can be obtained: it is qualified as a complete
equivalent because it consists of as many independent circuits and impedance elements as the

real transformer.

Figure 14 Derivation of mesh network of a four-circuit transformer: a) independent leads, b) four
windings with common return, ¢) four windings with return omitted, d) mesh equivalent network [14]

The links of the mesh network are the load transfer admittances of the windings (with
reversed sign), and this holds for any number of windings. Transfer admittance should be
understood as a current produced in one circuit by unit voltage across the second circuit
(being no voltage across any other circuit). A main disadvantage of the model presented is
that some impedances may also appear negative, which cannot be explained practically.
However, it is certain that these negative links will have much lower admittance (or much
higher impedance) than the others. A possible solution would be to leave out (open circuit)

the negative links, or modify the equivalent circuit as shown in Figure 15: it now has eight
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elements, out of which only six are significantly different, and moreover, all of them have

positive values [17].

Ra La Iy Rr Lb Rb
Re Re
Le Le
Ra La Lr Ry Le Re

Figure 15 Alternative equivalent network of a four-winding transformer

2.3 Six-winding transformer equivalent network

A significant difficulty in analytical calculation of the equivalent circuit parameters relies
in the fact that they are dependent on the main flux that links all the transformer windings,
and the self- and mutual inductances between them. The properties of a six-winding

transformer equivalent circuit may be adapted from [15] as follows:
e The circuit must have six points of entry, each corresponding to a particular winding;

e The circuit must have 15 independent elements which may be calculated or

determined by measurement;
e The circuit should avoid excessive calculations.

As explained previously, the mesh equivalent network can be used as an equivalent
representation of n-winding transformer. It is a pure mathematical model which does not
contain any mutual inductances and can therefore be put in equations by the method of
independent potentials as explained by the Kirchhoff’s circuit theory. Referring the analysis
to a six-winding transformer whose mesh network is shown is Figure 16, the node input

currents vector and node potentials vectors can be defined as in Eq. (57) and (58) [18].

Figure 16 Equivalent mesh (polygon) network of six-winding transformer
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These two vectors are linked through the bus admittance matrix Yy, which contains the

branch admittances, i.e., the reciprocals of the impedances of the polygonal scheme:
Iy =Yy -Uy (59)

As the sum of the currents entering and leaving the transformer equals zero, the order of
the Yy matrix has to be reduced by one so as to make it invertible. Therefore, one line and
column corresponding to the reference winding, i.e., the primary which represents the
transformer supplied side should be taken out. The matrix elements can now be determined

by considering the short-circuit impedances between each pair of windings.

Negative impedances (both resistances and inductances) may appear in this network:
they cannot necessarily be applied or assigned to internal coils; nevertheless they reproduce

faithfully the terminal characteristics of the transformer circuits.

The total copper losses, including stray impedance losses, are correctly represented by
the equivalent circuit, whatever the signs of its branches may be; but the simple equivalent
circuit does not provide any means of distributing the losses within the transformer windings.
Some of these losses are not in the windings at all, but in the clamps, core end plates, and
tank [15].

Transformers having n windings per phase have (n-1)* inductances, out of which (n-1)
are self-inductances and the others are mutual. The effect of these inductances on circuit
performance can be critical; it is therefore desirable to evaluate them analytically in the

transformer design phase [19].

Referring to the equivalent diagram of n-winding transformer shown in Figure 17, its

equations can be presented in matrix form where a diagonal element L; in the inductance
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matrix represents the self-inductance of winding i, element L;; represents the mutual coupling
from winding j to winding i (voltage induced in winding i by the current in winding j), as
shown in Eq. (62) [19]. The magnetomotive force generated by the primary winding equals

the sum of the mmfs generated by all the other windings which supply the load.

L . Liz o Lim Ii o
. | |
| |
N1 : ! v,
| I
| | o
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L |l —S
. L Lz | Lo 2
|
N: I
W, ¥, ’ | I
. R —
L . e '
T oS o
Lt Lm2
N Y.
1o}
Figure 17 Equivalent diagram of n-winding transformer
— Vv I
V,=—2N, - joy L., . (60)
Nn k=1
m=n—1
NI =Y N,I,. (61)
k=1
LT s
v]= & [N]- jelL]i] (62)

According to Eq. (62), for a six-winding transformer with three primary and three
secondary coils, and relating the flux linkages of each circuit with the currents and the

inductances, the system equations can be written in a matrix form as:

L, L, - - L, 1_1
H\P—Pﬂ{m [Lps]mzﬂ: Ly Ly = Ly||L )
\P_S [LSP] [Lss] Z E S : S

L, L, - - Lg Z

In the Eq. (63), the primary supply voltages and secondary currents can be assumed to be
known, due to the knowledge of the supply network and load characteristics. Therefore, the

primary currents and secondary voltages can be calculated. Voltage drop is obtained as a
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difference between the primary and secondary voltages, which in turn, as explained

previously, depends on the leakage inductances contained in the L matrix.

Writing the circuit equations for six-winding transformer in terms of self- and mutual
inductances is possible as explained, but their analytical calculation could be cumbersome.
They are containing the combined effects of the main core flux (represented by the
magnetizing inductance) and additional contribution due to the leakage fields; however it is
not possible to distinguish them in the matrix of self- and mutual inductances, since Starr

equivalent circuit cannot be drawn.

The main flux in the core is sustained by the magnetizing magnetomotive force, which is
generally very small. In practice, transformer operation depends on the leakage inductances,
but it is not clearly evident in which manner. Another observation to be highlighted is the
non-linearity of the L matrix elements: the values of self- and mutual inductances are affected
by core saturation, but it is complicated to take this effect into account by analytical
approaches. The assumption on constant permeability of the core laminations can be
removed: it is possible to take into account the actual magnetizing B(H) curve in Finite

Element Method (FEM) software.

2.4 Multi-winding transformers application examples

Multi-winding transformers are utilized in various applications. Some of them are:

e Traction systems: typically as low frequency four-winding transformers with split
windings, used beside the rectifier converters [20];

e Multi-level inverters: in both diode- and capacitor-clamped; by choosing
appropriately the switching strategy, it is possible to synthesize a sinusoidal output
from square wave input [21];

e Stand-alone PV systems, again as a part of the multilevel inverter topology, achieving
high efficiency for low-power applications [22];

e Switched-mode power supplies: usually planar core high frequency transformer [23];

e Adjustable speed drives with isolation medium frequency transformer which shows
efficiency of 99% and reduced overall size and weight by 70% [24];

e FElectric vehicle charging station employing transformer with multiple secondary

windings [25];
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e Wind farm distribution transformers usually with two secondary windings, each with
half the nominal rating of the transformer in order to keep the short-circuit power

level at medium voltage down to a manageable level [26], etc.

Considering the variety of application areas, multi-winding transformers also vary in size
from a few kVA for electronics applications to several MVA for large power systems. One of
the leading trends nowadays is increasing the transformer operation frequency in order to

reduce its size and costs.

As a practical example in this thesis a three-phase multi-winding low frequency
transformer with one primary and multiple secondary windings used in electric vehicle dc
charging stations will be analyzed. A block diagram of the system is shown in Figure 18; it
should be noted that the primary side is chosen to be made up of three coils supplied in
parallel form the mains, although there could be only one single coil. According to the
European patent [25], the number of secondary windings is to be defined in each particular

situation; they are however electrically and galvanically separated from one another.

rectifier EV
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ol Yv. 50 Hz s ac |_: i

A7 dc [
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£t ac ': i

i dc (B8

Figure 18 Block scheme of the EV dc charging station

This solution employing a multi-winding transformer facilitates scalability, so that the
charging station can more easily be adapted to the required number of vehicles to be charged.
It also reduces the footprint with respect to two-winding transformers which were

traditionally used.

A key advantage of the overall system is the possibility to provide charging for two or
more electric vehicles simultaneously, by independently controlling at least two ac-dc
converters which operate in parallel. Between each secondary winding and the rectifier there
is typically a circuit breaker or a fuse-switch disconnector. One or more secondary windings

can be used for supplying auxiliary equipment in the substation. Another system topology
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variation is made by connecting two secondary windings to the same converter (Figure 19);

in this case each rectifier consists of two series connected Graetz bridges with g = 12 pulses

in the output voltage. This configuration results in less ripple and therefore lower harmonic

content in the dc current, which means a smaller filter will be required [25].
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Figure 19 Block scheme of the EV dc charging station with 12 pulse rectifiers

A more profound analysis of the possible ac-dc power conversion topologies will be

presented in the following chapters. The choice of these system components is fundamental

in determining the transformer sizing criteria, as well as estimating its performances in non-

ideal operating conditions.
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3 Electric vehicle charging station components and performances

In this chapter the general system for electric vehicle dc charging station which is
presented in the European patent and briefly discussed in Chapter 2, is analyzed further in
details in terms of components characteristics and choice, control methods and overall system
assessment. Once the topology is chosen, it is easier to determine all the requirements and

limitations for designing the multi-winding transformer and to estimate its performances.

3.1 Type of EV charging station
EV charging system consists of all the equipment required to condition and transfer

energy from the supply network (constant voltage and constant frequency) to EV traction
battery bus (direct current and variable voltage) for the purpose of charging the battery and/or
operating vehicle electrical systems while connected [27]. In general, there are three main
ways of charging: conductive, inductive and by replacing the battery. Conductive charging
system, which is considered in this work, uses direct contact between the EV connector and
charge inlet. The cable can be plugged in a standard electrical outlet or a devoted charging
station. One of the possible problems when connecting the EV to the power supply is the
variety of chargers and lack of internationally established standards. An important aspect is
the so called charging level, which describes the available power level of a charging outlet.
The charger location and the approximate charging time depend on the charging level.
Considering that usage of multi-winding transformer makes sense only in case of off-board
chargers and the output of the station will be dc plug for charging each vehicle separately, the
classification of power levels according to Society of Automotive Engineers (SAE) standards

and the Japanese CHAdeMO Association is presented in Table 1.

Table 1 DC charging power levels according to CHAdeMo and SAE [28], [29]

DC Voltage . . Time for
levels [V] Charger location Typical use Power level charging
Level 1 i <36 kW
eve Off-board Charging at = PHEV: 22 min
200 — 450 home/office S0A
Level 2 Chgrging at <90 kW '
) 4 Off-board private or 200A PHEV: 10 min
00— 450 public outlets 00
Level 3 <240 kW :
eve Off-board Commercial - Battery EV' =10
200 - 600 400A min
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Off-board chargers are becoming more preferable to on-board ones, due to their
capability to provide charging at high power levels for much shorter time. They also decrease

the weight of the EV and allow for improved systems for managing the batteries [29].

Level 3 charging is termed as “fast dc charging”, up to 50 kW according to SAE
Standards, or up to 240 kW according to CHAdeMO. The battery capability to store electric
charge before it is completely discharged is called battery capacity C and it is expressed in
coulomb, or more often, in ampere-hour. For example, a battery of 20 Ah can supply current
of 1 A for 20 h, or 2 A for 10 h. An important parameter of the electric vehicle is the battery
state of charge (SOC). It is a measure of the residual capacity of a battery and it can be

calculated as [30]:

jlb (r)dz'

SOC(r):’“Q—-loo [%],

0

(64)

where 1, 1s the charging current and Q, is the total charge a battery can hold. Usually the
battery SOC should be maintained between 20% and 95%. Dc charging is typically measured
up to 80% of the battery rated capacity, because the last 20% take very long time to be
completed. Level 3 means 20-30 min charging from empty to 80% full battery [31]. This type
of charging is intended for commercial and public applications where it can operate as a

filling station, installed in parking lots, shopping centers, hotels, rest stops, etc. [28].

The Japanese protocol known as CHAdeMO is gaining international recognition. In
2016, CHAdeMO Association modified the dc (fast) charging protocol in such a way that it
responds better to market needs. Having recognized the trend towards mass market EVs with
high capacity batteries, the Association established charging up to 100 kW continuous power,
150-200 kW peak power (500 V dc, 350-400 A) [32]. Further development in terms of higher
power has been oriented towards 350-400 kW (1 kV x 400 A), enabled via multi-stand,
power-share type of chargers; the protocol publication is expected to happen in 2020.

Nowadays CHAdeMO is also aiming at 900 kW (1.5 kV x 600 A) [33], [34].

Another important aspect is the so called charging mode: it describes the safety
communication protocol between the EV and the charging station. For dc connection and fast
charging, mode 4 applies: the EV should be connected to the main power supply grid though
an external charger. All the control and protection circuits are permanently installed in the

station and therefore the charger is a part of the station, not of the vehicle [27].
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There are some considerable issues associated with integration of EV's in power networks
in general, such as: increase in load profile during peak hours, quick overloading of local
distribution network and system components, system stability issues, etc. [29]. These are
even more severe in case of high-power rapid charging stations (Level 3). Other problems
created by fast charging are: voltage deviations, harmonic distortion, thermal loading, etc.
These could significantly impact distribution transformer life due to increased power losses

and decreased reliability, efficiency and economy of developing smart grids [28].

It is worth mentioning that in fast charging mode, preferable direction of the power flow
is from the utility to the battery in the EV, i.e., unidirectional charging only. Reverse power
flow opposes the basic purpose and premise of minimizing connection time and delivering
substantial energy as quickly as possible. The system with capability of unidirectional power
flow requires minimum hardware, enables much simpler interconnection and lowers battery

degradation issues [29].

The essential requirements for fast dc charging stations to be met with respect to the

supply grid can be summarized as [35]:

e Operation free form harmonic components;
e High power factor (as close to unity as possible);

e (Galvanic isolation.

Additional requirements towards the EV are:
e Regulated output dc voltage for EV batteries to regulate charging power and
maximize battery life;

e High efficiency of the power electronic converter (since high power is transferred).

In order to minimize the impact that EV charging station has on the power quality, the
EV charger must ensure that the utility current is drawn with low total distortion. A high
power factor is required to maximize the real power available from a utility outlet. IEC 1000-
3-2 Standard limits the allowable harmonic and dc current injection into the grid and the EV
chargers shall be designed to comply with it [28]. This standard also defines limits for testing
the harmonic current emissions of electronic and electrical equipment. Compliance with IEC
1000-3-2 ensures that the tested equipment will not generate harmonic currents at levels
which cause unacceptable degradation of the mains environment. According to the equipment
classification in this standard, EV charging station should belong to class A. Maximum

permissible harmonic currents amplitudes (odd and even) are given in Table 2 [36].
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Table 2 Current harmonic limits for Class A equipment

Harmonic order h ha?ﬂ?ﬁ;}?:g:::ziﬂl‘f Al Harmonic order h hal:'/[n?:;lg)cezll:lri::::lf Al

3 2.30 2 1.08

5 1.44 4 0.43

7 0.77 6 0.30

9 0.40 8§<h<40 0.23 x 8/h

11 0.33

13 0.21

15<h<39 0.15x 15/h

According to the IEEE Std. 519-1992, the harmonic limit for a single consumer is
specified as 15% for harmonics lower that 11" order [37]. In case of light duty PHEVs, the
guideline is set by the aforementioned IEC 1000-3-4, which suggests a maximum current

THD of 20% and a minimum power factor of 0.95.

3.2 Battery considerations
Batteries are used as on-board storage components in EVs and are expected to meet

specific criteria in terms of energy density, power density, safety and cycle life in order to be
feasible for use in EVs. In Table 3 a brief comparison between some of the common

batteries is shown, based on the battery chemistry.

Table 3 Characteristics of batteries for EVs [30]

Efficiency Specific power

Battery type Cycle life [%] [W/kg] Specific energy [Wh/kg]
Lead acid 500 — 800 50-92 150 — 400 30-40
Li-ion 400 - 1,200 80 -90 300 — 1,500 150 - 250

Nickel metal

hydride NiMH 500 - 1,000 66 250 - 1,000 30-280

Lead acid batteries can last for a long time, but their energy-to-volume ratio is low and
their treatment after being used is a problem; therefore they cannot meet the requirements for
environmentally friendly vehicles. NiMH batteries show high specific energy and energy
density, and a long cycle life; therefore they are becoming more interesting nowadays. On the
other hand, the maximum capacity of Li-ion batteries does not decrease if not charged to the
fullest or when charged repeatedly. They have low self-discharge rate and high power-to-

volume ratio; however they require a lot more safety attention and are susceptible to
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overcharging [30]. In Tesla vehicles, three-component Li-ion batteries are used; Lithium iron
phosphate batteries are also widely used because of their high charge-discharge current and

slow capacity attenuation.

The power level at which a battery cell can receive a charge is determined by the battery
chemistry and the method used to charge it. Some of the basic battery charging methods used
at present are listed below. Their aim is to prevent from or reduce damage due to large energy

throughput a high power [38]:

e Constant current (CC) charging method: it is simple to be used and easy to be
controlled. Typical charging profile with pulse current is shown in Figure 20.
Selecting very small charging current increases significantly the charging time. On the
other hand, if the charging current is too large, there is a high possibility of

overcharging, which will decrease the battery life;

e Constant voltage (CV) charging method: it is easy to operate and cannot overcharge
the battery at the later stage. However, due to low electromotive force at the battery
terminals in the early stage, large current is required, which can lead to bending of the
plates and quick temperature increase. Selecting too low charging voltage leads to

insufficient charging and shortening battery life;

e Stage charging method (constant current — constant voltage): it combines the
advantages of both aforementioned methods: avoids the problems of excessive
charging current in the early stage and easy overcharging in the latter stage, and it has

high charging efficiency (Figure 21).

At the beginning of the stage charging method (CC-CV) a constant current is applied to
the battery charger, so the state of charge (SOC) of the battery increases linearly, as well as
the open-circuit voltage (OCV) and battery voltage accordingly. As the battery voltage
reaches the maximum cutoff voltage (typically 450 — 480 V), the charging mode is switched
to CV. In this stage the SOC and the OCV keep increasing. Therefore, the voltage across the
internal resistance of the battery gradually decreases, which leads to current decrease. The
charging stops when the charging current is diminished to a low threshold (/¢¢), usually of
magnitude Cgy;/100, where Cy; 1s a measure of the rate at which a battery is discharged
relative to its maximum capacity [39]. Another possible variation of this method is to

gradually increase charging current as a staircase wave at the beginning to avoid damaging
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the battery until each cell voltage reaches a specified threshold level. This is known as pre-

charging stage [40].
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Figure 20 Typical CC charge profile of Li-ion

battery [41]
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Figure 21 Typical CC- CV charge profile of Li-

ion battery [42]

The time needed to charge the battery is a function of the battery capacity, charging

standard (SAE J1772 vs. CHAdeMO) and starting energy level of the battery. Active power

absorbed is constant and equal to the rated battery power until the SOC reaches 50%. Then it

decreases linearly until SOC = 80%, when for dc charging it can be considered that the

battery is fully charged (Figure 22) [43]. In Table 4 a brief summary of the battery

characteristics used in different commercial vehicles is shown.
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Figure 22 Power absorbed by the battery with respect to its state of charge

Table 4 Characteristics of batteries used in commercial EVs [29]

Car Li-l([)l?vlézﬁtery covl:zg: flim] Demand [kW] chTaE:nng[rh]
Tesla Roadster 54 547 100 0.37
Nissan Leaf 24 257 Up to 50 03-04
Mitsubishi i-MiEV 16 233 Up to 50 0.26
Toyota RAV4 42 257 50 0.64
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3.3 System topology reviewed
The basic topology of EV dc charging station as proposed in Figure 18 does not provide

any details about the characteristics of the ac-dc converter, therefore in this section two
possible solutions are presented and compared in terms of output waveforms and control
strategies. Galvanic isolation from the mains is already ensured at the front-end by employing

a low frequency (50 Hz) line multi-winding transformer in both cases.

3.3.1 Two-stage power conversion
The topology proposed in Figure 23 consists of two main blocks: ac-dc power converter

at the front-end and dc-dc converter at the back-end which define the two stages of power
transformation. Considering unidirectional charger configurations for high power level and
low frequency line transformer, a combination of diode bridge and step-up/down converter is

a reasonable choice.

diode bridge step-up/down
rectifier canverter

Van

i CL - ﬁz
input Vsl

Vdo Vdc b| battery
filter ZF T T

, C = T

input Vi| batie
Vio Ve L

filter Z? T

; z:g cl 4.7
input

Vio Ve Vb| batiery
filter T T T

Figure 23 Two-stage EV dc charging station topology

AC-DC high-power converter: it is expected to perform rectification of the ac supply
voltage, to provide operation free from harmonic distortions, to achieve high power factor (by
shaping the input current) and to have low initial and maintenance costs (which means low
number of active switches and reduced stress on the passive and active elements) [35], [39].
Power factor and total harmonic distortion (THD) are the major factors which influence the
selection of a particular PFC rectifier topology. In this case, boost type devices and their
variants can be widely used. Some of the possible choices for enhancing the system
performances are: three-phase diode bridge rectifier, three-phase bridgeless boost converter,

VIENNA rectifier, etc. [35]. Special attention has to be paid to heat dissipation, as the diode
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bridge may experience this problem. Another important issue may be the electromagnetic
interference (EMI) introduced by the boost converter type due to the voltage harmonic
components. Table 5 provides a basic qualitative comparison among the possible choices for

a device to be used at this stage.

Table 5 Comparison of ac-dc converters for rectification stage in fast EV charging stations [44], [45].

Topology Advantages Disadvantages Components list

-heat dissipation might

-no control required .
be a problem -6 diodes

3-phase diode bridge | -low cost - .
P g -sensitive to overvoltages | -3 inductors

rectifier -small dimensions )
hieh reliabili -low-frequency -1 capacitor
-high reliability harmonics are present
-easy to meet EMI requirements
_ -small number of components -6 IGBTs
3-phase bridgeless 4 . . ral -complex control 3 inductors
- not require neutr. . -
boost converter 0¢s not require neutra -high power stress )
connection -1 capacitor
-high efficiency
-simple control
-does not require neutral -3 IGBTs
hase Vi connection large number of -3 inductors
3-p ase Vienna ! on components :
rectifier -high efficiency N -18 diodes
-lower reliability )
-cancels output current -2 capacitors

harmonics

DC-link: the voltage of the dc-link normally varies from 600 V to 750 V (higher than the
battery voltage, which ranges from 200 V to 500 V) [45]. Since the chargers are likely to
supply power to a wide range of batteries with various initial SOC, it is therefore important to

have high voltage dc-link. This will also improve the input power factor.

DC-DC converter: it is expected to adjust the voltage level appropriate for charging the
EV battery. A major factor in selecting this converter is the desirable level of output power.
Apart from providing regulated voltage and current to improve battery charging
performances, this stage has also to ensure high power factor, wide line regulation

performance and ripple-free charge current and voltage [39].

A single-phase step-down (buck) converter can be used at the back-end. Its configuration
requires small number of components and the control scheme is very simple, which implies
low cost. However, in order to suppress the current ripples in high-power applications, a large
inductor is necessary. Since the inductor typically has large volume and weight, it is the
bulkiest element in this topology; thus decreasing its size arises as a primary target in

designing the system. The inductor size is inversely proportional to switching frequency,
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while switching frequency is directly proportional to switching losses. Therefore, there has to
be a trade-off between inductor size and switching losses [45]. Power factor correction with

buck converter is poor and protection from inrush currents may be needed [29].

If there is a necessity to increase or decrease the dc voltage which supplies the vehicle’s
battery (depending on the battery rated parameters, which are not known in advance,
therefore a wide range should be provided) a step-up/down converter can be utilized. The
number of components in this configuration is still reasonably small, and the control circuits
are not complex; however the input voltage ripples are high as well as the electrical stresses.

The input current will be pulsating [29].

Another possibility is to use multi-phase interleaved buck converter which increases the
overall system efficiency. In this case, the fundamental frequency is multiplied by the number
of phases, thus resulting in a higher system frequency with decreased current ripple, reduced
EMI and smaller output filter. Three-phase interleaved buck converter (Figure 24) is made up
of three identical single phases which operate independently from each other. The control
scheme may employ phase shifted PWM in which each pulse is shifted by n/360° (in this case
it corresponds to 120° shift). Output current ripples will be generally compensated as they

oppose each other [35].
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Figure 24 Three-phase interleaved buck converter [54]
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In Table 6 a brief summary of the ranges and maximum allowable values for the system
voltages is given. Based on the qualitative discussion presented, a simple system
configuration (in terms of components and control required) consisting of three-phase diode

bridge rectifier and step-up/down converter (as shown in Figure 25) is analyzed further.

Table 6 Typical rated values of the EV charging station system

Vou 400 V Vin 200 -500 V
Vo 540V Py, 50 -350 kW
Ve 600 —-750 V I, <400 A
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Figure 25 Detailed two-stage EV dc charging station topology (from a single secondary transformer
winding to a single charging outlet)

At the first instant, the input filter capacitance can be neglected and only an input
inductance can be taken into account (typically in the order of uH): it is the inductance of the
transformer winding plus the one of the cable connections. Setting a condition on a constant
current which charges the battery, i, = I, = const., the battery itself can be modelled as a
constant current source. If the transformer secondary rated line-to-line voltage is V>, =400V,
neglecting the voltage drop on the input inductance, the theoretical average value of the diode

bridge rectifier output voltage will be:

v, L =540V (65)

o

32,
T

The maximum value of this rectified voltage is:

V. =2V, =565.7V (66)

do,max

The voltage waveforms are shown in Figure 26, where T is the period of the sinusoidal
input voltage 7' = 20 ms. Due to the capacitor Cy, it can be assumed that the input voltage to

the step-up/down converter is constant:

V, =V

c do,max

= const.=565.7V (67)

Vde

Vdc_.max

‘ g wi

Figure 26 Intermediate dc-link voltage waveforms
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If the battery to be charged has a rated power of P, =350 kW and the charging current is
limited to Ip, . = 400 A (according to the CHAdeMO protocol), the battery voltage V), can be

calculated:
P

v, =—"- =875V (68)
b,max

It is evident that in this case the dc-dc converter should operate as a step-up in order to
increase the input voltage V. to the required value Vj. For a buck-boost converter as used in

this topology, the Eq. (69) holds [44]:
V=V 7 (69)

Therefore, the duty cycle can be calculated (expected value is above 0.5):

V
D= b —0.607 (70)
V, +V,

c

The average value of the input current iy can also be calculated using the buck-boost

relationship between its input and output current:

D

In any other case, starting from the rated battery power (lower or equal to 350 kW) and
its rated voltage Vj,, the duty cycle and the charging current can be determined as shown

previously.

It can be assumed that the current entering the dc-dc converter i; consists of two
components: a constant current (which flows out of the bridge rectifier) and a current ripple

(which flows through the capacitor Cy): i, =1, +i,, .

In the next step some of the topology components will be designed briefly. Setting up a
condition on the allowed voltage ripple at the intermediate dc-link (for example, 5% of V),

the value of the capacitor C, can be determined:

1 1
AV, =—L.At = C, S VRN N P - (72)
C, 0.05-V, 6

The calculated value is obviously too high to be practically implemented. It can be

decreased by increasing the allowed voltage ripple; however this is not advisable. Therefore,
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a smaller value should be accepted, for example, C;= 1 mF. Assuming a switching frequency
of a few kHz (let’s say, fi,,= 4 kHz) and a duty cycle as calculated D = 0.607, the value of the
capacitor Cj, of the dc-dc converter can be determined as:

,D _ . 1,-D

AV, = =——b —~
b * 005V, f,

=0 - =1.58 mF (73)
Cb ’ fsw

The inductance of the dc-dc converter is determined by limiting the current ripple to a

reasonable value, for example, 10% as shown:

vV, -D vV, -D
Al =—% " [, =—49%"_-139mH (74)
Lb'fvw ) 0'1.Id.-fsw
All the relevant current waveforms are shown in Figure 27 [44], [46]. They come in

handy when identifying the current harmonic components which are injected into the grid.
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Figure 27 Two-stage conversion topology waveforms: v, — sawtooth voltage, v, — switch control signal, i, —
battery charging current, i; — current through the step-up/down inductor L;, is;, — diode current, i; —
input current in the dc-dc converter [44], [46]

The maximum and minimum values of the current can be calculated as:

Al Al
=1, - 2L and I, =1, + 2L, (75)

L,max

L,min

where [ is the average value of the current through the inductor Ly,
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In order to calculate the current harmonics injected into the grid, the equivalent circuit in
Figure 28 is to be used, having in mind that only two phases of the diode bridge rectifier are

conducting at each time instant.

— (} in

Figure 28 Current harmonic injection equivalent circuit: R ,, and L,,, are the connecting resistance and
inductance respectively

As a first step, the current waveform i; should be decomposed by Fourier series into an
infinite number of sinusoidal components in order to calculate the amplitude of the current
harmonics at the switching frequency and its multiples. Taking into account the current

waveform as shown in Figure 27:

. I, .. +—==1, 0<tr<t,
i,(6)=1""" L (76)
0, t, <t<T,
The peak values of its harmonic components are calculated:
i 2
L, =— i, sm(h—t}'t
TSW '([ TS‘W
(77)
- 1 min \% D \% . .
I, =——""[cos(h2D)—1]- —%~——cos(h2aD) + ——2~——sin (h27D)
hﬂ- h bJ sw 2h T Lbfsw
I, = 2 t].nz cos[h d tJdt
c(h) — d P
Tsw 0 Tsw
(78)
7 I min - V D . V
1, =" sin(h27D)+ —4%——sin (h22D) + —5—2——[cos(h27D) - 1]
hmr hrl, f,, 2h°rnL, f,,
Then the amplitude of each harmonic is:
Ly = Isz(h) + Icz(h) . (79)

In case needed, the waveform can be expressed as:
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i, (t) =1,+ Z (fs(h) sin (ha)lt)+ fc(h) cos(ha)lt)) (80)

Analyzing the equivalent circuit for current injection, the current entering the grid can be
determined. At each harmonic frequency, in the expression (81) @ is to be multiplied by the

harmonic order h.

1
L{jo)= I (i
(je)=—7 C,0 + 2R, Cya0+1 “’(]w)' (81)

con con

Another important aspect is identifying the harmonic components present in the
transformer secondary currents, because they are expected to reflect on the primary side
currents. As mentioned previously, the current flowing out of the diode bridge rectifier is
assumed to be constant. Therefore, the waveforms of each phase current entering the diode

bridge are shown in Figure 29 (each diode conducts for 120°).
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Figure 29 Transformer secondary phase current waveforms [47]

The root mean square value of the diode bridge input current is:

Dyms = lfii (¢)at =ﬁld (82)
a,rms TO a 3

It is evident that three-phase currents absorbed by the diode bridge rectifier are not
sinusoidal, but square waves phase shifted by 120°. In addition to the fundamental
component, current harmonics of order 4 = 6k + 1 are present, where k =0, + 1, £ 2, + 3, etc.,

e, h=1,5711,13,17, 19, etc.
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The root mean square values of the fundamental primary transformer current harmonic

and of each higher harmonic are:

I, (83)

1,rms (84)

In Yy connection primary currents will follow the same waveforms as the secondary
currents shown in Figure 29. It should be emphasized that the low-frequency harmonics
present in the secondary, and therefore, also in the primary currents have particularly high
values. They will cause additional voltage drop and distortion of the mains voltage. A

possible solution is to employ filters in order to counteract the production of the harmonics.

It is advisable that either the primary or secondary winding are delta connected. Due to
the core non-linearity, i.e., hysteresis, triplet fluxes will occur and if a delta connection is
used, triplet currents can circulate in the winding, therefore suppressing the generation of

triplet core fluxes.

In case when the transformer consists of several secondary windings, each of them
supplying a separate diode bridge rectifier and a separate load, the primary current of each
phase will be a sum of all the secondary currents of the same phase. The waveforms in Yy
connection are exactly the same as in Figure 29 it is the amplitude that changes due to the

sum and the transformer ratio.

3.3.2 Single-stage power conversion
In this configuration, both ac-dc and dc-dc stages explained previously are combined in

and performed by one single converter, known as voltage source inverter (VSI) boost
rectifier. The topology shown in Figure 30 requires inductors to shape the converter input
current; these can be designed on purpose or secondary leakage inductance of the supply
transformer can be used if known in advance. The output voltage V. will be higher than the
input phase voltages. This rectifier is compact and can achieve smaller size, lower cost and
high efficiency. However, it contains high-frequency current ripple and the output voltage

range is limited [35], [39].
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Figure 30 Single-stage EV dc charging station topology

A detailed scheme of the VSI boost rectifier is shown in Figure 31. Several control
techniques can be applied to this VSI, such as: hysteresis current control, sinusoidal PWM,
space vector modulation, etc. Due to the nature of step-up inductors, a high input power
factor can be observed for all of these control schemes [48], [49]. In case of employing
sinusoidal PWM, the amplitude of both the output voltage V,. and input current can be
adjusted by varying the modulation index. In order to obtain a high power factor while
keeping V. at the desired value, phase angles of the reference waveforms should be shifted

optimally with respect to the corresponding line voltages [35].

If a high switching frequency is chosen, the input inductance size can be minimized;
therefore the voltage drop across Lgis small and the root mean square value of the converter
line-to-line input voltage is approximately equal to the supply line-to-line voltage.
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Figure 31 Three-phase six-switch voltage-source inverter (VSI boost rectifier) [50]
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If this converter is to be pulse-width modulated in a linear range with amplitude
modulation index m, < 1.0 to control the input currents to be sinusoidal, then the output

voltage amplitude is higher than the input line-to-line voltage [44]:

3 _2n2v,

V,=——mV, =V

2\/5 dc_\/gma

In three-phase converters as the one discussed here, the output current iy consists of a dc

>1.634-V, (85)

component and high-switching-frequency components (the ripple at twice the line frequency
does not exist as in the single-phase rectifiers) [44]. The high-frequency ripple superimposed
on the sinusoidal input line current, which is caused by the switching action and has a

frequency equal to f;,, can be observed in Figure 32.
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Figure 32 Input voltages and currents in a three-phase PWM rectifier

The amplitude of this ripple is defined as in Eq. (86), which makes it obvious that it will

be maximum when the phase voltage v, takes on zero value [50].

Al = L[l _(V_2j ] (86)
2LS fs Vdc )

The output dc voltage v, also fluctuates about its average value V. with a peak-to-peak

value which depends on the capacitance C, and has a value:

V.1
AV, =22 87
“ o wCV, ®7)

This voltage ripple should generally be less than 1% of the value V.
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With respect to diode-bridge configuration, the ac current at the input will be almost
sinusoidal, leading to a significant reduction in the dc side harmonic content. However,
switch-mode VSI requires complex control to adjust the output voltage and involves greater

power losses due to the high switching frequencies for the semiconductor devises [50].

If hysteresis control (HC) is used, a satisfactory power quality and fast dynamic response
of the converter can be achieved; however the switching frequency depends on the source
inductance and the load voltage, therefore it is not constant. Sinusoidal PWM is easy to
implement and gives lower switching power losses compared to HC, nevertheless the input
current THD will be slightly increased. Similar performances can be obtained by SVM but at
half the switching frequency than that in SPWM, which is a significant advantage in terms of

lower switching losses and stresses and increased efficiency [48].

3.3.3 System topology choice
Having in mind the description of the two system topologies presented, a final choice has

to be made in order to proceed with design of the multi-winding transformer. As it has
become evident, the two-stage topology consists of high number of components which will
decrease system’s reliability. More importantly, this topology will introduce low-order
harmonics in the primary transformer currents, therefore a filter is necessary. On the other
hand, the single-stage topology can improve the input power factor since only high order
harmonics will be present in the transformer currents, which can be suppressed by a suitable
choice of a control technique for the VSI boost converters. Considering the advantages of the
two-stage configuration, it is chosen as a suggested topology for this application and it will be

analyzed further in details.
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4 Multi-winding transformer design

4.1 Transformer rated data

Considering the EV dc charging station shown in Figure 18, the common rated power
form each single outlet should range from 150 kW to 350 kW [25]. Since the current
waveforms will inevitably be distorted due to the rectifier presence, the apparent power
necessary to design the transformer should be about 5% higher than the active power required
by the load [44]. The transformer primary winding power rating should preferably be smaller
than the sum of the power ratings of the secondary windings i.e., smaller than 1102.5 kVA in
this case, considering the low probability of simultaneous rated loads on all the secondary
windings. However, if all the converters are used to charge vehicles at the same time, the
output power can be reduced by employing an overall system controller, which will not
permit the total power requested at the secondary side to exceed the primary side rated power
[25]. Therefore, considering the IEC standard ratings, the first value lower than the calculated

primary apparent power is chosen, i.e., 1000 kVA.

Medium voltage level which the station will most likely be connected to is 10 kV or
20kV. Typically, the primary winding voltage is for at least a factor of 10 higher that the
secondary winding voltage. Having in mind the aforementioned reasoning, the multi-winding

transformer rated data are summarized in Table 7:

Table 7 Transformer main rated data

Four-winding transformer data Symbol Rated value | Unit
Rated active power on the primary winding P, 1000 kW
Rated active power on the secondary windings P,=P;=P, 350 kW
Rated power factor cosQ, 1.0
Rated primary voltage Vin 20 kV
Rated secondary voltage Vaon 0.4 kV
Rated frequency Ju 50 Hz
Vector group Yy

4.2 Transformer sizing criteria

For a multi-winding transformer, half the arithmetic sum of the rated power values of all
the windings (separate windings, not auto-connected) gives a rough estimate of its physical
size as compared with a two-winding transformer [51]. The no-load current in percentage is

referred to the winding with the highest rated power.
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Load losses should be tabulated for all pairs of windings separately, where each pair
consists of one primary and one secondary coil. A combined load loss figure for the complete
transformer is referred to a specified winding load combination. In general, it is usually not

accessible for direct measurement in testing.

Short-circuit impedances for all the different two-winding combinations should be given
with the respective reference power values. The tolerance for the short-circuit impedance for
a specified first pair of separate windings is £7.5% of the declared value when the impedance
value is >10% and +10% otherwise. For a specified second pair of separate windings, the
allowed tolerance is +10% of the declared value for the principal tapping and +15% of any
other tapping of the pair. For any further pair of windings, the allowed tolerance is >15%

[51].

Apart from the standard tolerance values provided by the International Electrotechnical
Committee (IEC), design recommendations can be summarized based on relevant literature
on transformer design, having in mind the multi-winding transformer [52] and its particular

application in EV dc fast charging station:

e Low ratio of the window height and width will ensure high leakage reactances, which

can limit the current ripples;

e Inter-coil distances to be large enough, i.e. higher than the minimum distances
allowed, in order to provide high leakage paths. However, this means that transformer

radial size, losses and copper mass will increase;

e High core cross section and high induced voltage per turn lead to low number of turns,

which limits the copper losses; although the inductances will decrease;

e Subdivision of the conductors, with complete transposition of the elementary plates;

4.3 Possible coils disposition

Another very important aspect of the transformer design is the coils disposition, since it
results in different performances of the transformer itself, which in turn affects the entire
system. Some of the possible coil dispositions are shown in Figure 33, where D is the column
diameter and W is the window width [10], [53]. Since the underlying patent for charging
stations does not provide any recommendations for the coils arrangement, it seems reasonable

to discuss this question further.
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Figure 33 Coils arrangement: a) concentric coils; b) stacked-coil disposition; c) split-stacked secondary
arrangement [53]
Concentric arrangement is typical for multi-winding power transformers because it
provides ease from manufacturing point of view. In case of four windings, three out of which
are rated at low voltage, a sensate disposition is to place the high voltage winding as the most

external one due to insulation reasons.

Stacked-coil disposition is commonly found in dry-type traction transformers: the high
voltage winding is split in two identical coils which are connected in parallel to the supply
network. In this way, as well as with the concentric type, balance of the resultant mmf
generated by the winding currents is ensured, which is not the case with split-stacked coils
arrangement. Non-identical size and position of the individual coils leads to different flux
couplings, which gives rise to unbalanced short-circuit impedances. This unbalance is

directly reflected on the behaviuor of the converter system.

4.4 Transformer design procedure

Design procedure followed in this work is rather simple, as shown in Figure 34: starting
from the rated apparent power and voltages, a choice is made for the induced voltage per
turn, so the number of turns is obtained. In the first stage, high voltage coil is designed in
terms of conductor and insulation choice and their arrangement; the same is done for the low
voltage coils as well. In the second stage core design is performed by calculating core
diameter and lamination stack dimensions. Then geometrical dimensions of the coils are
calculated and copper masses. This procedure provides as output basic physical dimensions,

as well as information about current densities and core flux density.
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INPUT DATA
Stn, S2n[KVA]

V}n, Van [kV]
Sz Yy

!

Ehoose Etwn[V] =>Number of turns Ni, @

High voltage coil

- Assume g1 [A/mm2] =» wire diameter dI, cross section Scul
- Conductor layers, interlayer insulation (paper and axial ducts)
- Electrical and total coil heights and width

{

- Distance HV coil - yoke

- Column height i/

!

- Disposition of elementary conductors Nrad X Nax

Low voltage coil

- Conductor layers, available winding height

- Assume g7 [A/mm?2] => rectangular conductor Pe X ge
- Interlayer insulation and axial ducts

- Electrical and total coil heights and width

!

Core

- Assume flux density Bm [T]

- Core cross section coefficients => core diameter d [mm]
- Dimensions of lamination stacks
- Insulation distances: coils to core and between coils

- Core cross section, total dimensions and core mass

!

HV and LV coils geometry

- External and internal coil diameters
- Average turn length
- Total conductor length

- Coil mass

Figure 34 Basic transformer design flowchart
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Although the flowchart in Figure 34 does not show the control points, the procedure is
generally iterative: the choices of conductors and their disposition, insulation material and
distances, number of core stacks, etc., are revised and adjusted until the requirements for

operating current density, flux density, total dimensions, etc. are met.

An optimal design output could be obtained by employing some of the recent computer
techniques and methods, such as: genetic programming, Taguchi method, stochastic
optimization algorithms, Matlab pattern finder, etc. [54]. However, one should be very
precautious when setting up the optimization function: commonly the aim is reducing
material costs and increasing transformer efficiency. For multi-winding transformers, being
considered as particular devices designed for special purposes, the aforementioned are not
always final goals; transformer performances (such as high leakage inductance for improving

current waveforms) might arise as design requirements.

4.5 Transformer design solutions
Two preliminary transformer design solutions are obtained following the flowchart in

Figure 34 as described in details in Appendix 1 and 2, based on the relevant literature [55] -
[63]. In the first solution proposed, concentric coils disposition is chosen and the transformer
contains four windings, while in the second solution the high voltage winding is split in three
separate coils which are connected in parallel to the supply network, thus a six winding
transformer is obtained where the pairs of high and low voltage windings are placed axially
on the columns. The cross sections are shown in Figure 35 and the most important basic

design outputs are summarized in Table 8 - Table 12.
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Table 8 Solution 1: Four coil transformer winding design summary

Symbol HYV coil LYV coil Unit
Winding rated apparent power Stn 2n 1,000 333.33 kVA
Type of winding wire
Number of turns Ni» 693 16
Induced voltage per turn E.m 14.0 V/turn
Number of conductor layers N, 9 1
Disposition of elementary conductors Ny x Nogg / 2x2
Dimensions of elementary conductor d;/ pexq. 3.35 7.5x5.0 mm
Cross section of bare conductor Seut.2 8.81 146.56 mm’
Working current density 812 3.28 3.28 A/mm’
Elementary conductor insulation i10.20 0.129 enameled 0.5 paper mm
Insulation between conductor layers 6 lay;;;élftron /
Axial duct width Oudl.2 4 / mm
Top / bottom insulation rings height hiy 24 11 mm
Winding electric height Riser 271 273 mm
Total winding height his 295 295 mm
Total winding width a ;s 39 11 mm
Winding mass mi, 77.23 19.05; 22.52; kg
26.0
Table 9 Solution 1: Four coil transformer core design summary
Symbol Value Units

Core diameter d 231 mm

Net cross section area Ste net 380.5 cm’

Working flux density B, 1.657 T

Window height H 375 mm

Column centres distance I 485 mm

Lamination stack lengths A; 220 {62(;(/) {j(()) (/) { 218 (/) q(])g (/) ;3 707/ mm

Lamination sack widhs b | (V6110217 1365 1085/ 12 | T

Total core length / height L.xH. 1190 x 815 mm

Core mass m. 1016 kg
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Figure 35 Cross section: four winding transformer (left) and six winding transformer (right)
Table 10 Solution 2: Six coil transformer winding design summary
Symbol HYV coil LYV coil Unit
Winding rated apparent power Stn 2n 333.33 333.33 kVA
Type of winding wire helix
Number of turns Ni» 1299 30
Induced voltage per turn Euvim 7.827 V/turn
Number of conductor layers N, 15 3
Disposition of elementary conductors Ny x Ny / 2x2
Dimensions of elementary conductor d;/ pexqe. 1.9 7.1x53 mm
Cross section of bare conductor Seut.2 2.84 145.85 mm?
Working current density 812 3.39 3.30 A/mm’
. . ) 0.112
Elementary conductor insulation 110,20 0.5 paper mm
enameled
Insulation between conductor layers > layers natron 0.25 mm DDP
paper
Top / bottom insulation rings height hiy 6 11 mm
Axial duct width Oudl 2 4 2x3 mm
Winding electric height hize 178 168 mm
Total winding height h; 190 190 mm
Total winding width as 38 41 mm
Winding mass my 34.77 30.72 kg
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Table 11 Solution 2: Six coil transformer core design summary

Symbol Value Units

Core diameter d 173 mm
Net cross section area Stenet 209.9 cm’
Working flux density B,, 1.68 T

Window height H 680 mm
Column centres distance I 385 mm
Lamination stack lengths A, 1707160 /1})%0//91)4/07/0130 /1207 mm
Lamination stack widths bi 1671685/ 13320/ /737;)0/ 6.30/5.25/ mm
Total core length / height L.x H. 940 x 1020 mm
Core mass m. 630.2 kg

Table 12 Solution 1 and 2: Transformer insulation distances summary

Distance [mm)] Symbol Interval 4 coils 6 coils

Distance: column — LV winding 020 4-6 4 5

Distance: LV-LV winding of the same phase 02 10-14 14 /

Distance LV-HV winding 012 14-17 14 14
Distance HV-HV winding of the same phase O11,ax >14 / 15
Distance HV-HV winding of different phases o1 >14 18 16
Distance LV winding - yoke 12 >30 40 40
Distance HV winding - yoke 7 >40 40 40

4.6 Four-coil vs. Six-coil design solution: basic comparison

Considering the transformer core in both design proposals, it is obvious that the four-coil
solution will be more expensive because it has about 380 kg higher mass than the six-coil
core. On the other hand, it will have lower losses per unit mass, since the operating flux

density in the first case is significantly lower than in the second one.

Taking into account the fact that copper wires with small diameter are more expensive
than the large ones, it is evident that the six-coil solution (d;=1.9 mm) will cost much more
than the four-coil one (d;=3.35 mm). This is also inevitably imposed by the total amount of

copper required for all the high voltage coils: 312 kg in case of six coils versus 232 kg in case
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of four coils. Since the current density is chosen to be lower in the four-coil case, this

solution is expected to have smaller per unit power losses than the six-coil.

On the other hand, the dimensions of the elementary plate conductors for the low voltage
coils are almost the same in both cases. However, the six-coil solution needs about 74 kg

more than four-coil solution (276 kg vs. 202 kg).

Having in mind the comparison made above, it is clear that manufacturing cost of six-
coil transformer windings will be much higher than in the four-coil solution. This fact will
generally determine the transformer price; although the core mass comparison implies an
opposite conclusion. However, the choice is not straight-forward: transformer performances

have to be evaluated as well as thermal validation before making a final decision.
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S Transformer model and parameters identification

5.1 Four coils transformer model

As explained in Chapter 2, an equivalent single-phase network of a four winding
transformer can be established by identifying six independent impedances, which are
obtained by six binary short-circuit tests, or calculated analytically based on the transformer
geometry. The well-known Starr network presented in Figure 15 is reproduced here for
convenience: it is built up of four impedances connected to the external terminals and other

two doubled inside the network (Figure 36). The magnetizing branch is neglected.

Lr Rb

Figure 36 Equivalent Starr network for four winding transformer [52]

The procedure for calculating the parameters of this network (R;, L;, i = a,b,c,d, e,f) starts
with the binary short-circuit impedances. As a first step, binary inductance L;; between each

two coils i and j can analytically be determined as:

Ly =k, pyc,K s i7:12,13,14,23,24,34 (88)

]

where k; is a common factor, p;; is the average perimeter of the hollow between the
observed coils, ¢;; is the distance between coils electromagnetic centres and Kpg; is the
Rogowski factor which models fringing effects. Each of these parameters can be calculated

based on the transformer geometry as:

N2
k= p, ~2 . 9
L /’l() hl
D S,
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c; = 5” + 3 1)
1 —ory
KR,ij (O-R,ij)zl_o__(l_e ' ) : 92)
R,ij
7h
R~ 25:’1 ta;, +a; ©3)
p,=2-7-r,, %94)

where J;; is the radial distance between the coils, r; is the distance between the column
centre and the middle of the i" coil, r;; is the distance between the column centre and the
midpoint of the hollow between coils i and j, a; and a; are the coils widths, A; is the total
height of the coil, N, is the number of low voltage turns, D; gxr is the external diameter of the
i™ coil. Detailed expressions are given in the Appendix 3 and the final values of the binary

inductances are shown in Table 13.

On the other hand, binary short-circuit resistances are used for modelling the main ohmic
losses as well as the additional losses in the copper windings. These additional losses are due
to skin effect which affects not only the supplied and the short-circuited coil during binary
short-circuit test, but also all the other open-ended coils which are immersed in ac leakage
field (due to eddy currents). By employing additional loss coefficient k, these losses are taken
into account and the binary resistances can be obtained as:

R; =k, Ry, + D ko Roy, +k, Ro, (95)
k#i,j

where R ;is dc resistance of the i™ coil and kap k18 additional loss factor of the K" coil
which is open-ended during the binary test and positioned between the coils i and j. Further
explanation and detailed expressions can be found in the Appendix 3 and the results are

presented in Table 13.

Table 13 Binary short-circuit inductances and resistances

L [uH] L3 [uH] L4 [puH] L; [uH] Ly, [puH] Lz, [puH]
19.014 42.175 72.660 22.472 57.536 36.082
R;> [mQ] R;;[mQ] R4 [mQ] R;; [mQ] Ry [mQ] R34 [mQ]
4.277 4.792 3.558 4.992 3.758 3.934




A verification of the analytically calculated binary short-circuit inductances can be done

in the Maxwell software by using the FEM method. When employing axisymmetric approach

the computations are done with the stored energy in the windings and surrounding air

volumes. The transformer geometry should be adapted so as to account for the yoke effect

correctly, as shown in Figure 37. Main corrections done to the transformer cross section and

the set up parameters are [64]:

Only one phase is taken into account in order to shorten the computational time;

The axial distance between the winding and the yoke on each side is increased two to

three times;

The column material is chosen to be pure iron with g, .= 4000, therefore the core non-

linearity is neglected;
The yoke is assumed to have relative permeability ,u,,y:106;

Only the high voltage winding is excited by a unity current, which is enough to

identify the inductances needed;

The target energy error is set to be very small (0.05%) because the inductances values

will differ in the last decimals;

The number of turns of each winding is set to be equal to 1 and then obtained values

are referred to the low voltage coil number of turns N-.

Figure 37 FEM axisymmetric model of the four coil transformer: 1-column, 2-yoke, 3-high voltage

winding, 4-low voltage windings
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After 25 iteration steps, the results obtained are

obtained ones, as shown in Table 14.

Table 14 Binary short-circuit inductances by FEM

comparable

with the mathematically

L;;[uH] L;3[pH] L [pH] Ly;[uH] Loy [pH] Ls[pH]
17.92 43.52 69.12 20.48 51.20 30.75
AL, [%] AL;3[%] AL 4 [%] ALy; [%] AL, [%] ALz [%]
-5.75 3.19 -4.87 -8.86 -11.01 -14.86

These discrepancies are due to the fact that each winding in the FEM simulation is taken

to be made of solid copper material, i.e., the insulation between conductor layers and axial

ducts are not considered.

Having obtained the binary short-circuit inductances and resistances, they are joined to

form the binary impedances at mains frequency:

Z,=R, + jol, .

(96)

Next step is calculating the Starr network impedances from the binary short-circuit

impedances by the following equations:

K =2,+2,,-2,-7Z,

Z = E] 2 E]

Zf =V KK, +K,.

— 1= — —
Z, = 5 Zn,+7Z,-2,
- 1= — —
Z, = 5 Zy,+Zy—- 1,
Z =— (223 +2y,—2y,

K,=7,+7Z,

4

14

97)

(98)

(99)

(100)

(101)

(102)

(103)
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Each of the Starr network impedances consists of real and imaginary part, which can be

separated in order to identify the equivalent parameters (resistances and inductances) of the

network shown in Figure 36. The parameter values are given in Table 15.

R =RelZ,:

I Sm{Z}

i 24f

, i=a,b,c,d,e, f.

Table 15 Equivalent Starr network inductances and resistances at mains frequency

L,[uH] Ly [uH] L.[uH] L,[uH] L, [uH] Ly[pH]
9.922 4.089 -6.638 26.137 58.908 18.873

R,[mQ] R, [mQ] R.[mQ] R, [mQ] R.[mQ)] R/ [mQ]
2.011 2.469 2.557 1.323 0.393 0.054

5.2 Four coils transformer: copper losses estimation

(104)

Assuming ideal sinusoidal transformer operation (only fundamental components of the

voltages and currents are present) copper losses can be estimated by analyzing the equivalent

network of Figure 36. Although eight currents are shown, not all of them are independent, but

the following relationships hold:

i, =10, +i, .
s =i, —1, .

I, =4 +12 '|‘l3

o =1y —1; =1, +1y —1I,

(105)

(106)

(107)

(108)

Current iy can be expressed in terms of fundamental components from the equivalent

network as a function of i;, i, and i3 by using the Kirchhoff’s voltage low for the internal

loop:

z,+7.)

|

L-Z,0,

1
1425'

N

L+
;T

(109)

Referring to a single-phase system as shown in the Starr network, the vectors of variable

state currents i and state voltage sources can be defined as:

1= [ll L, I3

) ]T
I

(110)
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Vi, = [(v(') —vl) (v(', —vz) (v(') —v3) O]T (111)

The system of state equations in matrix form is:

4 (112)

Vi =RgitLgo
t

where the inductance and the resistance matrices are defined as:

L +L +L, L, L, -L,
L L +L,+L, +L L. +L L +L
LS= d b f d f d f (113)
L, L, +L, L +L,+L, L,
L, L+L, L 2L, +1,)
R, +R, +R, R, R, - R,
R R, +R,+R, +R R, +R R, +R,
Rs: d b f d f d f (114)
R, R, +R, R.+R; +R, R,
~R, R, +R, R, 2R, +R,)

Considering the fundamental components, Eq. (112) can be transformed in a phasor
matrix equation:

V,=Zg - 1+V, (115)

where V, is the state vector of the source voltages referred to the low voltage side and it

1s defined as:

v,=lv, v, v, of (116)
Vi Ny

v, v 266.6 V (117)

oy

—

The network impedance matrix Z_Sis defined at mains frequency as:

3727 +j29.835 1323+ 8211 1323+ 8211 —0.393 — j18.507
1323+ j8211 4239+ j33.931 1.377 + jl4.140  0.447 + j24.436
1323 + j8.211  1.377 + jl4.140 3.934 + j12.055  0.054 + j5.929 (118)
~0.393 - j18.507 0.447 + j24.436  0.054 + j5.929  0.894 + j48.871

Zs =Rg + joLg =

A reference operating condition for the system should be identified: one possibility is to
choose equal impedance (in module and phase) connected at each secondary terminal. This

condition corresponds to assuming the same battery charging conditions on all the secondary
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ports. Choosing the value of this load impedance is not a trivial issue, since the battery
internal parameters depend on its state of charge, temperature, etc., and moreover, they are
not constant during the charging process. Another possibility is to assume that all the
secondary coils are loaded with rated current; however having in mind that balancing the load
is not a necessary requirement. In this case the secondary currents are assumed to be equal in

magnitude and phase:

I =1,=1,=1_,=48112-¢77" A, (119)

sec,n

where the phase angle of the secondary currents g=arcos (PF) is equal to the phase angle
of the primary current, which in turn equals the phase angle of the supply voltage. In this way
a unity power factor is ensured. Also the primary transformer current in this conditions will

equal its rated value. The system (115) can now be solved for the transformer output terminal

voltages:
Vil |V I
A 1,
2= V| -Zg-| 2 (120)
V3 VO 13
0 0 I,

IS

By solving the Eq. (109), the following values for the secondary currents are obtained:
V =26432-¢7% Vv, V,=26493.¢7 v, vV, =26397-¢ 77 V. (121)

These values will be useful for the later analysis of the transformer operation in non-

sinusoidal conditions.

Total copper losses can now be estimated for sinusoidal conditions at mains frequency:

P

Cu

= 3-(1?“112 +R,I;+RI; +R,I; +RI; +RI; +R,I; +Rf1§)= 13.85kW (122)

5.3  Six coils transformer model

In case of a six coil transformer, obtaining Starr equivalent network is a cumbersome and
impractical task; therefore employing a mesh network which consists of 15 independent
impedances as shown in Figure 16 (and reproduced for convenience here in Figure 38) can be
analyzed. In order to calculate branch impedances of this network (Z;), which cannot be
related to any physical parts of the transformer, binary short-circuit inductances and

resistances are necessary to be measured or calculated analytically.
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Figure 38 Equivalent mesh network of six winding transformer

As it is well-known, binary short-circuit inductances can be measured for each pair of

coils ij in the following manner: winding i is excited with rated current while winding j is

short-circuited and all the other coils are open-ended. Since experimental measurements are

not possible to be performed in the transformer design phase, analytical approach has to be

adopted. Calculating directly the binary short-circuit inductance for a pair of coils is very

intricate, therefore a simplified procedure is followed, by subdividing the leakage flux in two

components, axial and radial as shown in Figure 39. Their effects are taken into account by

the inductances L;; and L;; which made up the binary short-circuit inductance [65].
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Figure 39 Flux density in radial and axial direction in the transformer window [65]
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P

ij ij

(123)

Assuming the coils are concentric with equal heights, the leakage flux has only one

component in the axial direction. Therefore, the axial contribution L to the binary short-

circuit inductance is:

M 7TN2 aiDiAV aijwAV

L =24 A4 8,D,

g (h,.+hj)/2( 3 iTyav 3 (124)
Kéag

where h; and h; are coils heights, D; 4y and D; 4v are coils average diameters, a; and q; are
coils widths, Djj4v is the diameter of the hollow between the coils, J; is the radial distance
between the coils, N, is the reference number of turns. Referring to the six coil transformer,

the coil pairs are obtained for: i =1, 3, S and j =2, 4, 6.

Assuming the windings have equal diameters, and the leakage flux has only one

component in radial direction, Ll’.j can be calculated as:

I — ﬂo”NfDij,Av a; 5 a;
ij /2 - T ij,ax+_ 4
ava )iz 3 (125)
Klgug

where Jjj ., is the axial distance between the observed coils. Referring to the six coil
transformer, the coil pairs are obtained for: i = 1,2 and j =3, 4, 5, 6; and fori = 3,4 and j =5,
6. Detailed expressions for calculating binary short-circuit inductances are given in Appendix

4 and the results are shown in Table 16.

Following the same procedure as in the case of four winding transformer for calculating
the binary short-circuit resistances and taking into account additional copper losses by

coefficient k, is explained in Appendix 4 and the values obtained are given in Table 17.

Table 16 Six coil transformer binary short-circuit inductances at mains frequency

L;; [uH] L3 [uH] L4 [uH] L;s [uH] Ls [uH] Ly; [uH] Ly, [uH] L,s [uH] Lys [uH]
173.83 77.83 225.21 53.09 198.19 225.21 103.50 198.19 70.42
Ls, [uH] Lss [uH] Lss [uH] Lys [uH] Lys [uH] Lss [uH]
173.83 77.83 225.21 225.21 103.50 173.83
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Table 17 Six coil transformer binary short-circuit resistances at mains frequency

Ri2 [mQ] | Ry3 [mQ] | Ry [m€] | Rys [mQ] | Rjs [ME] | Rp3 [m€2] | Rpy [MQ] | Rps [ME2] | R [mQ]
8.999 7.735 8.999 7.735 8.999 8.999 10.263 8.999 10.263
R3, [mQ] | R35 [mQ] | R3s [mQ] | Rys [mQ] | Rys [mQ] | Rss [MQ]
8.999 7.735 8.999 8.999 10.263 8.999

From the previous values, binary short-circuit impedance between each two coils i and j
can be calculated by Eq. (126). Due to the windings symmetry, it is evident that some of

these binary impedances are equal.

Z., =R, +joL,, (126)

sc,ij

Z Z Z Z Z Z Z

sc,12 = sc,34 = s¢,56 sc,13 = sc,35 0 sc,24 = 5¢,26

(127)

Zsc,l4 = Z.S'c,23 = Zsc,36 = Zsc,45 5 Zsc,l6 = Zsc,25 :

As explained in 2.3 and referring to Figure 38, a full admittance matrix Yy which
contains the branch admittances between each pair of nodes of the mesh network can be
created. Taking out the first row and column, which refer to primary coil supplied by the

network, the system is reduced to 5" order:

VI=EHr=]" -l

where the matrix containing mesh network impedances has the following shape [18]:

(128)

Ay Gyz dyy Gys Uy

| 923 Gy Gy a5 Oy

Z=\a,, ay a, Aa; a4/, (129)
Qys d3s Ay dss  dsg
[ @26 Q36 Q46 Qsg  Qgg

General expressions for calculating its diagonal and off-diagonal elements from the

binary short-circuit impedances are:

aii = Zxc,li ’
130
_1 ) (130)
aij - E(Zsc,li + Zsc,lj _Zsc,ij .

Provided that the impedance matrix Z is invertible, Y=2 !'is the mesh network admittance

matrix, with the following shape:
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Therefore, mesh network impedance between nodes i and j is calculated by using Y-

matrix elements as:

f— 1 — 1
Z. . =——, forizl,j#1, Z,=——.
ij ’ o ’ 1i
bij bii+ zsz
lj;l,j#-i,

(132)

Detailed expressions can be found in the Appendix 4. The parameters of mesh network at
mains frequency obtained analytically by this method are given in Table 18 (in mQ), and the
mesh resistances and inductances can be separated as well. Their values are given in Table 19

and Table 19.

Table 18 Six coil transformer mesh network impedances at mains frequency

Z,, =26.878+ j23.098 Z,5 =17.639+ j27.961

N

Z,, =—54.122— j41.384 Z,5 =13.354+ j20.558

Z,c =—10093— j25.364 Z,3 =—53.619+ j41.417

Z,, =24.521+ j37.820 Zys=Z1g

Zs =18201+ j27.469 Zs, =19.823+ j20.892

Zys=Zy3; Zyg=Zy

Zso =2,

Since primary coils 2, 4 and 6 are connected in parallel to the same supply grid, the same
potential on these nodes is ensured; however it does not prevent from circulating currents

between them.

Table 19 Six coil transformer mesh network resistances at mains frequency

R [mQ] | R;3[mQ] | Ry [mQ] | Ris [mQ] | Ry [M] | Rp; [mQ] | Rpy [M] | Rps [mQ] | Rys [ME2]
26.878 17.639 -54.122 13.354 -100.925 -53.619 24.521 -100.925 18.201
R34 [mQ] | R;s [mQ] | Ry [mQ] | Rys [mQ] | Ry [MQ] | Rss [mC]
19.823 17.639 -53.619 -54.122 24.521 26.878
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Table 20 Six coil transformer mesh network inductances at mains frequency

L [uH] | Lz [uH] | Ly [uH] | Lis[uH] | Lis [uH] | Loz [uH] | Loy [UH] | Los [uH] | Lzs [uH]
73.523 89.003 -131.730 65.439 -80.345 -131.836 120.386 -80.345 87.436
L3y [uH] | Lss [uH] | Lss [uH] | Lys [WH] | Ly [UH] | Lss [uH]
66.500 89.003 -131.836 | -131.836 120.386 73.523

Having negative values of the resistances and inductances in the mesh network is not an

oddity since they cannot be assigned to any physical parts of the transformer. In order to

calculate the copper losses at mains frequency, all the branch currents should be determined.

The network is solved by node potential method taking node 2 as a reference. The admittance

matrix has the following shape:

I Y, - Y,
o —¥; Yy
Yg=|-Y, -Y,
_YIS _Y35
__Ym _Yss

=Y, Y5 Y
=Y, Y Y
Y44 _Y45 _Y46
_Y45 Yss _Yse
_Y46 _Y56 Y66

where its elements are calculated as:

— 1 = 1
Yij:_; Y”:ZZ=
i %

N

y

(133)

(134)

Having in mind that the transformer is supplied at nodes 2, 4 and 6 and node 2 was

chosen as a reference one, the system equation in matrix form can be written as:

I

I
2<|

AN NI NI
Lo
SN S

<

=V

&)

L

| |
~N| O~
w ] =

=

|
| ~
n

~

Yo 1

6

The supply voltage referred to the low voltage side is:

N
I
=

[
o~ |
[
=
!

N,

"2 =266.67V

(135)

(136)

(137)
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In order to solve the network and ensure coherent procedure with the four-coil
transformer case, rated secondary currents will be assumed, all equal in magnitude and phase
among them, and in phase with the primary currents as well, so as to impose a condition on

unity power factor.

L=1,=1,=1_,=481.12-¢" A (138)

L=I,=1,=1,,, =41655-¢" A (139)
Equation (136) can now be written as:

nENEAA

v, —L| |V,

o=z} 7 |+ (140)

Vs —Is| |V,

0] 1] Lo
Solving the system results in obtaining the three unknown output terminal voltages:

V =27043-¢7" vV, =270.80-¢ " V; V, =270.61-¢ 7 V| (141)

It can be noted that although the same currents flow through all the secondary windings,
phase voltages at these nodes are not exactly equal. Now it is possible to calculate all the

branch currents as:

<

I, == (142)

ij

Total copper losses at mains frequency are:
Pry =3+ (RI2 + Ryl + .t RigI% )= 20.02 kW (143)

It is not surprising to obtain higher copper losses in sinusoidal conditions with respect to
the four-coil case, due to the fact that the amount of copper used in the former case is

significantly higher.

5.4 Core losses estimation

Another important part of the transformer design is estimation of the core losses at
reference sinusoidal conditions, as well as at distorted waveforms operation. Considering no-

load condition, specific core losses due to hysteresis and eddy currents can be evaluated
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separately. Using the curves for core losses provided by the manufacturer (Figure 40) at two
different frequencies (typically 50 Hz and 60 Hz), the specific losses per unit mass at variable

frequency and at variable flux density peak value at sinusoidal conditions are calculated as:

Pros(B.f)=C, fi : (Bi] (144)
ref ref

ng,ec(B,f)=Cec-(ij (iJ , (145)

f ref B ref

where C,, and C,. are specific hysteresis and eddy current loss at the reference values for
B,.sand f.r (usually 1 T, 50 Hz) respectively. It should be noted that these expressions are

valid only when the working frequency is low and minor hysteresis loops are neglected.

Total specific core losses per unit mass are sum of the hysteresis and eddy current losses:

Pr(B.f)= Ch-iwec-(fiJ (BiJ : (146)
ref ref ref

If f=f,.rand B = B, the total specific loss is known as loss figure (Cr.) and can be read
directly from the manufacturer’s curve. By analyzing the properties of various lamination
materials, it has been found that the hysteresis losses are about 2/3 of the total iron losses at

reference frequency, i.e.:

C
Cre=C+C, = -=06+08. (147)

Fe

— AL

TRAN-COR? H-1 CARLITE® DR®
0.27 mm Thick

i Core loss [Wikg]

- o~ 3 woo~ o

- o o -
5 8 8 g § 3
=] (=] o (=] (=]

Figure 40 Specific core loss for H-1 Carlite 0.27 mm core laminations [63]
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In order to calculate total core losses, an additional coefficient is introduced, k., which
takes into account the loss increase due to technological effects such as: non-uniform flux
density distribution near the core joints, lamination burrs, material mechanical stress, etc. The
value of this coefficient depends on the manufacturing process and on the laminations

quality. A typical value can be assumed k, ;.= 1.15 - 1.20. Therefore, total core losses are:

PFe = ka,tec ' pFe (B’ f) mcore . (148)

Analyzing the core losses in Figure 40, the loss profile is Cr, = 0.28 W/kg. By assuming
the loss ratio to equal C,,/ Cr, = 0.8, it is found that specific losses are: C;, = 0.224 W/kg and
Cec=0.056 W/kg. Therefore, total core loss estimation for both four and six coil transformers

at rated sinusoidal conditions is shown in Table 21.

Table 21 Core losses estimation in sinusoidal conditions at mains frequency

4 coils 6 coils Unit
Operating flux density 1.657 1.680 T
Hysteresis core losses 0.6150 0.6322 W/kg
Eddy currents core losses 0.1538 0.1581 W/kg
Total core mass 1016 630.2 kg
Total core losses 898.27 572.75 W

Summing up the copper and the core losses calculated previously, the transformer
efficiency can be estimated at rated sinusoidal conditions. For the four coil transformer it is
7=98.53%, and for the six coil its value is #=97.94%, which is unacceptably low for
transformer operation in ideal conditions. Having in mind the ease of obtaining the
parameters of the equivalent network for both cases, although both the procedures are based
on classical analytical approach and do not impose particular computational complexity, the
four coil transformer is however superior and less prone to errors. Therefore, the four coil

design proposal will be analyzed further in the following chapter.

79



6 Transformer performances estimation

In order to estimate more precisely the transformer performances in the specific
application for EV dc charging stations, the proposed single-stage topology should be
considered and the influence of the harmonic components to be taken into account. By
analyzing the equivalent Starr network parameters as a function of the frequency several

observations can be made:

e Jeakage inductances estimated from the binary short-circuit impedances are not
frequency dependent;
e Resistance values vary with the frequency as shown in Table 22 (always referring to

the low voltage side):

Table 22 Starr network resistances as a function of the harmonic order

R, [mQ] R, Ry, R, Ran R, R/h
h=0 1.917 2.268 2.618 1.152 0 0
h=1 2.011 2.469 2.557 1.323 0.393 0.054
h=10 9.690 4.660 -2.363 16.711 32.530 4.472
h =100 56.631 20.221 -28.053 253.001 | 219.954 30.309
h =1000 176.70 63.44 -86.84 742.43 685.13 94.57

e Dc coil resistances R,q, Ryo, R.q and R, are given as R, Rpp, Repand Ryp;
e The ac resistances at fundamental frequency are very close to the dc values
respectively: R,;, Rp;, Ry are slightly higher than R,q, Ry, Rio, while R, is slightly
lower than R.q;
e The increasing trend of R,;, Ry; can be observed further at higher frequencies, Ry,
increases too, although much more rapidly, while R., changes its sign.
It can be shown that regardless of the significant increase in the Starr network resistances
with the frequency increase, generally the network reactances will have dominant values.
Therefore, in order to simplify the further analysis, without losing much on the solution

accuracy, the values of the resistances at fundamental frequency R;;will be considered.

In order to estimate the transformer performances taking into account the VSI boost
rectifier influence on the secondary currents and considering the effects of multiple secondary

windings, the following steps will be performed:

e Fourier decomposition of the converter input voltage (for each converter separately);

e Starr equivalent network harmonic impedances;
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e Network harmonic currents and THDx;

e Copper and core harmonic losses estimation;

e Transformer efficiency calculation.

The steps listed above are to be repeated for each harmonic separately, except the
transformer efficiency which is estimated globally. Then by adding harmonic instantaneous

current components, the currents waveforms in time domain will be obtained.

Considering a reference case of rated secondary currents transformer performances will
be analyzed when different VSI boost converter control techniques are applied. This analysis
is aimed at identifying the most suitable PWM technique in terms of transformer efficiency

and the lowest harmonic distortion of the transformer primary current.

As it is well-known, converter switching action results in generation of high order
harmonics, due to the high switching frequency in the order of kHz. Since this phenomenon
is inevitable, there are some possibilities for suppressing specific harmonics and therefore
decreasing the current total harmonic distortion. This is particularly interesting in the case of

multiple secondary transformer windings, which feed separate VSI rectifiers.

Assuming the voltage drop caused by the connection inductance (due to the presence of
cables which are connecting each transformer output terminal with the converter) is
negligible, it can be considered that the voltage at the transformer output consists of

fundamental component and high order harmonics [66]:

a,i

1%
v,(t)=m ; sin(@,,1)+ v, 1=1,2,3, (149)

where m, is the modulation ratio, @;. is the angular frequency of the fundamental
component (equal to the angular frequency of the control sinusoidal signal, 50 Hz), V. ;1s the
dc output voltage, v ;1S the total high order harmonic content of the output voltage and i
indicates the transformer secondary terminal. The typical PWM converter voltage spectrum

can be determined as:

2Vci - 1
Vh,tot,i(t)z - Z { Z J (

T 4=12,. 94 |k=t1,43,.

j {q+k }sm[(qm +k)o, r]} (150)

where Ji(x) is the value of the Bessel’s function of first type of order k evaluated at x and

myis the frequency modulation index.

The waveform of each voltage harmonic component of order % can be calculated as:
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vh,i(q’k):Aq,k Sin[ha)lc(t_td)] ) (151)

where A« is the harmonic amplitude, 7, is a time delay due to the phase shift between the
output voltages as well as due to the phase-shift of the carrier signal with respect to the phase
of another carrier signal taken as a reference. The harmonic amplitude is:

2V, 1 qgm,7 ) . T
A, = ;’gjk( 5 ).sm{(q+k)5}, (152)

and the harmonic order is represented as a function of the frequency modulation index:
h=q-m, +k, (153)

where g + k has to be odd, therefore if g = 1, k=22, £ 4;ifg=2, k=% 1, %5, etc.
Harmonic components 2-my+ 3 do not exist in case of three phase PWM converters due to the
phase shift of 120° between the reference sinusoidal signals which are controlling the

modulation of each converter leg, i.e., of each phase [67].

6.1 Carrier-phase shifting method

In case of n converters which are controlled simultaneously by sinusoidal PWM, it has
been shown that improved performances in terms of cancelling harmonic components in the
transformer input waveforms can be achieved if the so called carrier phase-shifting method is
applied. It means that in case of a three phase system and bipolar switching, each converter is
controlled by a triangular carrier signal shifted for 7,,/n with respect to its neighbouring

converter. The same modulating (reference) signal is used, as shown in Figure 41.

Sirst  ond (:af?'i_er phase commt_’ (reference)
shifting angle signal

carrier

carrier

Figure 41 Principle of carrier phase-shifting method [68]

The phase shift between the carrier signals implies a displacement in the instantaneous
secondary voltages, which in turn causes large current harmonics at my and its multiples. This
phase shift in the formula (151) is represented as a contribution to the time delay #;. A

reasonable expectation when applying this method is to introduce larger distortion in the
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secondary side currents with respect to the case of co-phased signals, but at the same time to

lower the harmonic distortion of the primary current.

In the preliminary analysis it is assumed that no filter is inserted between the transformer
output and the converter input. In fact, the need for such a filter depends on the analysis
results. The ripples of the converter output dc voltage will be neglected, and the supply grid

voltage is considered to be purely sinusoidal. It is referred to the low voltage side as:

v () =V, -sin (1) =22 2 gin (w,0). (154)

J3 N,

Following the same procedure as in the case of sinusoidal conditions, the system state

equation can be written in matrix form:

di

v. =R -i+L, - —. 155
io S S dt ( )
o Ly, Vin

y ! i y

=R+ jho Lg)-| 2+, (156)
Y, L3 V3,

0 iy 0

where the transformer impedance matrix is defined in the same manner as Eq. (113) and
(114) and the secondary voltages are calculated according to Eq. (149). Now by solving the
Eq. (156) at each harmonic frequency, the waveforms of the transformer secondary currents

can be obtained, and then also the primary current by using the Kirchhoff’s law. It should be
noted that the supply voltage v, = Oexcept at mains frequency and for the transformer

network resistances are taken their values at fundamental frequency.

A few variations of the modulation parameters are investigated and current harmonic
distortion, copper losses and transformer efficiency are calculated for each case. Two
frequency ratios are imposed, m; = 99 and m; = 33, corresponding to switching frequencies
(equal to the carrier signal frequency) 4.95 kHz and 1.65 kHz respectively. The effect of the
carrier phase shift is also tested, taking the carrier signals for each converter to be co-phased

or phase-shifted by 7,/3. The dc-link voltage is fixed at 800 V.

6.2 Case 1: ms=99, co-phased carrier signals

The fundamental and the main current harmonic values are shown in Table 23, as well as

the total current harmonic distortion and total copper losses estimated when the three carrier
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signals for each converter are in phase. Current waveforms are synthesized by summing up

the sinusoidal harmonic components obtained by Fourier analysis and are shown in Figure 42

and Figure 43. Total copper losses at each harmonic frequency are given in Figure 44.

Table 23 Current fundamental and high order harmonics and copper losses in case of co-phased carrier

signals and frequency ratio m; =99

Current i i is iy
Lina,rms [A] 481.12 481.12 481.12 1,443.36
h=m;-2 [%] 2.04 1.79 20.62 7.22
h=ms+2 1.96 1.71 19.80 6.94
h=2m-1 0.87 0.81 8.39 2.89
h=2ms+1 0.86 0.80 8.31 2.87
THD; [%] 3.31 2.93 33.04 11.54
PCu,tot [kW] 14.16
I [A)
t[s]
—EW 1 1 1 1 1 1
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Figure 42 Secondary currents waveforms in case of co-phased carrier signals and m, =99
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Figure 43 Primary and secondary currents waveforms in case of co-phased carrier signals and m, =99
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Figure 44 Total copper losses for high order harmonics (% > 1), co-phased carrier signals and m, =99

It can be noted that the current in the third low voltage winding has much higher total
harmonic distortion than the other two secondary currents. This behaviour is not easy to be
explained: since Rgand Lg matrices are full, each secondary current is influenced by the other
two. The primary current has a significant distortion as well, which indicates that some
measures have to be taken in order to reduce it, although it is already compliant with the

standard IEC 1000-3-4 which limits the maximum THD to be 20%.

6.3 Case 2: my=99, phase-shifted carrier signals
One of the possible alternatives is to shift the carrier signals as explained previously. In
this case the results are summarized in Table 24 and the current waveforms are shown in

Figure 45 and Figure 46 respectively. Total copper losses are given in Figure 47.
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Table 24 Current fundamental and high order harmonics and copper losses in case of phase-shifted

carrier signals and frequency ratio m;= 99

Current i i, i3 io’

Liunarms [Al 481.12 481.12 481.12 1,443.36
h =mg-2 [%] 33.70 17.68 45.39 6.41

h=ms+2 32.37 16.99 43.59 6.16

h =2my;-1 17.70 21.52 23.31 2.71

h =2m;+1 17.52 21.31 23.07 2.69

THD; [%] 57.89 53.56 77.83 10.54
Pcuyor [KW] 16.57

—1M] 1 1 1 1 1 1 1 1
o 0o0os 001 0015 002 0025 003 0035 004 0045

I2[A]

—1[[“] 1 1 1 1 1 1 1 1
0 0005 001 0015 002 0025 003 0035 004 0045
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0 0005 001 0015 002 0025 003 0035 004 0045

Figure 45 Secondary currents waveforms in case of phase-shifted carrier signals and m;= 99
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Figure 46 Primary and secondary currents waveforms in case of phase-shifted carrier signals and m, =99
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Figure 47 Total copper losses for high order harmonics (% > 1), phase-shifted carrier signals and m, =99

Several observations can be made when comparing the two cases of PWM control:

e Shifting the carrier signals leads to a decrease in the THD of the primary current

drawn from the mains with respect to the case of in phase carrier signals;

e At the same time, shifting the carriers significantly increases the THD of all the

secondary currents, which in turn increases the total copper losses in the transformer;

e Lower THD of the primary current i, is visible in the waveform at time instants close

to the zero crossings, but the ripples at the current maximum and minimum seem to

remain almost unchanged.
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6.4 Case 3: my= 33, co-phased carrier signals

Power losses in the converters in both the previous cases will be high, due to the high
switching frequency. Therefore, in the next analysis the switching frequency is lowered to
1.65 kHz. Current harmonic components’ values are given in Table 25. The waveforms are
shown in Figure 48 and Figure 49, and the copper losses at each harmonic frequency are
presented in Figure 50.

Table 25 Current fundamental and high order harmonics and copper losses in case of co-phased carrier

signals and frequency ratio m; = 33

Current i i is iy

Lind,rms [A] 481.12 481.12 481.12 1,443.36
h=m;-2 [%] 6.35 5.83 64.48 22.59

h=ms+2 5.63 5.13 57.11 20.01

h=2m-1 2.64 2.49 25.43 8.77
h=2ms+1 2.56 2.42 24.68 8.51

THD; [%] 9.89 9.09 99.37 34.71
Pcyio [KW] 16.67

500 ; i ; i i h i £ [s]
0 0005 001 0015 002 0025 003 0035 004 0045

I2[A]

500 ; i ; i i h i {2 [s]
0 0005 001 0015 002 0025 003 0035 004 0045
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Figure 48 Secondary currents waveforms in case of co-phased carrier signals and m, =33
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Figure 49 Primary and secondary currents waveforms in case of co-phased carrier signals and m, = 33
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Figure 50 Total copper losses for high order harmonics (% > 1), co-phased carrier signals and m, = 33

e Lowering the switching frequency results in higher THD of the secondary currents
(comparing the cases 1 and 3 when carrier signals are in phase); however the THD of
i; and i, is much lower than the case of phase-shifted carriers and higher frequency,

which is not valid for i3;
e Current i3 shows a significant level of harmonic distortion;

e Total harmonic distortion of the primary current is the highest of all these cases, and

has unacceptable value (34.71%);

e Considering the previous remarks, displacing the carrier signals will result in slightly

smaller primary current ripples (THD;p=31.81%); however its value is still too high;
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e Total core losses are the highest as well, due to the very large harmonic components

of the secondary current in the third winding;

e Lowering the switching frequency is not advantageous from the mains point of view,
because the THD of the currents, especially of the one drawn from the gird is
particularly high and will create voltage problems as well. On the other hand, high
switching frequency generates high switching losses in the converters and may imply

head dissipation problems.

6.5 Case 4: my=99, non-balanced load, phase-shifted carrier signals

From the previous analysis it becomes evident that high switching frequency results in
low copper losses and low primary current total harmonic distortion. Assuming rated currents
in all the secondary coils was taken as a reference case in the previous analyses; however it is
not expected to occur often in practice. It is reasonable to expect imbalance in the secondary
currents, which depends on the battery characteristics and their SOC. An example of this type
is presented here: rated currents are assumed in two of the secondary coils, while 0.75:[. , in
the third one. All the secondary currents are in phase, as well as in phase with the supply
voltage, so that a unity power factor is ensured. The switching frequency is 4.95 kHz and
carrier signals are phase-shifted by 75,/3. The fundamental and main harmonic values are
given in Table 26, current waveforms are shown in Figure 51 and Figure 52 and total copper
losses are presented in Figure 53.

Table 26 Current fundamental and high order harmonics and copper losses in case of phase-shifted

carrier signals, imbalanced load and frequency ratio m, =99

Current i i is iy

Lindms [A] 481.12 481.12 360.84 1,323.08
h=my;-2 [%] 33.63 17.57 60.68 7.02

h = my+2 32.30 16.88 58.27 6.74

h = 2my-1 17.66 21.49 31.00 2.95

h = 2m; +1 17.49 21.28 30.69 2.92

THD; [%] 57.80 53.47 103.89 11.52
Py o [KW] 14.43

A comparison between case 2 when all the secondary currents equal their rated values

and this case of load unbalance can be made. The carrier signals are always phase-shifted.
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e THD of the currents i; and i>, whose fundamental values equal the rated currents are

almost the same as in the case 2 (balanced load);

e THD of the current i3 is much higher than in the case of balanced load (103.89% and
77.83% respectively). This is due to the fact that the fundamental component has

lower value than the rated;

e THD of the primary current is higher than case 2, due to the higher distortion of the

secondary currents;

e Total copper losses are lower due to the fact that the load of one secondary winding is

lower than its rated value.

I [A]

—1[[“] 1 1 1 1 1 1 1 1 x-[S]
0 0005 001 0015 002 0025 003 0035 004 0045
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Figure 51 Secondary currents waveforms in case of phase-shifted carrier signals, unbalanced load and

m=199
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Figure 52 Primary and secondary currents waveforms in case of phase-shifted carrier signals, unbalanced

load and m, =99
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Figure 53 Total copper losses for high order harmonics (2 > 1), phase-shifted carrier signals, imbalanced

load and m; =99

6.6 Core losses in distorted operating conditions

In non-sinusoidal operating conditions the core losses are expected to be higher than the
reference sinusoidal case. In principle it is possible to calculate eddy current losses for each
harmonic by Eq. (145) and sum them up. However, high order harmonics modify the flux
density distribution, causing it to be non-uniform in the lamination width any longer. This

effect can be accounted for by classical reduction factor kg, [69]:
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3 sinh (&, (hf,))—sin (£, (hf,))

ki \Nf, )= : , 157
)= g ) com(én (0, ) —cosé, () (157
where the auxiliary variable ¢z, and the penetration depth p, are calculated as:
d
é:Fe(hfl):& pd(hfl): — Pre_ (158)

pd(hfl)’ T fg, - h ’

where dj,, is the lamination width and ppr, is the iron specific resistance. The coefficient

kr. equals 1 at the mains frequency and tends to zero as the harmonic order increases.

Specific eddy current losses in distorted conditions can be estimated by multiplying the

specific losses at fundamental frequency (Eq. (145)) by the additional loss coefficient k, ..:

pFe,ec,disr = ka,ec ' pFe,ec (Bl ’fl ) . (159)
kaec :1+Zh2{_hj .kFe(h.fl)’ (160)
’ h=2 Bl

where B, is the peak value of the flux density for harmonic A, calculated for a general
b(t) waveform by Fourier transform. It can be calculated by using the converter input root-

mean square voltage value as:

\/E ‘/l rms
B, = L Lherms (161)
o, N,S h

Fe,net

where Sr..e 1 the core net cross section area and N; is the number of turns of the low
voltage winding. It should be noted that core losses are evaluated at no load conditions;

therefore it is enough to take into account only one VSI boost rectifier.

On the other hand, the specific hysteresis losses depend on the instantaneous peak value
B only, regardless of the b(f) waveform, when the minor loops are neglected. Considering
that B should be almost equal to the fundamental peak value B; it can be concluded that

hysteresis losses in distorted conditions are the same as in sinusoidal operation.

Regarding the different switching frequencies discussed previously, the reduction
coefficient for core losses can be calculated by using Eq. (157). As shown in Figure 54, its

value is equal to 1 at industrial frequency and tends to zero as the harmonic order increases.
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Figure 54 Corrective coefficient for core losses at high frequencies : m,= 99 (left) and m; = 33 (right)

Based on the peak flux density and the corrective coefficient calculated at each harmonic

frequency, the core additional eddy current loss coefficient k, .. and total core losses can be

estimated. From the results summarized in Table 27, it can be noticed that due to the

additional eddy currents in the core its losses increase for 22.18% and 32.18% respectively,

depending on the switching frequency.

Combining the results for the estimated copper and core losses in distorted conditions,

transformer efficiency can be found. As shown in Table 28, when the rated currents flow

through the secondary windings, the most efficient operating condition would be achieved

when the carrier signals are co-phased and the switching frequency is 4.95 kHz. However, the

values in all the cases considered are generally very close to each other.

Table 27 Core losses estimation at harmonic conditions

ka, ec(mf=99)

ka, ec(mf=33)

2.1092 2.6091
Premp=99) [W] Prems=33 [W1]
1,097.5 1,187.3
APy, [%)] AP, [%]
22.18 32.18

Table 28 Transformer efficiency estimation

Case # Description Efficiency [ %]
0 Sinusoidal ideal conditions 98.53
1 my=99, co-phased 98.47
2 my =99, phase-shifted 98.23
3 my= 33, co-phased 98.21
4 my =99, phase-shifted, unbalanced 98.31
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7 Transformer design temperature validation

7.1 Basic transformer temperature calculations

During normal transformer operation, heat is generated inside its components due to the
total power losses, leading to a temperature increase above the ambient temperature. In order
to ensure reliable operation of the transformer, temperature rise of any part at rated load
should not be higher than the limiting value. Since different materials are used in transformer
construction (copper, iron, insulating materials, etc.), it is essential to perform temperature
analysis in advance and make design corrections if necessary. All the expressions for the
temperature rise can be derived approximately on the basis of the theory of heating an ideal

solid body [57].

Although obtaining accurate values is a difficult task, in this chapter a brief temperature
calculation is presented in order to validate the designs proposed previously. The procedure
followed to determine temperature rise is explained in details in Appendix 5, based on [56].
General temperature distribution profile is shown in Figure 55. Assuming rated load

conditions on all the secondary windings, the results obtained are summarized in Table 29.
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Figure 55 Temperature distribution profile in a transformer [56]

It can be noted that temperature rise of the winding over oil temperature could be a
possible problem in both designs proposed. However, the reference value is recommended in
transformer design literature, not imposed by standards. This possible threat point can be

overcome by increasing the number or the width of axial ducts, especially in the low voltage
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coils (as it was done here in the case of six winding transformer: two axial ducts were
designated between conductor layers). Another possible improvement could be increasing the
number or the dimensions of transformer ribs. The final design is approved as long as the
maximum oil temperature rise over the ambient and copper total temperature rise over the

ambient temperature are below the standardized limits.

Table 29 Estimation of transformer temperature rise in rated conditions

Temperature rise Svmbol 4 windings 6 windings | Max. allowed
p y design design value [70]

Winding total temperature rise over oil Alepn o 29 ~20

temperature

Transformer .tank temperature rise A6, 37 30 ~ 40

over the ambient temperature

Transformer oil maximum

temperature rise over the ambient ABit-amb 48 39 60

temperature

Copper total temperature rise over the Aoy 62 62 65

ambient temperature

7.2 Transformer thermal validation in sinusoidal balanced conditions

One of the most important parameters in determining the transformer loading capability
is the winding hot spot temperature, which is located at the radial centre on the top of the
windings on the insulation internal side. Transformer temperature model is based on the fact
that increase in the load current causes increase in the power losses and in the temperatures of

the top oil and of the windings [71].

In order to determine the hot spot temperature more precisely, it is recommended to use
so called dynamic rating. It is defined as the maximum loading that the transformer can
acceptably sustain under time-varying load and / or environmental conditions [72]. Top oil
temperature rise over ambient temperature (A&rp) and hot spot temperature rise over top oil
temperature (A6yk) in the transient interval when the load changes from one steady state to
another are described by exponential functions analogous to a charging and discharging RC
circuit. These functions are obtained as solutions to the differential equations describing the

equivalent thermal model of the transformer [70]:

Tr d(ATfTO) =-A6,, + A6, (u) . (162)
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Ty d(ATfHK) =—A0, + Al (”) ’ (163)

where A6ro(u) is steady-state (ultimate) top oil temperature rise over the ambient in case
of load K, A6ys(u) is the steady-state (ultimate) hot spot temperature rise over the top oil

temperature in case of load K, Trp and Tyg are oil and hot spot time constants respectively.

According to the IEC 60076-7 Standard, for distribution transformers with ONAN type
of cooling, the hot spot temperature at any load K is the sum of the ambient temperature, top
oil temperature rise over the ambient and the winding temperature rise over top oil [70]:

Ous =0, + A0, (1) + AO,, (1) (164)

At any load condition K, the top oil temperature rise is an exponential function of time:

AHTO (1) = [AQTO () — A‘9T0 (l)] ’ |_1 —e ! J+ A6?T0 @ (165)

where A6ro(i) is the initial top oil temperature rise. The steady-state temperature rise of

the top oil for any load K is given by:

(166)

1+R-K2Y
AB,, (u) = AB,,, (—]

1+R

where R is ratio between power losses in rated conditions and no-load in p.u., x is
exponent for calculating the top oil temperature rise over the ambient temperature in load
conditions different than the rated ones and A&y is top oil temperature rise over the ambient

temperature in case of rated load.

The difference between the hot spot temperature and the top oil temperature, 49x(t), is

calculated as:
MOy (1) =[O, () = AB,y ()] [1— e/ |+ B, (i) (167)

where AGyk(i) is the initial hot spot temperature rise over the top oil temperature. In the

same manner, the final hot spot temperature rise is determined by:

AB,, () = AO,, - [K] (168)

where y is coefficient for calculating the hot spot temperature rise over the top oil
temperature in load conditions different than the rated ones and A&k is hot spot temperature

rise over the top oil temperature in case of rated conditions.

Time constants of the transformer oil and the hot spot can be calculated as:
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Cth,ail ’ A‘9T0R

T, =60- (169)
qtotal
A
T, =275 S0me (170)
(1+P) 8" |

where ¢, are total power losses in the transformer, g is the average current density
considering rated conditions, Pgc are eddy current losses in p.u.. Oil thermal coefficient is

determined by using the total oil mass M, [kg]:
Cth,oil = 0’48 : Mo (171)

According to the IEEE Std. C57.110-1998, power losses in the windings due to eddy
currents in oil-immersed distribution transformers are 33% of the total stray losses (Prs.) and

are calculated as [73]:
P =033 Py, =033-(P, — Py )=033-[P, —1,5-(I% R, + 1% R, )| (172)

where P;; are measured power losses in short-circuit conditions, Ppc are Ohmic power
losses in the windings, I;z and I, are primary and secondary rated current respectively, R; and
R; are dc resistances of the primary and secondary winding respectively. The same expression
can be modified for multi-winding transformer taking into account the Ohmic resistances of

each secondary winding and always referring the currents and the resistances to one side:

Py =033 Py, =0,33- {PLL -15- [IIZR “Ryy, + 122R ) (RLVI + Ry, +Ryys )]} . (173)

7.3 Transformer thermal validation in case of nonsinusoidal nonlinear load

The existing loading guides for oil-immersed transformers are based on the conservative
assumptions for constant daily load and average daily or monthly ambient temperatures. In
order to determine the transformer temperature profile more accurately, it is necessary to take
into account the variation of the load and ambient temperature in short time intervals. In case
of multi-winding transformer, it is even more precise to consider each coil separately,
because the loads of the secondary windings may not be balanced and therefore it will cause
different temperature rise. However, in determining the top oil temperature it is
recommended to use the equivalent load, since it takes into account the imbalance introduced

by each winding.

As explained previously, employing any kind of rectifier on the secondary transformer
side will cause distortion of the secondary currents, which are in turn reflected in the primary

current waveforms. In case of well known harmonic spectrum of each secondary current, it
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can be assumed that the same spectrum is valid for the entire daily load cycle. Taking into
account these secondary current harmonics, an equivalent load for each winding can be

calculated.

As input data to the algorithm for calculating hot spot temperature, apart from the
transformer nameplate data and some of the constructional data (summarized in Table 30),

the following information are also needed:

e Kvi, Kivo, Kpys — daily load currents cycles [p.u.] for each secondary coil (Figure 56)
e (O, daily ambient temperature in [°C] (Figure 57)

o lnrvi, Inrve, Inrys — current harmonic components of each secondary coil [p.u.].

(Figure 58)
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Figure 58 Secondary currents harmonic spectrum for m;= 99 and phase-shifted carrier signals

It should be noted that daily load cycles exhibit step changes and discontinuities which
will decrease remaining useful life of the transformer. In different surveys peak load has been
found to occur at certain hours: 11am, 12am, 22pm and 23pm. The daily cycle repeats each
seven days (considering peoples’ needs and habits during work-days and weekends). An
increase in the load is expected in summer and winter with respect to spring and autumn [74],

[75].
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Table 30 Nameplate and constructional data of the four coil multi-winding transformer

Rated apparent power S, = 1000 S,, =333.33 kVA

Rated line currents I;,=28.87 L, =481.12 A
Ry =1.9175

Ohmic resistances of the windings Ryy; =1.1521 R;y; =2.2676 mQ
Ry =2.6176

Total oil mass M, =480 kg

Calculated losses at no-load and at short-circuit Py, =898 P;;=13,850 W

Current density in the secondary winding g, =328 A/mm’

Eddy current and other stray losses Prc=2,900 Pos; = 5,887 w

Oil and winding exponent x=0.8 y=1.6 /

Oil and winding time constant Tro=83.77 Tys=16.48 min

The procedure for calculating hot spot temperature at each time interval (assuming that it
is constant during this time interval), considering the daily load diagram consists of the

following steps (adapted from [76] - [78]):

e The influence of each current harmonic component, from 4=0 to h=h,,,,, on the load

of the coil itself is taken into account by the harmonic load coefficient:

4 K _Ih,va K _Ihivs g

hLV1 .
Ky = Ky Kypys = was Kypys =

I2n 1211 IZn

1
w3 - (174)

e Coil equivalent load coefficient of each secondary winding, considering all the

harmonics, is calculated as shown in Eq. (175) for each of the secondary coils:

hmax hmax
Z KI12,LV1 +PEC : ZKIiL\/l 'h2
2 e - (175)
K — =1 h=1
LV1,eq

1+ P,

e Ultimate hot spot temperature rise over the ambient temperature for the time interval

considered, for each secondary coil is calculated by modifying Eq. (168) as:

Ay 11 () = Abyep '[K2 ]y/2 _ (176)

LV1,eq

e Actual hot spot temperature rise over the ambient which is reached at the end of the

time interval considered for each coil is calculated by the modified Eq. (167):

AeHS,LVl ()= [AQHS,LVI (u) - AeHS,LVl (l)] [1 —e !t ]+ AGHS,LVI (r—Ar) . 77

e Now the effects of all the secondary loads with respect to the harmonic order are

calculated (for h=0 to h=h,,.,):
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1
Koy = \/g (K/iLm + KZ,LV3 + KI?,LV3) . (178)

e Due to the presence of nonlinear and imbalanced load, the component in Eq. (166)

which contains the load coefficient K is replaced with the expression on the right side

of Eq. (179):
h max 5 hmax 5 5 hmax ) 08
P, +| P K: +P K h"+P K h”
1+ R. K2 _ NL ( DC ; h,eq EC ; h,eq OSL ; h,eq j _x (179)
1+R P, +P, ror

)

where Py, are the no-load power losses and Pps; are other stray losses in

constructional components different from windings, which can be determined as [73]:

Py =15- [11213 "Ry, + 122R '(RLV1 + Ry, + Ry )] . (180)
Fos, = Prg _PECZPLL_PDC. (181)

e Final top oil temperature rise over the ambient temperature at the time interval

considered is:

AO,, () =AO,,, - K, (182)

e Now the actual top oil temperature rise can be calculated by using Eq. (165).
e Hot spot temperature for each secondary coil is calculated by Eq. (164):

HHS,LVI = Ha + AHTO (1) + AQHS,LVI (?) . (183)

e Finally, the average hot spot temperature at the time interval considered is:

1
gHs,av = g(eHS,LVI + gys,va + gys,Lva) . (184)

Winding time constant can be neglected because its value is very low and it has a very
limited influence on the hot spot temperature. Initial top oil temperature rise is 4070(i)=12 °C
and initial hot spot temperature rise is A6ys(i)=0 °C. Recommended and maximum allowed
values for the relevant temperatures are given in Table 31. The results obtained following the
procedure as explained are shown in Figure 59 and Figure 60. It can be seen that both top oil
temperature rise and hot spot temperature are within the standard limits during the entire
daily load cycle. Although the assumed daily load is only hypothetical, this analysis can still

be considered as a confirmation of the transformer design form temperature point of view.
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Table 31 Reference (R) and maximum allowable (MA) temperatures according to IEC Standards [70]

Reference values IEC [°C]
R | Ambient temperature 6, 20
MA | Top oil temperature rise over ambient temperature AOror 55
MA | Hot spot temperature rise over top oil temperature AOuxr 23
MA | Hot spot temperature rise over ambient temperature ABysr 78
MA | Hot spot temperature Ous 98
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Figure 59 Daily top oil temperature rise over

. .
5 10 15 20 E® s 0

ambient temperature

15

T
20

tm 2;

Figure 60 Daily hot spot temperature
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Conclusions and future work

In this master thesis a multi-winding transformer for dc electric vehicles charging station
was discussed. After reviewing briefly the basic principles of two-winding transformer
operation, a multi-winding transformer was described in terms of advantages and
disadvantages and application areas. As a study case was chosen a dc fast electric vehicle
charging station and various charging levels, battery types and charging techniques were
described. In order to supply a dc current form the transformer output terminal to the
vehicle’s battery, a power converter system is necessary. Two power rectifying topologies
were presented: one involving a three-phase diode bridge and step-up/down converter, while
the other one consisting of voltage source inverter boost-rectifier. Both configurations were
compared in terms of components choice, control techniques and current harmonic content.
Since the single-stage VSI-boost rectifier topology was found to be superior due to the
absence of low-order harmonics in the transformer output currents, close to unity power

factor and higher reliability, it was considered latter in details.

Based on the European patent for multi-winding transformer EV charging station and the
Japanese protocol CHAdeMO which deals with fast dc charging, transformer basic
requirements were identified and sizing criteria were established. By following a simple
design procedure, two different coil dispositions were proposed: four and six coil
transformers, having concentric and stacked coils respectively. The former one has three
concentric secondary windings, each supplying a separate outlet and one winding connected
to the mains. The latter one consists of axially placed three pairs of low and high voltage
coils, where all the primary coils are connected in parallel to the mains. Both designs were
compared with respect to the amount of material (steel and copper) needed, which is an

indication of the production costs, and the four coil transformer was obviously superior.

For each transformer an equivalent network was obtained analytically, by using their
constructional parameters. In the case of four coil transformer so called Starr network was
identified, which is well-known in the literature, while in the case of six coil design a mesh
network was obtained through a slightly more complicated mathematical procedure. In both
cases the equivalent network was used to estimate the copper losses in the transformers, as
well as the core losses. Considering that the four coil design showed better performances in

ideal rated sinusoidal conditions, it was further analyzed in distorted operation.
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Accounting for the effects of multiple secondary coils, each supplying a different EV,
transformer performances were estimated in non-sinusoidal conditions. A few various PWM
control strategies for the VSI boost rectifiers were analyzed: operation at different switching
frequencies (4.95 kHz and 1.65 kHz), carrier signals imposed to be in phase and phase-
shifted by T,/3 and lastly, a case when the load is unbalanced was discussed. For each case
current waveforms were obtained by synthesizing Fourier series sinusoidal components.

Some of the main findings are:

e Displacing the carrier signals for each VSI for 7,/3 increases the THD of all the
secondary currents, while at the same time reduces the THD of the primary current

drawn from the mains;

e Copper losses are lower when the carrier signals are co-phased and therefore the

transformer efficiency is the highest;

e Core losses decrease with increasing the switching frequency, but at the same time

converter losses will increase;

e Unbalanced load on the secondary windings will cause increase in the THD, both in

the primary and the secondary currents;

e Increasing the distances between the transformer windings will increase the self- and
mutual inductances, therefore the current harmonic content will be lower. However,

the winding resistances will increase as well, which leads to higher copper losses;

e There has to be a trade-off between the transformer performances (in the sense of
losses and efficiency) and the converter performances (in terms of losses and

waveforms quality).

Finally, a brief temperature analysis was conducted in order to verify that the proposed
transformer design will satisfy the standard temperature requirements, even in the case of

load unbalance.
The main contributions in this work are:

e The application of multi-winding transformer in EV dc charging stations is a recently
proposed innovation, and therefore the existing literature is quite scarce. The
researchers mainly deal with the power conversion system, not with the transformer
itself, although its performances depend on the conversion system components and

control technique choice;
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e Different transformer designs were compared in terms of materials cost and
performances estimation, which is useful in making a final decision of which type to

be employed;

e Estimating the copper losses in multi-winding transformers represented by mesh

network is not a trivial task: here an example on six coil transformer was given;

e Different PWM techniques were discussed in order to identify the most suitable one

for the particular application in EV dc charging stations;

e Transformer model identification and losses estimation was done by following
classical mathematical approach, which is not very complex to be implemented in
Matlab or other commercial software. Therefore the procedure is suitable for
engineers working in transformer manufacturing industry to perform fast calculations

and will help them to obtain satisfactory results;

e Thermal validation procedure previously established for unbalanced load on two-
winding transformers was adapted for a case of unbalanced secondary loads on a

multi-winding transformer.
The future work on the same topic may include:

e Time domain simulation of the same system topology in order to validate the results

obtained analytically in phasor domain;
e Scaled prototype of the four coil transformer so as to verify its performances;
e Another possible coils disposition to be analyzed for the same application;
e Variations of the power conversion system and results comparison;
e Improving the transformer design by employing some of the optimization techniques;

e Discussion on different insulation materials in distorted operating conditions as well

as defining the distances between the transformer coils in a more precise way;

e Detailed estimation of the system reliability with different coils dispositions.
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Appendix 1: Transformer with concentric coils design procedure

1. Transformer rated data

Rated apparent power of the primary winding Sin 1000 kVA
Rated apparent power on the secondary winding Son 33333 kVA
Rated primary voltage Vin 20 kV
Rated secondary voltage Vaon 04 kV
Vector group Yy
Rated frequency fu 50 Hz
2. Basic input data:
Rated primary current Sin
Iy, = 28.87 A
\/gvln
Rated primary phase current 1, ;= 1, 2887 A
Rated secondary current Son
I, =—— 481.12 A
J3v,,
Rated secondary phase current Ly =1y, 481.12 A
Rated primary phase voltage Vi =Vin 20,000 V
Rated secondary phase voltage Vau
V3
Coefficient of induced voltage per turn K=0.37-045 0.4427
Induced voltage per turn E  —K. s, 14.0 V/turn
turn n °
Number of primary turns Vs,
Ny = NG 693 turns
3Eturn
Number of secondary turns Vin
N, =— 16 turns
VZn
3. High voltage winding design
Recommended current density 8,,=26-38 3 A/mm’
Recommended conductor area Ly
Scul,r = 962 mmz
81
Recommended conductor diameter 48
d,, =, |— 35 mm
’ T
Accepted diameter of bare d; — catalogue choice 3.35 mm
conductor
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Wire insulation i;o— catalogue value (enameled copper wire) 0.129 mm
Diameter of isolated conductor dy;s =d, +ij 3.479 mm
Accepted bare conductor area 2
s, = 8.81 mm’
4
Accepted insulated conductor area 2 5
Y — 9.51 mm
cul,is 4
Working current density L,y
81 ="¢ 328 A/mm’
Scul
Number of coils Nc 1
Number of turns per coil N,
N, .= N_L 693
Numl:{er of layers in radial N=7-19 9
direction
Recommended number of turns in N,
a layer Nijy = 77
Yy N,
Accepted number of turns in a N,;— rounded on the next integer value 77
layer
Width of the insulation paper )
between layers d,,— catalogue; natron paper 0.05 mm
Width of interlayer insulation
Y Siy = 2N B 048 mm
’ 9000
Round@:d width of interlayer 5. 030 mm
insulation
Number of insulation paper layers S
between two conductor layers Ny, = 4 = 6
(radially) np
Dl.s tance between two dp.=0.01 —0.04 — due to manufacturing 0.04 mm
neighbouring conductors
Axial duct width Oui1 =4-6 5 mm
Insulation paper top/bottom rings | h; = 15 - 30 24 mm
Winding electrical height By =dy Ny + Ny =Dd, 271 mm
High voltage winding total height hy = hy  +2h, 295 mm
High voltage winding total width a; =Nyd, ;s +(N, =DN,,d,, + 3,4 39 mm
Distance between HV winding — v, > 40 40 mm
yoke
Column height H=h +2v 375 mm
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4. Low voltage winding design

Assumed current density 82,=26-38 3 A/mm
Recommended conductor area Loy
Seuzr = 160.37  A/mm’
82
Number of elementary conductors | N.=1, 2, 4, 6. 4
Disposition of elementary N, xN., 22
conductors
Recommended area of elementary S cunr )
conductor Seurer = N 40.09 mm
Distance between LV winding — vy, >30 30 mm
yoke ’
Available winding height H,, =H-2v,, 315 mm
Number of layers N;=1or2. 1
Number of turns per layer N,
Ny =—= 16
N,
Recommended height of isolated H,,,
package of elementary conductors | Pisr = N : 1 18.53 mm
vt
Isolation of elementary conductor | ip= 0.5 — 0.6 — paper insulation 0.5 mm
Recommended height of Disr — N adao
elementary conductor Per == 8.76 mm
Adopted height of elementary p.— catalogue choice 75 mm
conductor
Recommended width of S cuzr
elementary conductor Ger = o 4.86 mm
Adopted width of elementary 4. — catalogue choice 50 mm
conductor
Height of insulated package Dis =(P, +ig)N 4 16 mm
Width of insulated package qis = (g, +ir)N uu 11 mm
Coefficient of area reduction k = 0.96-0.99 — due to curvatures on the 09771
angles ’
Area of bare package Sw2 =kN.p.q, 146.56 mm’
Working current density Loy
82 = 328 A/mm’
ScuZ
Distance between neighbouring dp. = 0.01 — 0.04, due to manufacturing 0.04 mm
conductors
Insulation paper top/bottom ring h;.— presspaper 11 mm
Electric winding height hy, = (N, +1)p;, + N, d,, 273 mm
Low voltage winding total height | h, =h, , +2h, 295 mm
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Low voltage winding total width a, = N,q;, 11 mm
chal Fhstance between LV vy =H—hy 40 mm
winding - yoke
5. Core design
Induced voltage per turn E,m 14.0 V/turn
Recommended flux B,=16-18 166 T
density
Stacking coefficient Ky, =0.945 - 0.980 0.957
Recommended core gross E, 102 ,
i S fe.grossr =5 om o 396.97
cross section area fe,gross, 22B,K,, cm
Geometrical coefficient om) = 0.63 — 0.945 — depends on the number of
0.95
core steps (from 1 to 11 steps)
Diameter of the column 48
circumference d = .| 14855 1) 231 mm
V04
Recommgnded core net Sfe’m,r _ ane,gms’r 37712 em?
cross section area
Length of the core The length of 1% step is chosen based on core diameter, the others
laminations are decreasing by 10 or 20 mm respectively mm
220/210/200/190/180/170/160/140/120/100/70
Width of core i1
. 2 2
laminations b, =\d” —A; —ij
Jj=1 mm
70.45/25.8/1935/15.8/13.4/11.6/10.2/17/13.65/10.85/
12
Core gross cross section n
area S fecgross = ZA,-bi 1072 397.6 cm’
i=1
Core net cross section S et = K S o gross 3805 cm?
area
D}stapce: column — LV S=4-6 4 mm
winding
Distance: LV-LV
winding of the same 0, =10-14 14 mm
phase
Distance LV-HV winding | 0;, =14 -17 14 mm
Distance HV-HV
winding of different 0;;>14 18 mm
phases
Column centres distance | [, =d +2a, +6a, +2(5yy + 6),) +45,, + Oy, 485 mm
Total core length L.=2l.+A 1190 mm
Total core height H.=H+2A 815 mm
Iron per unit mass Ve 7650 kg/m’
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Calculated core mass M qte = BH + 41, +2-0.86A[S 1, 11,,0.977 107 1016 kg
Working flux density E 104
B,=—"—" 1.657 T
444 S 1 et
6. Winding data and copper losses
Copper specific mass Yeu 8960 kg/m’
Copper specific resistance at 200C Pcu 1.68:10° Qmm
LV winding 1 internal diameter Dy iy =d +26 239 mm
LV winding 1 external diameter Dy pxr = Dy vy +2a, 261 mm
LV winding 1 average diameter Dy oy =Dy +a, 250 mm
Average turn length of LV winding 1 liav = D1 4y 785 mm
Length gf the LV Windipg 1 L= 1,000 — 1,400 1200 mm
connections to the bushings
VTV?rtlzgilllegnigth of conductor for LV Lizor = Nobiay +lopm 13,760 mm
LV winding 1 copper mass me, =105y, LirorScun 107° 19.05 kg
LV winding 2 internal diameter Dy vy =Dy pxr +202 289 mm
LV winding 2 external diameter D, pxr = Dy yr +2a, 311 mm
LV winding 2 average diameter Dy gy =Dy jyr +a, 300 mm
Average turn length of LV winding 2 Ly ay =7Dy 4y 942 mm
Length gf the LV windipg 2 Lo = 1,000 — 1,400 1,200 mm
connections to the bushings
VTvci)rtla(liliIllegnzgth of conductor for LV Ly 1or = Noly ay +Loons 16272 mm
LV winding 2 copper mass Meyr =1.057¢, Lo rorScun 1072 22.52 kg
LV winding 3 internal diameter Ds vy = Dy pxr +20, 339 mm
LV winding 3 external diameter D3 pxr = D3 v +2a, 361 mm
LV winding 3 average diameter D3 4y =Dy nr +a, 350 mm
Average turn length of LV winding 3 I3 4y = D5 4y 1,099 mm
aw
a(i)rtle(lilirlleg%gth of conductor for LV Lyor = Noly ay +leons 18,784 mm
LV winding 3 copper mass me,3 =1.057c, Ly rorScuz 107 26.0 kg
HV winding internal diameter Dy vy = D3 gxr +201, 380 mm

110



HV winding external diameter

Dy pxr = Dy vy +2a, 467 mm
HV winding average diameter Dy gy =Dy nr +ay 428 mm
Average turn length of HV winding lyay =7Dy py 1,344.6 mm
Length of the HYV winding connections L= 300 - 800 500 mm
to the bushings
Total length of conductor for HV
winding ¢ ! Lyror = Nilyav +lcons 932,308.2 mm
HV winding copper mass Meys =1.057 Ly 1orScus 107° 7723 kg
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Appendix 2: Transformer with stacked coils design procedure

1. Transformer rated data

Rated apparent power of the primary winding Sin 33333 kVA
Rated apparent power on the secondary winding Son 33333 kVA
Rated primary voltage Vin 20 kV
Rated secondary voltage Van 04 kV
Vector group Yy
Rated frequency fu 50 Hz
2. Basic input data
Rated primary current ! Sy,
n = 9.62 A
1 \/EVM
Rated primary phase current Ly =1y, 962 A
Rated secondary current So,
I, = 481.12 A
\/§V2n
Rated secondary phase current Ly =1, 481.12 A
Rated primary phase voltage Vit =Via 20,000 V
Rated secondary phase voltage Vs,
Vou =—= 231 V
J3
Coefficient of induced voltage per turn K=037-045 0.4287
Induced voltage per turn E,,, = K\S, 7827 V/turn
turn n *
Number of secondary turns Vo,
Ny = 1299 turns
\/gEturn
Number of primary turns Vin
Ny =— 30 turns
V2n
3. High voltage winding design
Recommended current density 81,=26-38 34  A/mm’
Recommended conductor area 1, ;
Seury =—— 2.83 mm’
81
Recommended conductor diameter 45
dy, =|—L 1.9 mm
’ T
Accepted diameter of bare d, - catalogue choice 19 mm
conductor
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Wire insulation i;o— catalogue value (enameled copper wire) 0.112 mm
Diameter of isolated conductor d,, =d, +i, 2012 mm
Accepted bare conductor area 2
s, =M 2.84 mm’
4
Accepted insulated conductor area 2 5
L p— 3.18 mm
5LS 4
Working current density Ly,
g = 339  A/mm’
Scul
Number of coils Nc 1
Number of turns per coil N,
Nf/C = 1299
NC
Number of layers in radial Ny=7-19 15
direction
Recommended number of turns in N,.
a layer Ny, = N, 86.6
Accepted number of turns in a N,;—rounded on the next integer value 87
layer
Width of the insulation paper .
between layers d,,— catalogue; natron paper 0.05 mm
Width of interlayer insulation 2N, E
g 51’5 r= e 0.30 mm
’ 9000
Round.ed width of interlayer S 025 mm
insulation
Number of insulation paper layers S
between two conductor layers N, = d” 5
(radially) np
DI.S tance b.etween two dp.=0.01 —0.04 — due to manufacturing 0.03 mm
neighbouring conductors
Axial duct width Oui1 =4-6 4 mm
Insulation paper top/bottom rings | 4;, =5 - 30 6 mm
Winding electrical height g =dy Ny + (N, —Ddy, 178 mm
High voltage winding total height hy = hy  +2h;, 190 mm
High voltage winding total width ay=N,d;;+(N;,=DN,d,, +30., 38 mm
Distance between HV winding — v, > 40 40 mm
yoke
Axial distance HV-HV winding of
>
the same phase* Oraxz 14 15 mm
Column height H =3h +206); x +2v; 680 mm

*The axial distance between two HV windings of the same phase is chosen following the recommendations for
the radial distance between the HV windings of two different phases, i.e., ; >14 mm.
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4. Low voltage winding design

Assumed current density 82,=26-38 34 A/mm
Recommended conductor area Ly
Sewny =—— 141.51 A/mm’
82
Number of elementary conductors | N.=1, 2,4, 6. 4
Disposition of elementary N, xN,., 22
conductors
Recommended area of elementary Seunr )
conductor Seuziel.r = N 35.38 mm
Distance between LV winding — vy, > 30 30 mm
yoke '
Available winding height Hy, =(H=2v,, =25, 44 )13 196.67 mm
Number of layers N;=1,20r3. 3
Number of turns per layer N,
Nipp=—= 10
N,
Recommended height of isolated H,,
package of elementary conductors | Pis,r = : 17.879  mm
Ny +1
Isolation of elementary conductor | ip= 0.5 — 0.6 — paper insulation 0.5 mm
Recommended height of Pisr —Naxing
elementary conductor Per = —N 8.439 mm
Adopted height of elementary p.— catalogue choice 71 mm
conductor
Recommended width of Secunr
elementary conductor Ger = o 4.983 mm
Adopted width of elementary 4. — catalogue choice 53 mm
conductor
Height of insulated package Dis = (P, +irg)N 4 152 mm
Width of insulated package qis =(q, +i0)N ua 11.6 mm
Coefficient of area reduction k = 0.96-0.99 — due to curvatures on the 0.9688
angles ’
Area of bare package S =kN.p,q, 145.84 mm?>
Working current density Ly,
8§2=5 33  A/mm’
ScuZ
Distance between neighbouring dp. = 0.01 — 0.04, due to manufacturing 0.04 mm
conductors
Insulation paper top/bottom ring h;.— presspaper 11 mm
Electric winding height hyy = (N, +1)p;, +N,,d,, 168 mm
Low voltage winding total height hy = hy , +2h;, 190 mm
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Width of interlayer insulation 2N, )1 Eurm

Oip =" 0.035 mm

' 9000
Roundf:d width of interlayer 0;s — 1 layer of diamond dotted presspaper 0.25 mm
insulation
Number of insulation paper layers 5,
between two conductor layers N, = 4 ; 1
(radially) np
Axial duct width 042 = 3 — 6 (1 duct after each conductor
. 3 mm

layer, 2 ducts in total)
Low voltage winding total width a, =N;q;; +(N;, =15, +28,4» 41 mm
Axial distance LV-LV winding of
different phases” Onaxz 14 15 mm
Real distance between LV v, = (H ~3h, ~ 28, 4x ) /2 40 mm

winding - yoke

* The axial distance between two LV windings of different phases is taken to be equal to the axial distance of
two HV windings of the same phase, in order to align axially the pairs HV-LV winding.

5. Core design

Induced voltage per turn | E,,,, 7.827 V/turn
Recqmmended flux B, =16-18 165 T
density
Stacking coefficient Ky, =0.945 - 0.980 0.957
Recomme.nded core gross ¢ _ Eup 102 17398 s
cross section area fegrossr =5 on B, K, . cm
Geometrical coefficient am) = 0.63 — 0.945 — depends on the number of 0.95
core steps (from 1 to 11 steps) ’
Diameter of the column 45
circumference d = | —Tesrossr 4y 173 mm
o
R ded t
ecommended core ne S femet.r = 08 fo grossr 21212 cm?
cross section area
Length of the core The length of 1¥ step is chosen based on core diameter, the others
laminations are decreasing by 10 or 20 mm respectively mm
170/160/150/140/130/120/100/90/70
Width of core i1
laminations b, =4/d 2 Ai2 —ij
= mm
32/33.77/204/154/125/10.5/16.5/6.5/10.5
Core gross cross section n
area S fogross = O AB 107 219.32  cm’
i=1
Core net cross section S -K.S 5
fe,net — > fe* fe,gross 209.9 cm
area
Distance: column — LV S=4—6 5 mm

winding
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Distance LV-HV winding

052 = 14 — 17 (pressboard insulation cylinder of 2

mm width in between) 14 mm
Distance HV-HV
winding of different 0;;>14 15 mm
phases
Column centres distance l,=d+2a, +2a, +20,, +20,, + 95, 385 mm
Total core length L.=2l. +A 940 mm
Total core height H,=H +2A, 1020 mm
Iron per unit mass Ve 7650 kg/m®
Calculated core mass My qre = BH + 41, +2-0.86A, 1S 1 4105,0.977 107 630.2 kg
Working flux density E 104
= 1.68 T
4'44]Sfe,net
6. Insulation distances recommendations and choices
Distance [mm] Symbol Interval Choice
Radial distance: column — LV winding 020 4-6 5
Radial distance LV-HV winding 012 14 -17 14
Radial distance HV-HV winding of different phases o11 >14 15
Axial distance: LV-LV winding of different phases O2.4x 10-14 15
Axial distance: HV-HV winding of the same phase O11.4x >14 15
Axial distance LV winding - yoke 12 >30 40
Axial distance HV winding - yoke vy >40 40
7. Winding data and copper losses
Copper specific mass Yeu 8960 kg/m’
Copper specific resistance at 200C Pcu 1.68:10°  Qmm
LV winding internal diameter D, vy =d +26, 183 mm
LV winding external diameter Dy pxr = Dy yy +2a, 265 mm
LV winding average diameter D, sy =Dy pyr +a, 224 mm
Average turn length of LV winding 1 L, o =7D, . 703.36 mm
Length of the LV winding connections L, >= 1,000 — 1,400 1200 mm
to the bushings
T(.>tall length of conductor for LV Ly o1 = Naly gy +1ooms 22300 mm
winding 1
LV winding copper mass My > =1.057c, Lo rorScun 107° 30.72 kg
HV winding internal diameter Dy =Dy pxr +2615 281 mm
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HV winding external diameter

D, gxr = Dy vy +24, 357 mm
HV winding average diameter Dy oy =Dy nr +ay 319 mm
Average turn length of HV winding Liay = 7Dy zy 1001.66 mm
Length of the HV winding connections L,y = 300 - 800 500 mm
to the bushings
Total length of conductor for HV
w(i)nzcllin(;gng o ConERERner Lizor = Niliav +leom 1,301,656 mm
HV winding copper mass Mey =1.057 ¢, LizorScu 107 34.77 kg
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Appendix 3: Four coil transformer binary short-circuit impedances

1. Binary short-circuit inductance L;; when coil i is supplied and coil j is short-circuited can

be calculated using the equation [52]:
L; = kLpijCinRij )

where k; is a common factor, p;; is the average perimeter of the hollow between the
observed coils, ¢; is distance between electromagnetic centres and Kpg; is the Rogowski

factor.

In case of four winding transformer, with concentric disposition of the coils and referring
to the geometry shown in Figure 35, the following expressions should be used for calculating
the binary inductances:

2

e Common coefficient k, = u, —=
1

e Distance between electromagnetic centres [mm]:

a, +a, a, +a,
Clp =0y + 3 €13 =0y +ay +05 +
a, +a, a, +a,
(314:5224-612 +522+a2 +521+ C23:522+ 3
a, +a, a, +a,
Cg =0y tay, +5), + €3 =01y + 3
. .. 1 o
e Rogowski coefficient: K, ((TR) =l-—-I\1-e""
O
i 7
Ori2 = ~o ORi13 =
28y, +a, +a, P28, vay + 5y )+ a, +ay
7t i
ORi4 = [k e ——
A8y +ay + 89y +ay +85)+ay +a, 3725, +a, +a,
7t 7
ORa = OR3ya =~ o
28yy +ay +8 )+ a; +a, 26,5 +a, +a,
e Average perimeter [mm]:
d a, Oy a, +6y,
p12:27rr12=27r[5+520+7+—2 P13 =215 =27 r12+—2
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+0 S
Dia =27y :27r[r13 + &2 3 12) Doy =27 1y3 :27r(§+520+a2 +0,, +a, +%J

a, +9;,
2

Oy +
p24:27[r24:27[£r23+ p34:27[r34:27z'[r24+227azj

Using the previous expressions, following results are obtained:

¢z [mm] ¢;3[mm] ¢4 [mm] 3 [mm] C24[mm] ¢34 [mm]
21.33 46.33 80.66 21.33 55.66 30.66
P12 [mm] P13 [mm] P14 [mm] D23 [mm] D24 [mm] P34 [mm]
863.94 942.48 1021.02 1021.02 1099.56 1178.10
0j2 (K] 014 023 024 034
18.535 8.743 5.207 18.535 7.240 11.882
kri2 kg3 kg4 kgo3 ko4 kr34
0.9460 0.8856 0.8090 0.9460 0.8620 0.9158
L, [puH] L3 [pH] L4 [pH] L,; [pH] L,,[pH] L;,[pH]
19.014 42.175 72.660 22.472 57.536 36.082

2. Binary short-circuit resistances take into account coil dc copper losses, as well as the
additional losses occurring due to the skin effect (in the coils i and j, and in all the other open-

ended coils which are placed between them).
e Ohmic resistance of the windings:

R, (75°C)=p, (15°C) 220 i=1,2,3,4,

Cu,i
where p; 1s the average perimeter of the i coil, N; is the number of turns, S¢,; is the cross
section of elementary conductor and p¢, is the specific copper resistance. As a normal
transformer operating temperature is considered to be 75°C. The average coil perimeters can

be calculated as:

2

d a,
=271 =21 —+ 0, +—
P1 1 (2 20 j )

+
Py =271, =27z{r1 +522+a2 azj

+ +
P3=27r :27{”2 +522+a2 Zaz) pa=27r, :27{?3 +512+a22a1J

e Additional copper losses are encountered for by the coefficient k, with a general

expression:
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m* —1

V.9,

K,=9,(&)+

where m is the number of total elementary conductors in a radial direction, normal to the

leakage flux, ¢, (¢) and ¥, (¢) are functions of the auxiliary variable & their meanings are

explained in the following.

e Auxiliary variable ¢ has a physical meaning of skin depth:

/ h

§LV(f): Wiy |70 cu fH, h_r
hr

gHv(f):WHV] 70 ¢y fl h_ s

where the widths of the elementary conductors are w;y=q, (elementary conductor radial
length) and wyy=d (diameter of bare conductor). For each winding, A,.; and h;,, are the copper

net coil height and total coil height respectively.

e Auxiliary function ¢, (¢) takes into account the additional losses in an elementary
conductor produced by the current in the conductor itself, thus assuming no current in all
the other conductors. This is a self-produced effect which includes the main losses [69].

sinh( 2&) + sin( 2&)

7l6)=¢ cosh(2&) — cos(2&)

e Auxiliary function ¥, (¢) takes into account the losses in the K" elementary conductor
produced by the leakage field generated by the currents in all the other conductors (form
the 1% up to the k-1"), thus assuming no current in the Kt elementary conductor. This is a
mutually produced effect which does not include the main losses.

_ 5 sinh( &) —sin( &)
v.(6)=2¢ cosh(&) + cos(&)

e The coefficient (m2 — 1)/3 takes into account all the mutual additional losses due to ¥,(¢),

1.e., the mutual additional losses in all the m elementary conductors.

Considering the four coil transformer designed here, the additional copper loss

coefficients can be obtained as:

)+ (NI,LVNrad)Z -1 l//a(

; E,) i=12.3.

K,=9, (‘va
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Ka2p = Ka3p = (NZ,LV Nrad )2 l//a (§LV)

N, wy =
K.,=9, (QZHV)"'(,%‘/& (‘fHV)’

where N; v and N; gy are the number of conductor layers in radial direction of the low

voltage and high voltage windings respectively.

Finally, the expressions for the binary short-circuit resistances are:

R,=K,Rn+K,R,,

R;,=K,R,+K

a2p

R,=K,Ry+K

a2p

R,, + K

RZQ + Ka3R3Q

a3p

Ry =K, Ry + K 3Ry

Ry, =K, R, + Ka3pR3Q + K Ry

Ry, =K 3Ry +K 4Ry

By using the previous analytical procedure, the following results are obtained:

RSQ + Ka4R4Q

Riq=19175 | Ryp=2.2676
Ohmic resistance R [mQ]

R3q =2.6176 | R’ 4o =1.1521

LV coil HV coil

Auxiliary coefficient & 0.477848 0.318984
Auxiliary function ¢,(§) 1.004625 1.000920
Auxiliary function 1,(&) 0.017343 0.003450
Additional loss coefficients
Ki = Ki2 = Ky3 1.02197
Koy = Kusp 0.06937
K. 1.09291

Binary short-circuit resistances are:

R;> [mQ]

R;; [mQ]

R4 [mQ]

R;; [mQ]

R4 [mQ]

R34 [mQ]

4.277

4.792

3.558

4.992

3.758

3.934

Using the previous values, we can calculate: Z_U =R; + joL; .
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Appendix 4: Six coil transformer binary short-circuit impedances and
mesh network branch impedances

1. Axial component of the binary short-circuit inductance can be calculated as [65], [79]:

Ii = H, 7N, (@D, 4y " a;D;j av
P+ )2 e3P
Kléag

where h; and h; are coils heights, D; 4y and Dj4y are coils average diameters, a; and a; are
coils widths, Djjav is the diameter of the hollow between the coils, J; is the radial distance

between the coils. The Rogowski factor can be evaluated as:

_ o Cki m\h, +h, )/2
=1—1€—, where o ; :M

K: - .
OR.ij a; + 51’1’ +ta;

Rog

Referring to the six coil transformer (Figure 35 right), the coil pairs are obtained for: i =
1, 3,5 and j = 2, 4, 6. Since in the six-coil transformer design presented in this work the
radial distance between the coil pairs is d;; = J;> and both low and high voltage windings have
equal heights, the Rogowski coefficient which is related to the flux fringing the top and
bottom of the coils (due to the axial flux component) is the same for all ij pairs:

7th

Oy = —— = 6.418307
Y oa,+0,+a,
K, :1—”% = 0.84445
ORij
aN:K},, (a,D a,D
L= - R”g( 6,0, + 32’AVJ:173.833;1H
1

2. Radial component of the binary short-circuit inductance can be calculated as:
2
. M, N D; a. a,;
Li‘: - _l+§i‘ax+_j ’
I a,+a, /123 7 3
KI;()g

where the Rogowski factor is evaluated as:

]—e ki . ﬁ(ai +a; )/ 2
=l-———and oy ;; =—F——
Ori h. + 06,

ij,ax

+h,
where Jj., 1s the axial distance between the observed coils. Referring to the six coil

transformer, the coil pairs are obtained for: i = 1,2 and j =3, 4, 5, 6; and for i = 3,4 and j = 5,
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6. Detailed expressions for calculating the radial inductance component, referring to the

geometry shown in Figure 35 are:

Ty

7Z'(a1 +a, )/ 2

r r
ORIZ=7 o, OR14 =
hy +6114¢ +hy hy + 6114 + 1y
ol = 7y oh = 7[((11 +a2)/2
RI15 = R16 =
hy +26) 1 4 +hy + 1y hy + 2011 40 +hy + 1y
O_r _ ml O_r _ 72'01
R24= 7 < R26 =
Ry + 0110 Ty Ry +20 4y + 1y + 1y

r _ r
OR23=OR14

r _ r
OR25 =OR16

r o r
OR35 =OR13

r _ r
OR36 —OR14

r _ r
OR45 =OR23

r _ r
OR46 =OR24

r —
Ly, =

2 r
7N, D12,AVKR,14 ay
3 3

a
22 .5 +2L
(a +a;)/2 ot J

2 r
- Ho7NG Dy gy K6 ((a, a
Lig = ( - tont

a, +a2)/2 3

roo_
L24 -

2 r
HoTN G Dy gy K 2y (ﬂJrﬂj

a 3 3

roo_
Ly =

2 r
Uo7 Dy gy K 56 (ﬂJrﬂj

a 3 3

Using the previous expressions, following results are obtained:

OR13 OR14 ORis OR16 ORo4 ORa6
0.326089 | 0.314159 | 0.214675 | 0.206821 | 0.302229 | 0.198967
Kgi3 Kria4 Kgis Krie K24 Kk a6
0.146678 | 0.141845 | 0.10005 | 0.096635 | 0.136975 | 0.093201
Lz [pH] Ly, [pH] | Lys [WH] | Lig [pH] 54 [1H] 26 [MH]
77.826 143.182 53.086 95.186 103.410 70.423

. . . o - 2 2
Finally, the binary short-circuit inductances, calculated as L, = ( f]) + (Ll’]) are:




L [uH] | Lz [uH] | Ly [uH] | Lis[uH] | Lis [UH] | Loz [uH] | Loy [UH] | Los [uH] | Lzs [uH]
173.83 77.83 225.21 53.09 198.19 225.21 103.50 198.19 70.42
L3y [uH] | Lss [uH] | Lss [uH] | Lys [WH] | Ly [UH] | Lss [uH]
173.83 77.83 225.21 225.21 103.50 173.83

3. Following the same reasoning as in the case of four winding transformer, additional copper
losses are taken into account by the coefficients k, whose expressions for the high and low

voltage coils are:

N, . ) -1
K, =9, (5HV)+(L%V/(J (é:HV )s i=240.

N..J -1

3 V. (é:LV )’ i=135.

N .
Ka,LV,i =, (§LV )+ ( —

where N,y is the number of conductor layers in the low voltage coil, N,,,1s the number
of elementary conductors placed radially; the auxiliary variable ¢ and the auxiliary functions

®q () and Y, (¢) are calculated in the same way as previously.

When all the six windings operate in load condition, the leakage field generated by all
the windings produces skin effect and additional losses correspondingly in all the windings.
A precise and rigorous analytical approach for calculating the binary short-circuit resistances
in this case is not known in the relevant literature. Therefore, the six-coil disposition can be
considered as axial stacked disposition of three two-winding systems which are roughly
equally loaded. The leakage field in this case should be the same as the one generated by a
two-winding disposition, repeated axially and the winding ac resistances can be simply

estimated as:

The expressions for binary short-circuit resistances are:
Rij =K, Rq + KajRjQ
R;=Rs=Ry5; Ry =Ry =Ry

R,=R,=R;=R);; =R,; =Ry, =Ry, = R;5 = Ry.
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LYV coil HYV coil
Ohmic resistance R [mQ] ,
i=1,3,5; j=2,4,6. ' g
Auxiliary coefficient ¢ 0.495112 0.182699
Auxiliary function ¢,(§) 1.005329 1.000099
Auxiliary function ,(¢) 0.019982 0.000371
Additional loss coefficient
K, 1.238451 1.027828
Ri [mQ] | Ry3[mQ] | Ry [mQ] | Rys [mQ] | Rys [mQ] | Ro; [MQ] | Rpy [mQ] | Ro5 [mQ] | Ros [mE2]
8.999 7.735 8.999 7.735 8.999 8.999 10.263 8.999 10.263
R3, [mQ] | R35 [mQ] | R3s [mQ] | Rys [mQ] | Rys [mQ] | Rss [MQ]
8.999 7.735 8.999 8.999 10.263 8.999
Using the previous values, we can calculate binary short-circuit impedance between coils
i and j as:
Z,;=R;+joL; .

In order to obtain mesh network branch impedances from these binary short-circuit

impedances, it is convenient to repeat the form of the Z matrix:

Ay Ay; Ay
|G Ay Ay
Z=\ay, a, ay

Ays Q35 Uys

L2 Q36 Gy

where a,, =Z

sc,li

Qs Ay
ass  djg
s Ay
ass  dsg
Qsq  Ugg

and a; = 5 (Zu,,, it 2o =Ly ), or the complete expressions:

Ay =Zg1s 5

as3=Zy. 135

A4 =ZLge14 5

ass =Zy. 15 5

g =Zye 16

| =

arz =

ya
(ZSC,IZ + Zsc,l3 - Zsc,23)

/-

1
ayy = E(Z.SC,IZ +Zgeya— Zsc,24)

1
a5 = E(Zsc,lz +Zy15 _Zss,zs)

1
Qe = E(ZSC,IZ +Z 16— Zsc,z())

1
a3y = 3 (Zsc,13 +Z1a— Zsc,34)

1
azs = 5 (Zsc,w +Z 15— Zsc,35)
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1¢ 1
A3 = E(Z'S‘CJ:; +Zsc,16 _Zsc,36) Ays = E (ZSC,M +Zsc,15 _Zsc,45)
1 L )
Ay = E(Zsc,m +Zsc,16 _Zsc,46) Asg :E(Zsc,lﬁ +Zsc,16 _Zsc,56

By inverting this matrix Z, we obtain the branch admittance matrix Y:

by, by by, by by
o by; by, by by by
Y = [Z] = b24 b34 b44 b45 b46 >
bys by by bss  bsg
_bzs by by bs bsa_
— 1 . . = 1 . .
where Z, =——, fori#1, j#1;and Z, = ———— or in details:
Tb "ob,+ Db
ij i i
J#l, j#i,
i#l
— 1 — 1 — 1 — 1
Zyy==7—3 Zyy=—7— Zys=———3 Zyg=—7—
by byy 25 bye
—_— 1 —_— 1 —_— 1 — 1 —_— 1
Zyy=———5 Zys=———, Zyo=—"— | Zys=—"—; Zsg=—7—
N bss bs6 45 bse
—_— 1 — 1
Zy, = Z3=
byy +by3 +byy +bys +byg b33 +by3 +b3y +b3s +bs
-— 1 -— 1
Ziy= Zis=
byy +byy +b3y +bys +byg bss +bys +b3s +bys +bsg
— 1
Zg =
b + by +b3g +bye +bsg
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Appendix 5: Transformer temperature profile

4 coils 6 coils
Description Formula transformer transformer Unit
LV HV LV HV
Average copper temperature 5 S
rise over the winding A6, =0.119-q-8" Ny, >
external surface g-bare conductor width 043 | 081
(typically this value is very | 5 jnterlayer isolation 1.6 19 | 043 | 081 °C
small, lower than 2°C) .
g-current density 0.43 0.81
Nj,y-total number of
insulation layers
Cooling surface (oil S.om =3-Nz-D,, -h,
convection) N-number of cooling 1.29 2.13 214 R
surfaces. In case of axial 1.54 4.37 2.13 2.14 m
duct, N=4 1.80 2.13 2.14
D,, — coil average diameter
Oil convection coefficient 75 70 60 70
o= 60 - 80 60 70 20 60 | W/(m’C)
70 70
Surface curvature 0.8 0.8
coefficient k=0.75-0.85 0.75 085 | 075 | 0.75
0.8 0.8
Temperature rise of the P 18.76 21.83 | 21.90
winding external surface AG, = Cu 231 20.1 27.16 | 27.26 e
! .S = . . . .
over oil temperature conv 18.04 21.83 | 21.90
Winding total temperature 19 23 23
rise over oil temperature ABpy i = A6, + A0, 24 22 28 29 °C
AbBg, i £20°C 19 23 23
Average oil temperature rise
over transformer tank AO; =3-5 3 3 3 3 °C
temperature
Transfo.rmer tank. . o =T -8 75 W/(m’C)
convection coefficient
Transfgrmer tank radiation Gy =6 -7 6.5 W/ (m2 0)
coefficient
Transformer tank Seoms 43.087 31.242 m?
convection surface* '
Transformer tank radiation S, 8.960 8.068 m?
surface
Transformer tank AQ P,
temperature rise over the 4= @ oS comvt + U radS rad 37 °C

ambient temperature
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Transformer oil total

temperature rise over the A8, gy =005 +AO, 40

ambient temperature

33

°C

Transformer oil maximum
temperature rise over the

ambient temperature At ampmax =

A6 60°C

oil—amb,max <

_ Agoilﬂ/zmh 48

0.85

39

°C

Copper total temperature
rise over the ambient
temperature

Ay s <65°C

AQCu—amb = AHCM—O[[ + A93

62
+A06,

62

°C

Average ambient
temperature

6, = 22°C

22

22

°C

Copper maximum
temperature™*

AgCu,max = Ha +A9Cu—amb 102

102

°C

. ) oo
Maximum oil temperature A6, . max

= ‘9a + Aaoil—amb,max 88

79

°C

*In order to calculate tank surfaces which dissipate the heat, it is necessary to perform a brief tank design which

is given as follows.

** Considering maximum ambient temperature of 40°C.

Description Formula 4 coils 6 coils Unit
Distance HV winding — tank in length | n, >30 51.5 53.5 mm
Distance HV winding — tank in width n; =50 mm 91.5 89.5 mm
Distance yoke — tank bottom h, > 40 mm 40 40 mm
Distance yoke - tank top h, > 150 mm 200 200 mm
Transformer tank length A, =3D pxr +20;, +2n, 1,540 1,210 mm
Transformer tank width B, =Dy pyr +n +ny 610 500 mm
Transformer tank height C,=H_+h,+h, 1,055 1,260 mm
Recommended distance between tank

hyo iy =hy +A

bottom and rib bot-rib = It T A1 TV2 300 455 m
Adopted distance between tank bottom Bys 205 320 mm
and rib
Recomm.ended distance between tank htap—rib ~40-50 40 40 mm
top and rib
Transformer ribs height C, =C, —hyprrity =gy rit 810 900 mm
Transformer ribs width
(depends on the tank mechanical B >100 200 170 mm
elasticity, which should be checked "
later on)
Distances on the tank side not covered | a, =50-120; b, =50-120
with ribs 50; 40 80; 50 mm
Distance between two ribs axes a, =35-50 35 35 mm
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Number of ribs on the longer side A, —2a,
N, = +1 42 31
ar
Number of ribs on the shorter side B, -2b,
Ny = +1 16 12
ar
Ribs width d,=6-17 6 6 mm
Transformer cover surface Sop = 0.75(A, —0.0l)- (B, —0.01) 0.689 0.441 m’
Transformer longer side surface S, =A,-C,-107° 1.625 1.525 m>
Transformer shorter side surface S,, =B,-C,-10°° 0.644 0.167 m>
Total transformer free surface (without
ribs) Sfree = 2(Sl,t _NACrdr )+ 2
. ) 3.973 3.845 m
Note: these equations are valid when 2(S 2, —NpC.d ,)
all the four transformer sides have ribs
Total ribs surface S,ibs = [2Br (C, +d, )+ C.d, ]
6 38.43 26.96 m’
(N, +Ny)-10
Perimeter calculation L = ( N, —l)a 1073
a r
1.435 1.05
L,=(Ng-1)a,107
» =Ny ~1a, 0.525 0.385 m
L=10"y(B, +a, ) +(B, +b,) | 0347 | 0333
Surface of the transformer ribs s  =P(rL +21.)+4L)-Cc. 1073
equivalent r.eq [ ( a b) ] r 4.30 378 m2
Total sqrface for cooling through Secomt = Stop +S free T Syins 43.087 31.042 m?
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Figure 61 Transformer tank cross section
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