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Abstract

Nowadays, power electronic converters play an essential role in the majority of consumer
electronic devices and are widely used in industrial applications. Since most of these
applications are supplied through the AC grid, the use of rectifiers and DC-DC conveters
are mandatory to adapt the grid voltage to the application requirements.

In this book, most used AC-DC rectifier topologies and DC-DC converter topologies are
thoroughly discussed. Basics of each converter, equations for the power losses evaluation
and passive elements design are described. Moreover, the medium frequency transformer
required by several of the studied DC-DC converters is analysed in depth.

Therefore, this book pretends to be a handbook with a wide scope, which could be used
for academic purposes or even by engineers.






Abbreviations

2L-VSC
3L-NPC
AC
AFE
CCM
CHB
DC
DCM
DFE
EMI
HB
IGSE
LCC
MFT
NRF
PRF
PWL
PWM
SHE
SRF
SVM
THD
VSC

Two-level voltage source converter
Three-level neutral point clamped
Alternating-current

Active front end

Continuous current mode
Cascaded H-bridge
Direct-current

Discontinuous current mode
Diode front end

Electromagnetic interference
H-bridge

Improved generalized Steinmetz equation
Line commutated converter
Medium frequency transformer
Notch resonance frequency
Parallel resonance frequency
Piecewise linear

Pulse width modulation

Selective harmonic elimination
Series resonance frequency

Space vector modulation

Total harmonic distortion

Voltage source converter
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Chapter 1

AC-DC Rectifiers

In this chapter, the main characteristics of various active and passive converter
topologies for AC to DC rectifying purposes are discussed. For each converter,
analytical expressions of semiconductor power losses are described and DC bus
capacitor design criteria are shown.

1.1 Introduction

The electrical devices used to convert an alternating-current (AC) to a direct-current (DC)
are known as rectifiers. So, the AC to DC conversion process is known as rectification.

Depending on the rectifier type and the input AC voltage, the output DC voltage can be
variable or not. Diode rectifiers make the output DC voltage to be input AC voltage
dependent, while active rectifiers maintain the output DC voltage constant.

In order to have a wide pool of choices to select the most suitable rectifier for a given
application, different converters that could be used as rectifiers must be analyzed. In this
chapter, the main characteristics of four different converters are detailed, their operation
is described and DC link capacitor design criterion is discussed. In addition, given that
the efficiency evaluation is mandatory in energy conversion applications, analytical
power loss models for each converter are presented.
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Chapter 1. AC-DC Rectifiers

1.2 Three-phase diode front end

Fig 2.1 shows a three-phase diode front end (DFE) rectifier composed of a DC bus
capacitor (Cpys) and three legs with two diodes in each leg. As it is composed of diodes,
the power flow is unidirectional (from AC source to DC bus) and the bus voltage cannot
be controlled (it depends on the AC supply and the load). This rectifier is widely used in
industry due to its low manufacturing cost and high efficiency and reliability [1].
However, they generate current harmonics in the AC side, which are detrimental for

electrical generators.

Fig 2.1. Three-phase diode front end rectifier.

Under the assumption of a highly inductive AC side, the rectifier operates in a continuous
current mode (CCM) [2], [3] and the DC bus current (iyys) can be considered constant.

As shown in Fig 2.2, each diode conducts when it is forward-biased and two diodes are
always current conducting in the bridge. Assuming a highly inductive AC side, the
current ripple in the DC side can be neglected (cf. Fig 2.2). Thus, the current conducted
by all the diodes is considered equal to the DC side current lyy. This DC side current
varies depending on the transferred power, i.e. the higher the power the higher is the
circulating current. Being conservative, the maximum DC bus voltage (Vyys) is equal to
the line to line voltage and hence, the maximum reverse voltage of the diodes is given by
the peak line to line voltage (Vpys). The conducted current and reverse voltage of all
diodes are same and in consequence, it can be assumed that all diodes have same power
losses and thermal stress.

1.2.1 Power losses estimation

Assuming an ideal DC bus capacitor with no losses, the converter power losses are equal
to the diode power losses, which are given by average conduction power losses (Pgond)
and average switching power losses (Psy), Eq. (2.1).

Plosses = Feong + F)sw (2-1)

14



1.2. Three-phase diode front end

Vius A

Vius AAVAVAYAYAVA_
I

v

Ubus A
Ibus

v

Fig 2.2. Voltage and current waveforms in a three-phase diode rectifier.

Average conduction power losses are estimated from the diode forward characteristics
provided by the manufacturer (cf. Fig 2.3a). In order to simplify the final expression, the
real voltage-vs-current curve (grey line) is approximated to a first order equation (black
line) as shown by Fig 2.3a. Thus, the voltage drop over the diode can be expressed by the
threshold voltage (V) and the characteristic on-state resistance (»,), see Eq. (2.2).
Therefore, the instantaneous power dissipated in the diode is given by Eq. (2.3) and in
consequence, if the instantaneous power losses are averaged in a fundamental period (7),
average conduction power losses are obtained as in Eq. (2.4).

vit) =V +ielt)- 1, (2.2)

Peond 1) =i (0)- v )= (1) V5 17 (0)- (23)
1 Teond )

Pcond =?' J.pcond(t) di = Ty '[rms +Vth 'Iave (24)

0

where ir, I, and [, are respectively forward, root-mean-square (rms) and average
currents through the diode, vr is the forward voltage drop over the diode, and, T, is the
diode conduction time interval.

From Fig 2.2, the rms current and the average current can be derived:

I, = l-Tfl 2 = Tous (2.5)
rms T o bus \/5

1 % 1
]ave = J.Ibusdt:M (26)
Ty 3
When a diode is suddenly reverse biased (with high di/df), the carriers must be recovered
before it starts acting as a blocking device. Average switching power losses (Py,) are due
to this phenomenon. In order to estimate these losses (E...), the manufacturer provides the
dissipated energy (cf. Fig 2.3b) at the 100FIT test voltage (V;gomr). This curve can be
modelled with a second order equation as Eq. (2.7). The dissipated energy must be

15



Chapter 1. AC-DC Rectifiers

normalized to the switched voltage (Vq,), Eq. (2.8). Average switching power losses are
equal to the summation of the switching energy losses over a fundamental period (T), Eq.
(2.9).

Erec = Aot 'iF2 +Bosr 1g + Cop 2.7)
Vsw ; ;
Erec :V (Aoff '|F2+Boff Ie +Coff) (2.8)
100FIT
1 : :
- . VSW—(n)(Abff 'IF(n)2+Boﬁ 'IF(n)+C0ﬁ) (29)

sw
N-T n=1V100FIT

where Aq, Boit and Cop are the energy loss characteristic coefficients.

IF A Erec A

approach o

v

L
Vin VE Ie

a) b)
Fig 2.3. Typical diode characteristics. a) Diode forward characteristic. b) Dissipated
energy vs forward current.

However, as a highly inductive AC side has been assumed, the di/dt of the current
through the diodes is small. Thus, the carriers to be recovered are few and in
consequence, average switching power losses can be neglected. Therefore, Eq. (2.10)
gives the efficiency of the three-phase diode rectifier.

_1_2-6/m"bu;”d .|bus2) (2.10)

n

1.2.2  DC bus capacitor design

When the AC side voltage is lower than the capacitor voltage, the DC bus capacitor must
supply the load power guaranteeing a given voltage ripple. To do so, Cpys must store a
certain amount of energy.

The maximum DC bus voltage is provided by the line to line voltage (V| ms):

Vousmax = \/E VL ms (2.11)

The energies stored by the capacitor when it is charged with the maximum bus voltage
and with the minimum bus voltage are given respectively by:

1 AvY
E¢ max :E'Cbus '(Vbus +7) (212)

16



1.3. Two-level voltage source converter

1 AV
Ecmn =3+ Cos Vi =3 213)

where Av is the voltage ripple.

Considering a AT time interval in which the Cys capacitor is being discharged, the power
provided by the capacitor can be expressed as:

EC B EC i
P — max min 2‘ 14
AT ( )
If the transient power variation (P) is limited to the 10% of the rated power, the required
DC bus capacitance is calculated introducing Eq. (2.12) and Eq. (2.13) into Eq. (2.14).
2-P-AT ~ 3 Viax  lnax -AT
(V Avj2 _( Avj2 20-Vyys - AV (2.15)

Cbus =

bus T 7 Vbus - 7

where Viax and Inay are the peak phase voltage and current.

1.3 Two-level voltage source converter

The two-level voltage source converter (2L-VSC) is composed of a DC bus capacitor
(Chus) and three legs with two transistors and their respective freewheel diodes in each leg
(cf. Fig 2.4). All the semiconductors have to withstand the DC bus voltage during the off-
state. The low component number makes this converter simple, cost effective and reliable
[4]. In consequence, it is one of the most popular converters in conventional wind
turbines [1], [4]. Space vector modulation (SVM) and pulse width modulation (PWM) are
two of the most used modulation techniques in this converter [5]. In this book, the
analytical expressions for power losses estimation are obtained under the assumption that
a PWM technique is used. The accuracy of obtained analytical expressions is pretty
acceptable [6-7].

X X ibus_> .
+
Ds A
Ss | Ds
+
b Cbus e Vbus
c -
Ds
S D,
* * o~
N

Fig 2.4. Two-level voltage source converter.

17



Chapter 1. AC-DC Rectifiers

In Fig 2.5, typical voltage waveforms of a 2L-VSC operated with PWM are shown. v, is
the triangular carrier and v,*, w* and v.* are the reference phase voltages to be
synthesized. The reference voltages are 120 degrees phase shifted each other. When the
reference voltage is higher than the triangular carrier, the upper transistor of that leg is
turned-on while the lower transistor is turned-off. Conversely, when the reference voltage
is lower than the triangular carrier, the upper transistor of that leg is turned-off and the
lower transistor is turned-on. Thus, two different voltage levels can be synthesized in
each phase [0, V5. Line to line voltage is obtained by subtracting two-phase voltages as
shown in Fig 2.5. This resulting line to line voltage has three voltage levels.

vV

t
VaN 4 S, on - S,off
“I7 alvA
V T T 5 T >
bN 4 S;on - Sgoff t
Vbus | 5 | | / SeOn - 83 off
Vab A -t

I E RN ARl

Vab1 T
Fig 2.5. Typical voltage waveforms of a two-level voltage source converter with a
PWM modulation strategy.

1.3.1 Power losses estimation

Generally speaking, main converter power losses come from conduction and switching
power losses of the semiconductors. In order to obtain simple analytical expressions for
power losses, the following is assumed:

e The phase current is a purely sinusoidal current.
e The converter operates under a PWM modulation strategy in the linear region
(overmodulation is not considered).

e The switching frequency is very high.

18



1.3. Two-level voltage source converter

e The output characteristics and the switching energy losses characteristics
provided by the manufacturer are used to estimate conduction and switching

power losses.

1.3.1.1 Conduction power losses

Conduction power losses depend on the semiconductor output characteristic and the
average and rms values of the current flowing through it, see Eq. (2.4). Due to the
symmetrical structure of the converter, the circulating current expressions are equal for all
the transistors as well as for all the diodes. As it can be observed in Fig 2.6, a pulsating
current circulates through the transistor S;. Furthermore, considering a very high
switching frequency, this current can be considered constant ().

AN

| "t
\
AR

la Ton —IJ

Vv Vor Vg™

v

Fig 2.6. Current circulating through the transistor S; assuming a very high switching
frequency.

Therefore, the average and rms current expressions in a switching period T, are given by:

Ton

lave =1a - T:w (216)
T

Irm52: Iaz’Tﬂ (217)
sw

where T, is the conduction time interval.

The current circulating through the semiconductor during the conduction time interval is
the same as the phase current. As the amplitude of this sinusoidal current varies along the
fundamental period, the conduction power losses in a fundamental period can be
estimated by the summation of conduction power losses in each switching period:

19



Chapter 1. AC-DC Rectifiers

1 N
Pcond :WZ Mg - Irms (n)Z +Vth ) Iave (n):
n=1
. (2.18)
1 Ton Ton
S o T v 1) T o
n=l1 sw sw
T
N=—— (2.19)

where Vy, is the threshold voltage in the semiconductor and ry is the characteristic on-state
resistance.

AT /1

INULHAT
“Frrrrrnn T
ina | ‘"""”Tgn T > t
o o T,

Fig 2.7. Current and voltage waveforms of a two-level voltage source converter with a
PWM modulation strategy.

In Eq. (2.18) the output characteristics of the semiconductors (ry, Vi) are constant. So, in
order to obtain an analytical conduction losses expression, the pulsating current
waveform is converted into a continuous current with similar average and rms current

values.

At each T,, conduction interval, the I, current value of Eq. (2.16) and Eq. (2.17) has the
same amplitude as the phase current iy:

14(0)=14(t)= 1y -sin(et) (2.20)
where Ipax 1s the maximum amplitude of the phase current.

If conduction time intervals are observed in Fig 2.7, it can be seen how T,, varies
proportionally to the reference voltage v,* of Eq. (2.21). Thus, the lower v,* the narrower

20



1.3. Two-level voltage source converter

the Tq, period. Therefore, Ton/Tsy can be expressed in function of the reference voltage. As
Ton/ Tsw must be positive and its value contained within 0 and 1, the modulation function
can be defined by Eq. (2.22).

v, *(t)=m-sin(wt + ¢) (2.21)
1 .
> (1—=m-sin(wt + ¢)) (2.22)
where m is the modulation index and ¢ is the phase shift between v,* and the phase
current i,.

Taking into account that the transistor S; conducts only when the phase current is
negative (cf. Fig 2.4 and Fig 2.7), the average and rms currents through it in a
fundamental period can be approached to:

| | nax sm(a)t) % (1 -m- sin(a)t + qo))dt (2,23)

N'—,—i

1
ave:?'

2=
rms

max2 . sinz(a)t)~ . (1 -m- sin(a)t + (p))dt (224)

1
2

=

DTe—-

As a consequence, average conduction power losses are obtained substituting Eq. (2.23)
and Eq. (2.24) in Eq. (2.18):

T
Pcondelle I Iy - Doy - SIN a)t)+ Vth) Imax-sin(a)t)%.(l—m-sin(a)t+go))dt=
7 (2.25)
—l.(\/ .ImaXJ,_r .ﬁ)_m.cos( ).(\/ .Imi_Fr .ﬁ)
5 VT 47y @) Wi ] A3,

Average conduction power losses of the diode D, are calculated similarly. The only
difference is that it conducts when S; is turned-off. Thus, its modulation function is given
by:

Tof'f (t) -1- Ton(t) — l
Tsw Tsw 2

(1+m-sin(wt + 9)) (2.26)
Therefore, its conduction power losses are given as:

1 I max I maX2 lna.X I maX2
Peond D4 =E'(Vth' o 1y =) +m-cos() - (Vi - g —- th 'ﬁ) (2.27)

As it can be noticed in Eq. (2.25) and Eq. (2.27), the operation with a low phase-shift
(¢=0) leads to larger power losses in the diodes than in the transistors. Conversely, if the
converter operates with a high phase-shift of p~z, the losses in the transistors are larger
than in the diodes.
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Chapter 1. AC-DC Rectifiers

1.3.1.2 Switching power losses

Average switching losses in a fundamental period can be calculated by the summation of
all turn-on and turn-off losses:

V., (N : i
. on(N) '(Aon “ion(N)* + By "on(n)+C0”)+
1 ViooriT
=T (n) o
n=i) y Toff '(Aoff Aogt (n)2 + Byttt (n)+C°ff)
VIOOFIT

where Vo, and Vo are respectively the voltages commutated during turn-on and turn-off,
ion and iy are respectively the currents commutated during turn-on and turn-off, Vot is
the 100FIT test voltage and Agn, Bon, Con and Agsr, Bosr, Coft are respectively the turn-on and
the turn-off energy loss characteristic coefficients.

As a high switching frequency has been assumed, the currents and voltages commutated
in the turn-on and the turn-off of the semiconductors are assumed to be the same (cf. Fig
2.6). Thus, Eq. (2.28) can be simplified to:

N
P, :ﬁ.§%~(A~im(n)z + B~iSW(n)+C) (2.29)
isw = lon = o (2.30)
Vaw = Von = Vo (2.31)
A=Ay, + Ay (2.32)
B = Byy + Bt (2.33)
C =Cqn + Cor (2.34)

Given that the commutated voltage is assumed to be the mean DC bus voltage (Vys) and
the switched current is the phase current, the previous expression can be approached as:

)
Yo [ sin(ot)- (A 1y, -sin(at)+-B)+ C )t =

(2.35)

Vbus . A'Imaxz_l_B'Imax +g
4 T 2

VlOOFIT 'Tsw

The switching losses of the D, freewheel diode are also calculated with Eq. (2.35).
However, the turn-on energy loss coefficients (Ao, Bon and Con) of Eq. (2.32), Eq. (2.33)
and Eq. (2.34) are equal to zero due to the negligible turn-on losses of diodes.

1.3.1.3 Total power losses

Because of the symmetrical structure of the 2L-VSC, all transistors as well as all diodes
have the same power losses. Therefore, once the losses of S; and D, are calculated, the
estimation of the total converter power losses is straightforward:

22



1.4. Three-level neutral point clamped converter

Peong =6+ (Pcond st Peond D4) (2.36)
Psw:6'(Psw781 + PSW7D4) (237)
Plosses = Peond + Pow (2.38)

1.3.2 DC bus capacitor design

For the DC bus capacitance calculation, the next assumptions are made:

e The converter has an AC side filter with negligible energy storage.
e The DC bus voltage is constant and smooth.
e The switching frequency is very high.

e The power factor of the converter is unitary.
Under these considerations, the DC side current (ipys in Fig 2.4) can be expressed as:

i _3'Vmax i Imax 2.39
bus — Z'Vbus ( . )

where Viax and Inay are the peak phase voltage and current respectively.

Eq. (2.39) shows the DC side current iy is constant [8]. In reality, this current is chopped
and hence, it has high frequency components. Nonetheless, the effect of these high
frequency components over the DC bus voltage ripple are negligible and in consequence,
the required Cys value is small. Therefore, the energy stored by it is small too.

As discussed for the three-phase DFE rectifier, when the AC side voltage is lower than
the DC bus voltage, the DC bus capacitor must provide the load power guaranteeing a
minimum DC bus voltage. To do so, Cpys must store a certain amount of energy. If the
transient power variation (P) is limited to the 10% of the rated power the bus capacitance
is expressed as:

2-P-AT = 3 Viax  Dnax - AT

2 2
AV Av 20-Vp,s - AV 2.40
(Vbus + 2) - (Vbus - 2] * ( )

Cbus =

where Av is the desired voltage ripple and A7 is the time interval in which the capacitor
Chus 1s being discharged.

1.4 Three-level neutral point clamped converter

Multilevel converters apply more than two levels at their output phase terminals thereby
reducing the dv/dt and the total harmonic distortion (THD) in comparison to the 2L-VSC
[5]. Furthermore, the use of multilevel converters reduces the series connection
requirements of power semiconductors and therefore, auxiliary circuits for voltage

23



Chapter 1. AC-DC Rectifiers

balancing are avoided, or at least, minimized. Amog the different multilevel converters,
the three-level neutral point clamped converter (3L-NPC) [9] illustrated in Fig 2.8 is a
widely used topology in medium-voltage applications, e.g. in wind power, where it is one
of the most popular multilevel converter for medium-voltage variable speed wind turbines
[10].

The DC bus of the 3L-NPC is composed of two series connected capacitors (Cps; and
Chus2) and each converter leg has four controlled switches with their antiparallel diodes.
The neutral point N of the DC bus is connected to the phase terminal through the clamp
diodes. Thus, three different voltage levels are applied at phase terminals (Vp,s/2, 0 and -
Vius/2).

The differences between the extracted and the injected charges from/to the neutral point
terminal lead to voltage unbalances in the DC bus capacitors. Thus, modulation or control
level considerations must be taken into account to achieve a proper voltage balance [5]. In
addition, the power loss distribution among the power switches is not symmetrical.
Therefore, the thermal stress in some semiconductors is higher than in others. In
consequence, the junction temperature of the most stressed power devices limits the
output power of the converter (might lead to derated power capacity in practical cases).

ibus
—>

. 0
+
A
ch |_ Slc
+
Cous L | Vous
- 2
SDclb LSZC ZSDCIC
Dz
N -
c A +
SDczb |_S3c ZSDCZC
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Fig 2.8. Three-level neutral point clamped converter.

Fig 2.9 shows the allowed switching states of one leg of the converter that, independently
of the phase current polarity, define the output voltage. When transistors S; and S, are
turned-on, the converter applies a voltage of Vy,s/2 at phase terminals (cf. Fig 2.9a). When
the transistors are S, and S transistors are turned-on, see Fig 2.9b, the current circulates
through the clamp diodes and zero voltage is applied at phase terminals. Finally, when S;
and S, are turned-on, a -Vp,s/2 voltage is applied at phase terminals as shown by Fig 2.9¢.
At each switching state, the phase current sense determines the switches that are
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1.4. Three-level neutral point clamped converter

conducting that current, transistors or freewheel diodes. Additionally, all the
semiconductors have to withstand a voltage of V,/2. Compared with the 2L-VSC, if
same voltage rated switching devices are used, the DC bus voltage can be doubled and
therefore, higher power is transferred.

N ia—}c

~ Vhus

Fig 2.9. Switching states of the single-phase NPC. a) Positive voltage applied at the
output. b) Zero voltage applied at the output. c) Negative voltage applied at the
output.

In Table 2.1, afore described switching states are summarized. It can be noticed that S;-S3
and S-S, switches are complementary. This way, phase short circuits are avoided.
Furthermore, an additional switching state where S;-S; are turned-on and S,-S; are turned-
off is shown. This operational state is known as the forbidden state since the output
voltage applied at this state is uncontrollable (depends on the current sense). Additionally,
the voltage blocked by S,-D, or S3-D3 is Vi, which is two times the voltage stress they
withstand with allowed switching states. All in all, this switching state must be avoided.

TABLE 2.1
SWITCHING STATES OF THE SINGLE-PHASE NPC

Voltage applied

. S2 Ss Sy
at phase terminal
Vius/2 1 1 0 o0
0 0 1 1 0
-Vpusl2 0o 0 1 1

Vbu5/2 or -Vbu5/2 1 0 0 1

The 3L-NPC can be modulated with level-shifted PWM, SVM or selective harmonic
elimination (SHE) techniques [9, 11]. Fig 2.10 shows the typical waveforms of a single-
phase NPC operating with a level-shifted PWM modulation technique. As it can be
noticed, this modulation technique requires two level-shifted carriers (one per each pair of
complementary semiconductors). When the reference phase voltage v,* is higher than the
carrier Vg, S; is turned-on and S; is turned-off. Conversely, when the reference voltage
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Chapter 1. AC-DC Rectifiers

V,* is lower than the carrier Vg, S; is turned-off and S; is turned-on. Similarly, transistors

S, and S, are commanded the carrier Vero.

Vo, Ver1 /Va*
D t
Ver2
S1 A
T ]
S4 A N I > t
IR [ ] | |
Van 4 ! ' "t
Vous [~
L ]
" t

/, ! i

Van1 T
Fig 2.10. Typical voltage waveforms of a single-phase NPC with a level-shifted
PWM modulation strategy.

As it has been mentioned, the phase voltage has three voltage levels (cf. Fig 2.10). The
line to line voltage is obtained subtracting the phase voltages. This way, five voltage
levels are achieved.

1.4.1 Power losses estimation

Assuming an ideal DC bus capacitor with no losses, the converter power losses are given
by the conduction and switching power losses of the semiconductors. These power losses
can be modeled with analytical expressions, obtained assuming the converter operates
with a high frequency PWM modulation [12] (similarly to that discussed in section 2.3.1).
Furthermore, assuming an ideal AC supply grid without unbalances, the current
circulating through each leg has the same amplitude and frequency. Therefore, the power
losses in each leg are the same.

In Fig 2.11, the currents circulating through the first leg of the 3L-NPC are shown. The
outer transistors S; and S; conduct the same current value with a 180 degree phase
displacement. Thus, average power losses in both transistors are equal. As it can be
noticed, this is applicable to inner transistors S,-S;, freewheel diodes D;-D,-D3-D4 and
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1.4. Three-level neutral point clamped converter

clamp diodes D¢;-D¢,. Thus, power losses expressions are calculated just for one

semiconductor in each group.

/2 3n/2

* .
Va |a Vcrl

_‘ eceea
—

Fig 2.11. Typical current waveforms of a single-phase NPC with a level-shifted PWM
modulation strategy.

1.4.1.1 Conduction power losses

Conduction power losses in a fundamental period (T) can be estimated by the summation
of conduction power losses in each switching period (Tg,). So, in order to obtain an
analytical conduction losses expression, the pulsating current waveform is converted into
a continuous current with similar average and rms current values:
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1 N
Pcond :WZ Mg - Irms (n)Z +Vth ) Iave (n):
n=1
. (2.41)
1 - Ton H T0n
:W'Zrd "a(n)2 ) (n)+vth "a(n)'T (n)
=1 sw sw
T
N=— (2.42)

where Vy, is the threshold voltage in the semiconductor, ry is the characteristic on-state
resistance and Ty, is the conduction time interval of the semiconductor.

When the semiconductors are on, the current through the semiconductors is equal to the
phase current:

iy (t) =10 -cos(at — ) (2.43)

where lna is the maximum amplitude of the phase current and ¢ is the phase-shift
between the reference voltage v,* and the phase current i,.

As depicted in Fig 2.11, this current flows through semiconductors when the latter have a
turn-on command and the current circulates in the natural conduction sense of the
semiconductors. This last depends on the the phase-shift ¢. Thus, each semiconductor is
current conducting during a given interval of the phase output voltage. These conduction
intervals are summarized in Table 2.2.

The total conduction time of the semiconductors within a fundamental period (T) is given
by the summation of the different T,, conduction times of the semiconductors. This
summation is modelled with a modulation function. Within a switching period, the Ty,
conduction time of each semiconductor is proportional to the reference voltage v,*. Thus,
the modulation function of each semiconductor is derived from of Eq. (2.44) and Fig
2.11. For transistor S, the T, conduction time is directly proportional to the reference
voltage (the lower v,*, the narrower T,,). Therefore, the modulation function of this
transistor is equal to Eq. (2.44). Conversely, in the first conduction period comprehended
from (n/2+¢) to 37/2, the Ty, conduction interval of the transistor S, is inversely
proportional to the reference voltage. After 37/2, S; is always conducting. Therefore, the
modulation function of this second conduction period is equal to one (the modulation
function must be within 0 and 1). The modulation functions of the rest of the

semiconductors are derived in a similar way and summarized in Table 2.2.
Vv, * (t) =m-: cos(a)t) (2.44)

where m is the modulation index.
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1.4. Three-level neutral point clamped converter

TABLE 2.2
CONDUCTION TIMES AND MODULATION FUNCTIONS OF SINGLE-PHASE NPC'S SEMICONDUCTORS
3. 3.
Conducting From 27 to 27, P
2 2
Sy
T
Modulation function Tﬂ(t) =m- cos(at)
sw
3-x 5.7
Conducting From N +o to EN
D:
T
Modulation function Tﬂ(t) =m- cos(wt)
sw
i From £+(o to 3 i From 3 to 3.—ﬂ+¢)
Conducting > 2 | > )
S, '
. . Ton : Ton
Modulation function = (t)=1+m-cos(wt) —(t)=1
Tow | Tsw
i From £+g0 to 37 i From 37 to 3.”+¢)
Conducting > 5 > >
Dcl .
. . Ton E TOH
Modulation function T—(t)z 1+m- cos(at) | —9(t)=1-m-cos(wt)
SW ! sw

From Eq. (2.43) and Table 2.2 the average and rms current expressions are obtained and
thereby, conduction power losses given by Eq. (2.41) can be calculated:

e Outer transistor S;:

3z
37 o
12 N (o
lave =—— J(— | o - €O8(@t — ))- m - cos(ct)d ot = Donax (sin(¢)— ¢ - cos(p)) (2.45)
2. 3, 4.7
2
3
3o
2 1 2 2 2 m- Imax2 2
s = Jlmax -cos* (et —p)-m- cos(wt Jdeot :7~(1—2-cos(q))+ cos ((0)) (2.46)
g .
2
m-1 , m-l,.2
Peong _s1 =V -~ (sin(p) - cos(p)) 1y - — 25— (1-2-cos(p)+cos?(0) (2.47)

where ry and Vy, are the output characteristics of the semiconductor.

e Freewheel diode Dy:

S5
2
lae = QL j | max 'COS(a)t _(0)' m -cos(a)t)da)t -
¥ -
L (2.48)
m-| max 1
- . (72' . COS((0)+ s1n((p)— 78 COS((”))
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S
s =5 3.,,'[Imax cos (a)t (0) m cos(a)t)da)t— oo (1+2 cos(¢)+cos (go)) (2.49)
2
m'lmax :
Peond 01 =Vin - (7 cos(p)+ sin(p)- - cos(p))+
(2.50)
m-l,,.° 5
Iy 6“’“ -(1+2-cos(go)+cos (go))
¥ 1

e First conduction period (from 7/2+¢ to 37/2) of inner transistor S; and clamp

diode Dg1:
| 7”
lave =5 _[ -cos(at —@))- (1+m-cos(et))deot =
(2.51)
MLy .(2 +2-cos(p) + (p.cos((o)_sin((p)_”.COS((D))
4-7 m
37
2
s = L I | - €08 (0t — )- (14 M- cos(et))deot =
2-r
27 (2.52)
— m- Imax2 [3 i (7[ _(/))+3 . sin((p)-cos(go) ~1-2. COS((D)—COSZ((/))j
6.7 2-m
M-l (242 .
Peond S2/1 = Peond _Dcl/1 = Vin - 47 [ r;os(go) to- cos((p)— sm((p)— / cos((o)j +
) (2.53)
try- M- e '[3.(ﬁ_¢)+3.Sin(q)).COS((p)—1—2'COS(¢)—COSZ(¢))]
6.7 2-m
e Second conduction period (from 37/2 to 37/2+¢) of inner transistor S,:
3
12 I
=3 [ st =)ok =22 -l (.54
2
3r
2| 2 2 2 Do
=5 oot~ ok~ 2o -cospsle) @2.55)
2
[ e ,
Peond _s2/2 =Vin - 2max '(1 - COS(¢))+ Iy % (‘/’ - COS(CO)' sm(qo)) (2.56)
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1.4. Three-level neutral point clamped converter

e Second conduction period (from 37/2 to 37/2+¢) of clamp diode D;:

3z,
S

lave =ﬁ- _[(— | - €O8(@t — @))- (1= m - cos(et))deot =

3.z

2 (2.57)
_m-Imax. 2—2~c0s((p) ] o
- [ = +p-cos(p) Sln(fp)]

3% o

2

Irms2 :ZL- Jlmaxz -cosz(a)t—ga)-(l—m~cos(a)t))da)t =
T r
37 (2.58)

_m‘lmaxz' 3~¢)—3-sin({p)-cos(¢)_ . _ 2
=6 [ T 1+2 cos((p) cos (go)

b m-Imax.(2—2-cos(¢)

cond_pei/2 =Vin - 4 +(p-cos(go)—sin(go))+
¥

(2.59)

2 .
+1y- m.6lmax -(3.(p_3.sm((p)'cos(q))—1+2-c0$((/’)—cosz(€0))
- 2-m

1.4.1.2 Switching power losses

Average switching losses in a fundamental period can be calculated by the summation of
all turn-on and turn-off losses:

Vo, (N : i
. on(N) .(Aon ion (M) + By +gn (M) + Con)+
1 ViooriT
Psw =_N T Z Voft (n) (260)
n=ll 4 V0 (AOff : ioff (n)z + By ioff (M) + Cof )
100FIT

where Vg, and Vo are respectively the voltages commutated during turn-on and turn-off,
ion and iy are respectively the currents commutated during turn-on and turn-off, Vigorr is
the 100FIT test voltage and Agn, Bon, Con and Agsr, Bosr, Coft are respectively the turn-on and
the turn-off energy loss characteristic coefficients.

Under the assumption of a high switching frequency, the currents and voltages
commutated in the turn-on and the turn-off of the semiconductors are assumed to be the
same. Moreover, considering a sufficiently large DC bus capacitor, the DC bus voltage
ripple can be neglected and the switched voltage is assumed to be the average DC bus

voltage V.
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Thus, the overall expression of the average switching power losses of Sy, Dy, S; and Dy
are given respectively by:

3z

i,
2
Pa s =2 s (L1 cos(at = ) (A (- 1 - cos{t - )+ B)+ Cht =
- VioorrTr " 277 3,
B (2.61)
= Vo Tov (g2 (psin(p)-cos(p) + 2 B 1, (1= cos(p))+2-C o)
4.7 Nygorir

S

Ve - T 2
PSW_ Dl = ——bus_sw J(Imax . COS(C()t - ¢7) (Anff . Imax : cos(a)t - ¢)+ 'Boff )+ Coff }jt =
Vioorir *2- 7 3,

e (2.62)
= Yo T {p 1,2 (e g rsinfp)-cosp))+ 2By (1 coslp) 2-C -z -0)
4-7 -Vigopir
Pw s2= Vous o T -cos(@t —@))- (A- (= 1y - cos(at — @))+-B)+C)dt =
Vieorrr "2 7 4
(2.63)
:M-(A- Imaxz-(ﬁ—(o+sin(go)-cos((p))+2- Bl ax -(1+cos((p))+2-C -(ﬁ—(p))
4-7 -Vigoprr
3,
Vo fay 2¢(,
I:’SW7 Dcl = wasizwﬂ_ I((_ Imax -cos(wt _(/7)) (Aof‘f ‘(_ Imax ~cos(a)t _¢))+'Boﬂ )+ Coff )jt =
100FIT %‘*"/’ (264)
:M-(ﬂ A- Imax +4.B-1, +2-C-7z)
4-7-Vigorir
A=Ay + Agit (2.65)
B = Bon + Borr (266)
C =Cqn +Cof (267)

where fy, is the semiconductor switching frequency.

1.4.1.3 Total power losses

Once the switching power losses of selected switching devices are calculated, the total
conduction and switching losses can be described as:

Pcond = 6'(Pcond781 + Pct)nd7D1 + I:’cond782/1 + Pcond782/2)+

(2.68)

+6- ( cond D1c/1+Pcond7D1c/2)
Psw =6- (Psw751 + Psw DI Psw S2 Psw Dcl) (269)
Plosses = Peond + Pow (2.70)
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1.4. Three-level neutral point clamped converter

1.4.2 DC bus capacitor design

The DC bus of the 3L-NPC is composed of two series connected capacitors. Ideally, both
absorb the same amount of charges and therefore, their capacitance is same. Thus, for the
sake of simplicity, the following analysis is focused on the upper capacitor Cpyg;.

Assuming a constant DC bus voltage with no ripple (Vys), the current circulating through
the positive bus terminal (ips of Fig 2.8) depends on the instantaneous power p(t) and the
voltage of the upper capacitor (Vpys/2):

s = 2.71)

If one leg is applying a positive voltage to the phase terminal, the phase current circulates
through the positive bus terminal.

l/\ . .

NS

T/12 T/4 5T/12 7T/12 3T/4 11112 T

v

Fig 2.12. AC side voltage waveforms of the 3L-NPC.

Assuming a unitary power factor, Fig 2.12 shows the different time intervals to calculate
the Iy current circulating through the positive bus terminal. Phase a current circulates
from 0 to T/4 and from 3T/4 to T. Similarly, phase b current circulates through the
positive bus terminal from T/12 to 7T/12, while phase ¢ current does it from 5T/12 to
11T/12. Thus, the instantaneous iy current circulating through the positive bus terminal
are calculated as follows:

e FromO0to T/12:

_2-p®_ 2

o === (V@) ig () +0-iy () +0-ic (D)=

2.72)

_ 2 V- c08(at) - 1o -cos(wt):M-(l + cos(2at))
Vbus Vbus

where Viax and Ina are the peak phase voltage and current respectively.
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e From T/12 to T/4:

_2-p®_ 2 i N g (h)=
B Vius _Vbus (Va(t) 1o (1) +Vp (1) -1, (1) + 0 Ic(t))

~[Vmax -cos(a)t)- | ax -cos(a)t)-i—Vmax -cos(a)t —2—”] | ax -cos[a)t —2—”D
Vius 3 3

— Ymax " Tmax [2 _ cos(za)t _ 2_”j]
Vbus 3

e From T/4 to 5T/12:

_2-p() 2

lous = =

(0-i,(t) + vy (1) i () +0-ic (1)) =

bus

2. 2. Vo -l 4.
= Viax * cos(a)t ——”) M cos(a)t - —”j — —max max [1 + cos[Zwt - —ﬂD
Vous 3 3 Vous 3

e From 5T/12 to 7T/12:

Vous B Vous 01 (1) + vy (1) - iy (D) + Ve (D) i (D)=

Viax - |

_ Vmax

—max__max (> _ cos(2et))
Vbus

From 7T/12 to 3T/4:

2-p((t) 2
lbus = =

Voo Ve (01, () +0-iy (1) + Ve (1) -ic (D)=

=—V ~cos[a)t + Z—ﬁj “inax -cos[a)t + 2—”] — Vo Iy 1+ cos[Zwt + 4—”]
Vbus 3 3 Vbus 3

= (273)

(2.74)

(2.75)

(2.76)
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e From 3T/4 to 11T/12:

S2PO 2y )iy 1)+ 0+ (1) + Vo (1) i (1) =

-2 -[Vmax -cos(a)t)- | ax -cos(a)t)-i—Vmax -cos[a)t +2Tﬂj | ax -cos(a)H-Z'T”D = 2.77)

\Y/ - .
— Ymax " Tmax [2 _ cos(ZaJt " 2_”D
Vbus 3

e From1l1T/12to T:

(Vo) i () +0-ip () +0-ic (D)=

bus -
Vbus Vbus

(2.78)

2 Vinax - €08(e0t) - 1 - cos(a)t):M (1 + cos(2at))

max

Vbus Vbus

The estimated current through positive bus terminal is shown in Fig 2.13. As it is noticed,
the current oscillates over a mean value, which is the average power provided by the AC

supply.

lbus &

/]

3Vmax Imax
2Vbus

3
LL—

v

T/12 T/4 5T/12 7T/12 3T/4 11712 T
Fig 2.13. Current circulating through the positive bus terminal of the 3L-NPC.

Assuming the mean current is drawn by the load connected to the DC bus, the current
circulating through the capacitor will be the oscillating term of iy, which is given by the
third harmonic of the fundamental period (T). Thus, the Q charges illustrated in Fig 2.13

and circulating through Cy,5; can be expressed as:

wn
5

Q= _[iCbus (Hdt =
7
4

T 5.
2

—

Vinax “ Tmax_ 1+cos(2a)t _4'_”)_3 dt =
bus 3 2

-b\—i'—:;:‘;‘

(2.79)

Vmax'lmax'T. \/g 1 NVmax'Imax'T
6'7T'Vbus
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Hence, the capacitance of Cy, is provided by Eq. (2.79) and the desired voltage ripple
(4v):

(2.80)

busl =

Vmax’lmax'T ﬁ_l Nvmax'lmax'T
4.VbUS -Av T 3 6'7['Vbus -Av
As it has been assumed that capacitor Cp,, absorb the same amount of charges as
capacitor Cyyg1, it is considered that their capacitance is same.

Since the DC bus capacitors are series connected, the total capacitance required by the
DC bus (Cyys) can be approximated to:

\Y

max_ " Imax T

T 127V, AV (2.81)

bus

1.5 Cascaded H-bridge converter

The cascaded H-bridge (CHB) converter [13-14] has been used in real drive applications
[5] and static synchronous compensator (STATCOM) applications [15-17]. As illustrated
in Fig 2.14, the CHB converter is composed of series connected single-phase H-bridge
(HB) converters. Each HB converter comprises one DC bus capacitor and four
bidirectional switches. Generally speaking, the number chained HB converters depends
on the AC side voltage and the voltage blocking capability of the used switching devices.
For a given semiconductor device, a higher AC side voltage leads to a higher number of
chained HB converters. Thus, series connection of power semiconductor devices is not
required. The increase of HB modules increases the number of voltage levels at the AC
output terminals and hence, the output voltage quality is improved (less dv/dt and
harmonic distortion).

The modularity of this converter makes possible the use of simple and well known HB
modules, which brings economical and technical benefits [15]. In addition, redundant HB
modules can be included so as to increase the reliability of the converter. Thus, the failure
of one HB converter does not jeopardize the energy transmission capability of the
converter [18].

The main drawback resides in the need of independent DC power supplies for each HB
converter, especially, when active power is transferred. Additionally, the capacitance
required by the DC bus is higher than that required by three-phase rectifiers due to the
second harmonic current component. This will be discussed later on section 2.5.2.
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1.5. Cascaded H-bridge converter

Fig 2.14. Cascaded H-bridge converter.

Table 2.3 shows the allowed switching states and the three different voltages synthesized
at the output of each HB (Vys, 0 and -Vy,s). When switches S; and S, are on, a Vs voltage
is applied at the output terminals. Conversely, when switches S, and S; are on, a -V
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voltage is applied at the output terminals. Finally, two operational states can be used to
apply 0 volts at the phase terminals, S;=S,=1 or S;=S,=1. From Table 2.3 and Fig 2.14, it
can be deduced that switches S; and S; are complementary since their simultaneous
conduction leads to a DC bus short circuit. This is applied also to switches S, and S4. The
used switching devices must withstand the DC bus voltage of the HB converter (Vpys).

TABLE 2.3
OPERATIONAL STATES OF THE SINGLE-PHASE HB CONVERTER

Voltage applied

S S, S3 S
at phase terminal toveome
Vous 1 0 o0 1

0 1 1 0 0

0 0 0 1 1

“Vius 0 1 1 0

Since switches S; and S3 as well as S; and S, are complementary, the output voltage of a
HB converter can be expressed as a function of the switching states of S; and S;:

Vout,He =Vous *(S1 +55 1) (2.82)
Therefore, it can be deduced that the maximum voltage applied by a CHB converter
composed of nyg modules with the same DC bus voltage (Vys) is:

VinaxcHe = Vous ‘NHg (2.83)
For that number of HB modules, the number of phase voltage levels (K) and the number
of line to line voltage levels (h) are:

h=2-k-1 (2.85)
The preferred modulation techniques for the CHB converters are the phase-shifted PWM
and the SVM [19].

Fig 2.15 shows the typical voltage and command waveforms of a single-phase HB
converter modulated with a phase-shifted PWM technique. As it can be seen, there are
two triangular carriers (V¢ and V) phase-shifted 180 degrees each other and a reference
voltage (vug*). The switching orders of S; depends on the triangular carrier wave Vg
while the orders of S; depends on V,.

While the carriers of a HB are 180 degrees phase-shifted in order to synthesize a proper
voltage waveforms, the carriers of the different nyjg HB modules must be phase-shifted in

PS degrees:

PS - 180

(2.86)

Nyg
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1.5. Cascaded H-bridge converter

Additionally, the modulation index myg of each HB converter depends on its DC bus
voltage (Vpys) and the number of chained converters (Nyg):

(2.87)
where v* is the maximum phase reference voltage.

*
Vo, Ver1 Vi Ver2

i
I

Sy A

B I e B

S, N [ I ™ I 7 t
Nl L]

VOUt“ g t

B B R
wid | UL

Fig 2.15. Typical command and voltage waveforms of a single-phase HB converter.

A
~—

1.5.1 Power losses estimation

As shown in Fig 2.15, the behaviour of each leg of the single-phase HB converter is
identical to that of each leg of the 2L-VSC (section 2.3). Hence, power losses can be
estimated with Eq. (2.25) and Eq. (2.27) for conduction losses and Eq. (2.35) for
switching losses. Therefore, total conduction and switching losses are:

Peond =12 Ny - (Pcond st Peond _ D4) (288)
Pow =12-npg '(PSW781 + Py D4) (2.89)
Plosses = Peond + Psw (2.90)
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1.5.2 DC bus capacitor design

As discussed for the 2L-VSC, capacitance Cys is defined by the charges (Q) circulating
through the capacitor and the desired voltage ripple (4v). In turn, the circulating charges
are given by the current circulating through the capacitor (icpys), which assuming a
constant DC bus with no ripple (Vpys), is given by the instantaneous DC side power p(t).
Assuming that the load will absorve the mean power, the 2wt oscillating power is
continuously stored and transferred by the bus capacitor.

The DC side current (iyys current depicted in Fig 2.14) depends on the DC bus voltage
(Vpys) and the instantaneous power (p(t)):

_ PO (2.91)

In addition, the DC bus voltage of each HB converter is given by the peak phase voltage
(Vmax) and the number of phase modules (Nyp):

Vmax
Vius = (2.92)
Nhg

Assuming a unitary power factor, the instantaneous power absorbed by each HB module

is:
P = V(1) i(t) =Vax n - SIN(@t) - | g - sin(et) = w (1=cos2at))  (2.93)

where Vians and Inas are respectively the maximum output voltage and the maximum

current through each HB module.

As it can be observed in Eq. (2.93), the instantaneous power has two main components: a
constant term and an oscillating term. As the constant term is the average power
transferred by the converter, the power circulating through the capacitor is equal to the
oscillating term:

p(t) = —M : cos(2a)t) (2.94)

Introducing Eq. (2.94) into Eq. (2.91), the current through the capacitor is expressed as:

: Vmax i Imax
Icpus () =~ ;BV . COS(Za)t) (2.95)
*Vbus

As it is noticed in the current circulating through the Cy,s capacitor illustrated in Fig 2.16,
the charges are absorbed between T/8 and 3T/8:

w
3

Y, N T
i t)dt = —max HB max HB
cbus (1) 47 Ny, (2.96)

Q=

o0 | He—

where T is the fundamental period of the AC side current.
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Icbus 4
Q

/A ;
7RV ERVE

3T/8 5T/8 7T/I8 T
Fig 2.16. Current circulating through the DC bus capacitor of a HB module.

Therefore, the required DC bus capacitance to obtain a given voltage ripple (4v) can be
expressed as:

\% -1 -T
C _ ' maxHB max HB
S T 4V AV (2.97)

It must be highlighted that single-phase HB converters require larger capacitor values
than three-phase converters. This difference comes from the second current harmonic
component circulating in the DC bus capacitor of single phase converters shown by Eq.
(2.97).

1.6 Summary

Rectifiers convert AC side voltages and currents to DC side voltages and currents.
Depending on the rectifier type, the DC side voltage can be constant or AC input voltage
dependent. In this chapter, different rectifier topologies have been studied. For each
converter, analytical expressions for the estimation of the DC bus capacitor and power
losses have been presented.

The main characteristics of the analysed converters can be summarized as:

e The three-phase DFE rectifier is a unidirectional, cheap, simple and reliable
converter. As this converter does not provide any control over the output voltage,
the DC side voltage is dependent on the AC input voltage. Compared to VSC
type rectifiers, the AC side current waveform contains more harmonic
components, which provoke heating and torque issues to the generators in the AC
side.

e Compared with the DFE rectifier, 2L-VSC requires controlled switching devices
that increase its complexity. However, the DC bus voltage controllability and the
better AC side waveforms quality have become this converter in one of the most
used rectifiers in several industrial applications.

e Multilevel converters overtake the 2L-VSC in terms of switch power losses,
harmonic distortion, applied voltage derivatives to the AC side generator and
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common mode voltage. The 3L-NPC has become the preferred multilevel
converter demonstrating a reliable and efficient performance. As each leg is
composed of four series connected switching devices, the total DC bus voltage
can be twice the DC bus voltage of the 2L-VSC. In consequence, this converter is
better suited for medium voltage than the 2L-VSC.

The modular structure of the CHB makes possible the operation of the converter
at high voltages and the use of redundant modules leads to high reliability. Its
main drawback is the high number of capacitors it requires. Furthermore, as the
CHB converter is composed of single-phase HB converters, the second current
harmonic component circulating through their DC bus capacitors makes the
required DC bus capacitor larger than that required by three-phase converters.



Chapter 2

DC-DC converters

This chapter describes the main features of 17 different switch mode DC-DC converters
and 10 different resonant mode DC-DC converter topologies. It also discusses analytical
models required for their design and semiconductor power loss estimation.

2.1 Introduction

DC-DC converters are used to convert an input DC voltage level to another output DC
voltage level. Generally speaking, the converters that maintain the output voltage higher
than the input voltage are known as step-up converters or boost derived converters.
Conversely, step-down or buck derived converters maintain the output voltage lower than
the input voltage. The converters that allow the output voltage being either higher or
lower than the input voltage are known as step-up/down or buck/boost converters.

Depending on the switching conditions of the semiconductors, DC-DC converters can be
divided in two main groups: switch mode converters and resonant mode converters. On
the one hand, most of the switch mode converters operate under hard switching
conditions. In consequence, the semiconductors must withstand high switching stresses
making the switching power losses to increase linearly with the switching frequency. In
addition, the electromagnetic interferences (EMIs) produced by the high di/dt and dv/dt
are another drawback of this kind of converters. In order to reduce the problems derived
from the hard switching conditions, the converters operate with relatively low switching
frequencies and thereby, the volume, size and weight of these converters is high (low
power density). On the other hand, resonant mode converters provide soft switching
conditions to the semiconductors (zero voltage switching or zero current switching) and
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therefore, the aforementioned problems can be avoided or, at least, reduced. Thus,
operation at higher frequencies is possible. Main drawbacks of resonant converters reside
on the volume of the resonant tank and the voltage/current stress of the passive elements
of the resonant tank.

When an AC input voltage has a variable amplitude (for example an AC source regulated
through an autotransformer) and is rectified through a three-phase DFE rectifier, the input
DC bus voltage of the DC-DC converter completely depends on the AC input voltage
amplitude. This makes the DC-DC converter to operate with a non-constant input voltage,
which makes more challenging its design and control. These issues can be addressed if
the input DC voltage of the DC-DC converter is kept constant. To do so, AFE rectifiers
must be considered.

In this chapter, 17 different switch mode converters and 10 different resonant mode
converters are analysed. Converter design equations and power loss estimation methods
are discussed. Although most of the analyzed DC-DC converters require a medium
frequency transformer (MFT), its analysis is not discussed along this chapter. The
thorough analysis of the MFT will be discussed in Chapter 4.

2.2 Switch mode DC-DC converters

Generally speaking, switch mode DC-DC converter semiconductors are operated under
hard switching conditions. However, soft switching operation conditions can also be
achieved if specific converter topologies (e.g. single-active-bridge and dual-active-
bridge), modulation techniques (e.g. phase-shifting) or additional circuitry (e.g. snubbers)
are considered.

In this section, converter design and power loss estimation expressions are presented for
different converter topologies. On the one hand, it is assumed that main power losses of
the converter come from the power semiconductors. In consequence, power losses in the
passive elements are neglected. Therefore, total average power losses of the converters
are calculated by the sum of average conduction power losses (Eq. (3.1)) and average
switching power losses (Eq. (3.2)) of the semiconductors. Average conduction power
losses depend on rms and average currents (lyys, lave) through the semiconductors and the
output characteristic of the semiconductor (ry, Vy). In turn, average switching power
losses depend on switched voltages (V) and currents (is,) and the switching loss
characteristic provided by the manufacturer (Ag,, Bsw and Cgy). Additionally, analytical
expressions of the maximum current circulating through the semiconductors (imax) and
their maximum reverse blocking voltage (Vmax) are calculated. These calculations allow
selecting semiconductors with appropriate voltage and current ratings for each converter.
All the aforementioned expressions have been validated through simulations in
Synopsys/SABER platform as it is shown in Appendix A.
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2
Paond =T *Trms™ +Vin L ave (3.1)
1 & v, , .
Psw =N ZM (Asw : Isw(n)2 + Bsw gy (N) + Csw)' fsw (32)
N n=lV100FIT

where ry is the semiconductor switch on-state resistance, Vy, is the threshold voltage, fy, is
the switching frequency and Ay, Bsw, Csw are the energy loss characteristic provided by
the manufacturer for the 100FIT test voltage (VigoriT).

On the other hand, this section discusses the design expressions required for the sizing of
each converter. Moreover, in order to minimize the installed semiconductor power, the
semiconductor utilization factor [20] of each converter has been calculated. This factor
determines the relation between the installed semiconductor power and the rated power of

the converter:

P
U ;= Rated

(3.3)

Zall _ switches Vinax * Trms

where Vngy is the maximum reverse blocking voltage of the semiconductors and ;g is the

rms current circulating through them.

In order to obtain easy to use expressions, the semiconductor utilization factor has been
calculated assuming a continuous current mode (CCM) operation of the converters and
neglecting the voltage ripple in Vyax and current ripple in .

In order to reduce the number of equations of the buck/boost type DC-DC converters,
only the expressions of the boost operation cases are discussed, i.e. it is assumed that the
output voltage is higher than the input voltage. The expressions of the buck operation
cases, when the output voltage is lower than the input voltage, could be easily deduced
from the waveforms shown in each section.

2.2.1 Boost

The boost converter is a well known unidirectional step-up converter used in applications
where no galvanic isolation is required [8]. Depicted in Fig 3.1, the converter has few
components, which makes its structure to be simple and reliable.

lin Ly D I
+ - 1 out
o2 o YY"\, > N
+ i +
IL1
+ +
Vin C,n_:: ) SlJ Cout_—— i Vout
lcin ¢ Cout
N )

Fig 3.1. Boost converter.
2.2.1.1 Converter design

The converter operates storing the energy coming from the input in L; and then
transferring it to the output. As shown in Fig 3.2a, when transistor S; is on (T, time
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interval), the energy coming from the input is stored in the inductor L; and the output
power is supplied by the capacitor C,,. When transistor S; is off (7,4 time interval), the
energy coming from the input and the energy stored in L, are transferred to C,,, and the
output load (Fig 3.2b). If the current circulating through the inductor L; is greater than
zero, the converter operates in a continuous current mode (CCM). In contrary, if the
inductor current reaches to be zero, the converter operates in a discontinuous current
mode (DCM).

L, D, L, D,
o 2228 ™ °
+ + + +
[ out ] out
Vi, G — Cou = Vour Vi Cin — S| K} Cou == Vout
1, in I, in
-C O- -C: O-
a) b)
Fig 3.2. Currents circulating through the boost converter a) when S, is on and b) when
S, is off.

Therefore, considering a steady state CCM operation, the voltage and current waveforms
of the inductor L; and the capacitor C,,, are illustrated in Fig 3.3a and Fig 3.3b. Notice
that the voltage ripple in L; and the current ripple in C,,, have been neglected.

Ui A Vcout A
AiLl YCout
I, //\I/\\/ V.., 1 |
| |
‘ Ton "'Taﬁ'\ | }
I ) : ! I
| 1 Conducting |
S Conducting: } ‘L’}M
l‘ T, > 1 7 >
") | | sw t i | | sw t
Ll A } | Cout A | }
| [ ‘ [
Vv,',, : — Iin'Iout :
» »
» »
t t
Vvin' Vaut 'It)ut —
a) b)

Fig 3.3. Typical voltage and current waveforms in boost converter's a) inductor L; and
b) capacitor C,,,,.

The relation between the input voltage and the output voltage (DC voltage transfer
function) can be obtained from Fig 3.3a. As the average current circulating through L; is
constant, the mean voltage drop in the inductor (<v;;>) during a switching period Ty, is
equal to zero, Eq. (3.4). Developing Eq. (3.4), the DC voltage transfer function given by
Eq. (3.5) is obtained.
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1 Ton TSW
<VL‘>:T_'(IV“ dt + jvu dt]:o (3.4)
sw 0 Ton
Vin
Vout = -5 (35)
T
S5 =_on
T (3.6)

where Vi, and V are the average input and output voltages respectively (cf. Fig 3.1), d is
the transistor's duty cycle and Ty, is the switching period. Eq. (3.5) shows that the output
voltage is higher than the input voltage for any duty cycle. So, the step-up nature of this
converter is corroborated.

Similarly, the relation between the input current and the output current (DC current
transfer function) is obtained. From Fig 3.3b the average voltage of C,; is constant and in
consequence, the average current through the capacitor (<icoy™>) during a switching
period Ty, is equal to zero, Eq. (3.7). Solving Eq. (3.7) for the currents in Fig 3.3b, the
DC current transfer function given by Eq. (3.8) is obtained.

1 TOn TSW
<iCout> = To, { .([ iCout dt +-|J iCout dtj =0 (37)
lout = lin - (1-9) (3.8)

where li, and |y are the average input and output currents respectively (cf. Fig 3.1).

As it can be concluded from Eq. (3.5) and Eq. (3.8), the duty cycle of the boost converter
must be lower than one. If the duty cycle is equal to one, the input current will
theoretically increase up to infinite while the load will discharge the output capacitance.
This undesired behaviour can be easily avoided limiting the maximum duty cycle of the

converter.

Fixing the desired current ripple Al ; and voltage ripple AVcoy, the values of Ly and Cgy
are calculated from Fig 3.3a and Fig 3.3b respectively:

ALV,

L=V, —= 5T,
1 =Yoo 2Ai sw (3.9)
. At |
C..=i oot 5T
out Cout AV 2'AVCout sw (310)

Assuming the input current lj, is constant and non-zero, Fig 3.4 shows that the current
circulating through the input capacitor (Ci,) has a zero average value and the same current
ripple as that in the inductor (Ai ;).
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Fig 3.4. Current circulating through the input capacitor of the boost converter.

From Fig 3.4 the charges (Qcin) circulating through Cj, can be trigonometrically
calculated. Hence, as the capacitance is given by the charges circulating through the
capacitor and the desired voltage ripple (Avcin), the capacitance of Cj; is calculated as:

_ QCin AiLl

c, =—¢ih _ T
in AV S-AVCin sw (311)

Table 3.1 summarizes the expressions of the rms current circulating through passive
elements (determines the thermal stress), their maximum voltage stress (determines the
voltage rating) and the energy they store (it is an image of the volume), which are
calculated from Fig 3.3 and Fig 3.4.

Additionally, the semiconductor utilization factor is obtained introducing the I,y current
values and the Vs voltage values shown in Table 3.2 into Eq. (3.3):

P 1-6
Uf — Rated _ 312
Zallfswitchesvmax s \/g+\/1—5 ( . )
TABLE 3.1

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored Maximum voltage

Element rms current
energy stress
1 Ai
Cin E . Cin . (Vm == AVCin )2 f (Vin A AVCin)
zvin
1 . > A
Ly E'Ll'(lin"'AlLl)2 lin™ + 3 or
~ (Vout -V )
C LG - Vo + Ao P Vo 8+ (I = o - (1= 5) (Vout + AVeour)
out 2 out *~\Vout Cout out "9+ in —lout) - out Cout

The utilization factor for different duty cycle values is plotted in Fig 3.5. As it can be
noticed, the utilization factor is maximized operating at low duty cycles. Although the
converter should be designed for operating with a low duty cycle and a high utilization
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factor, the boost converter is commonly designed for duty cycles close to its maximum
value leading to a poor utilization of the semiconductors.
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Fig 3.5. Semiconductor utilization factor of the boost converter.
2.2.1.2 Power losses estimation

During the turn-on time interval, the transistor conducts the inductor (L;) current while
during the turn-off time interval, the inductor current circulates through the diode.
Therefore, the currents and voltages in the semiconductors are calculated from Fig 3.3a

and summarized in Table 3.2.

TABLE 3.2
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage expressions Transistor S; Diode D,
Average current (lave) | in* o I in * (l = 5)
rms current (Ims) \/5-[“”2 +£J \/(l—é‘)-[lin2+£]
3 3
Maximum current (imax) (Iin + AiLl) (| i A Al L1 )
Turn-on switched current (ion) (| in— Al L ) _
Turn-off switched current (iofr) (| in T AIL ) (I in — Al Ll)
Maximum voltage (Vmax) (Vout + AVCout) (Vout + AVCout)
Turn-on switched voltage (Von) (Vout 4 AVCout) —
Turn-off switched voltage (Vo) (Vout - AVCout ) (Vout + AVCout )
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As mentioned in the introduction (section 3.2), the semiconductor power losses are given
by the average conduction power losses of Eq. (3.1) and the average switching power
losses of Eq. (3.2). Therefore, from the currents summarized in Table 3.2, the average
conduction power losses of S; and D; are expressed respectively as:

Ai,?
Pcond781 =V - lin -0+ 14 '5'(Iin2+ I; ] (3.13)

Ai,?
Pcond_Dl :Vth ’ Iin '(1_5)+ My '(1_5)’[|in2 + I; ] (3~14)

where ry is the semiconductor switch on-state resistance and Vy, is the semiconductor
threshold voltage.

Similarly, the average switching power losses of D; are given as follows:

P (Vout + AVCout )

sw_DI =

'(Aoff,Dl (liy = Ay ) +Bogr pn - (1 _AiLl)+Coff,D1) (3.15)
TSW .VIOOFlT

where Aqp1, Bofrp1r and Cosrpy are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage (ViooriT).

The average switching losses of S; are obtained as below:

P _ (Vout _AVCout)

sw_S1 ~

'(Aoﬁ,SI (g + 4, ) + B g (1 +AiLl)+Coff,Sl)+
Tsw 'VIOOFIT

+ (Vout + AVCout)

TSW 'VIOOFIT

(3.16)
’(Aon,SI '(Iin _AiLl )2 + Bon,Sl '(Iin _AiL1)+Con,Sl)

where Ags1, Borrs: and Ceg s are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage. Similarly, Ao s1, Bons: and Coq 51 are the turn-on
energy loss characteristic provided by the manufacturer.

2.2.2 Zeta

The zeta converter, illustrated in Fig 3.6, is a unidirectional step-up/down converter
suitable for applications where no galvanic isolation is required. The converter comprises
two semiconductors (a transistor and a diode) and five passive elements including the
input and output capacitors.

l; L, I
|n_> F o~ - OUt_>°
+ iz +
+
1 4
Vin Cin == i i QA D, C°”‘_“ . Vout
- ¢ Cin ¢ L1 Icout
o . ¢ o

Fig 3.6. Zeta converter.
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2.2.2.1 Converter design

The converter operates storing/transferring the energy coming from the input every
semiconductor switching period (Tgy). Thus, during the on-state of transistor S; (T,n time
interval), the energy coming from the input and the energy stored in Cjj, is transferred to
L; and the output load, while the energy stored in the capacitor C; is transferred to L, (Fig
3.7a). Fig 3.7b shows that when S; is off (Tt time interval), the energy stored in L; is
transferred to C; and the energy stored in L, is transferred to the output load. Meanwhile,
the energy coming from the input is stored in Cjp.

I B A 8 B X
+ X;f‘ | > + ) lin g lout ™+
S, out S,
Vin T Cin == L A p, Cou == T Vo Vin T Cin L D: Cou = T Vout
Iln ILl
P — 3 E : —
a) b)
Fig 3.7. Currents circulating through the zeta converter a) when S; is on and b) when
S, is off.

In steady state, assuming a CCM operation, the voltages and currents in L, L, and C; are
drawn as in Fig 3.8a, Fig 3.8b and Fig 3.8c respectively. Furthermore, the average voltage
of inductor L; (<v_;>) and inductor L, (<v|,>) in a switching period (Ts,) is zero:

1 Ton TSW

(v,)= E( £ v, dt +Tj ledt] =0 (3.17)
1 Ton TSW

(Via) :E{ {Vdet+TIVL2dtJ =0 (3.18)
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Fig 3.8. Typical voltage and current waveforms in zeta converter's a) inductor L,,
b) inductor L, and c) capacitor C;.

Thus, from Fig 3.8a and Eq. (3.17), Eq. (3.19) is obtained and similarly, from Fig 3.8b
and Eq. (3.18), Eq. (3.20) is obtained.

Vie =Ver - ( ;5) (3.19)

Voul = (Vm + VCI)' 0 (320)

where ¢ is the duty cycle of the converter (7,,/7},), Vi, and V,,, are the average input and
output voltages respectively (cf. Fig 3.6) and V¢, is the average voltage of C;.
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The average voltage of C, is obtained introducing Eq. (3.19) into Eq. (3.20):
Ve =Vout (3.21)
And introducing Eq. (3.21) into Eq. (3.19), the DC voltage transfer function is obtained:

o
Vout = Vin r{s) (3.22)
From Eq. (3.22), the output voltage of the zeta converter can be either, higher or lower
than the input voltage (step-up/down converter).

In steady state, the average current circulating through C; (<ic;>) in a switching period is
equal to zero, Eq. (3.23). Hence, the DC current transfer function given by Eq. (3.24) can
be obtained from Fig 3.8c and Eq. (3.23).

A 1 Torl' TSW.
(ic1) _T_( J'Cl dt+ J.'01 dt] =0 (3.23)
sw 0 Ton
1-6
Ioutzlin'( 5 ) (3.24)

where li, and |y are respectively the average input and output currents (cf. Fig 3.6).

The inductances of L; and L, are obtained from Fig 3.8a and Fig 3.8b respectively:

At Vi

L=v,—=—"-06T

1=V 2 w (3.25)
At V;

L=V, —= I ST

2 L2 Ai 2~Ai|_2 sw (326)

where Aij; and Aiy; are the current ripple of L; and L, inductors respectively.
Similarly, the capacitance of C, is obtained from Fig 3.8c:

At I
C =iy —=—0ut . 5.T
1 Cl AV Z’AVCI sw (327)

where Avc; is the desired voltage ripple.

Icout A Qcin

Ai,
die 7 1 V N~ t
AL, . -
Ton o Tl -low +4iLi+4i, \
Tow ~lout-diLs-di,

v

a) b)
Fig 3.9. Current circulating through a) the output capacitor and b) the input capacitor
of the zeta converter.
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As illustrated in Fig 3.9a, the current ripple of the inductor L, (Aiy,) circulates through the
output capacitor. Thus, the Qcoy charges circulating through C, can be trigonometrically
calculated and therefore, the capacitance of Cy is given by :

Cout = = “Tow (3.28)

where Avcoy is the half of the desired peak to peak output voltage ripple.

The current through the input capacitor (Ci,) when the transistor S; is opened (T time
interval) is equal to the input current (l;,). Assuming the input current is constant, the
current circulating through the input capacitor can be drawn as in Fig 3.9b. Therefore, the
input C;, capacitance is calculated from the Qci, charges depicted in Fig 3.9b and the
desired input voltage ripple Avcin:

QCin Iin
C- = e— . ® 1—6 ~T
" T2 Avg (1-6) - Tqy (3.29)

From Fig 3.8 and Fig 3.9, the rms current circulating through the passive elements

(thermal stress), their maximum voltage stress (voltage rating) and the energy they store

(image of their volume) are obtained. Table 3.3 summarizes aforementioned expressions.
TABLE 3.3

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Element Maximum stored rms current Maximum
energy voltage stress
1 Aip +Ai
Cin B Cin - (Vip + AV, \/Iinz (1-8)+0 '(Ioutz +%J (Vin + AV
! i 2, A’
Ly E L '(Iin + A||_1)2 L, + 3 (Vout +AVCI)
1
C E'Cl '(Vout + AVCI)2 \/5' Iout2 N (1 _5)' Iin2 (VOUI + AVCI)
1 v 2 Ay’ (Vo + AVou)
I-2 5 L2 '(Iout + A||_2) Iout +T out T AVeout
1 Ai
Cout 5 . Cout '(Vout + AVCout)z \/ng (VOUt N AVCOUt)

Finally, from the maximum voltages (Vmax) and the rms currents (I;ms) shown in Table 3.4,
the semiconductor utilization factor is calculated as follows:

PRated (1 - 5)' o

Zall_switches Vinax * L rms - \/g +4/1=-0 (330)

Uf:
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Fig 3.10 illustrates the Eq. (3.30) for different duty cycle values. As noticed, the
maximum utilization factor is obtained when the duty cycle is equal to 0.5. Hence, from
the DC voltage transfer function of Eq. (3.22), it is concluded that the converter is
optimally designed when it operates with an input voltage equal to the output voltage.

A

Utilization factor (Ux)

0o o5 07 1
Duty cycle (9)

Fig 3.10. Semiconductor utilization factor of the zeta converter.
2.2.2.2 Power losses estimation

The semiconductors of zeta converter conduct the sum of the input current and the output
current (greyish areas of Fig 3.8a and Fig 3.8b). Thus, from Fig 3.8a and Fig 3.8b, the
currents and voltages in the semiconductors required for the power loss estimation are
obtained and summarized in Table 3.4.

Average conduction power losses of S; and D; are expressed respectively as:

lin’ Aiy, +AiL, )
Peond_s1 =V lin + T4 [%JJ%] (3.31)
lin ’ (AiL1+AiL2)2
Pcond7D1=Vth'|0ut+rd'(1_5)' 7 +f (3.32)

where ry is the semiconductor switch on-state resistance and Vy, is the semiconductor
threshold voltage.

Additionally, the average switching power losses of D, are given by:

F)sw_Dl =

Vin J
——+AVg, +AV . .
[(1_5) ‘ ¢ '[Aoff,Dl'(Iin+|out_A|L1_A|L2)2+ ] (3.33)

Tsw Vioorir +Botr o1 '(' in + Lot —Al _A|L2)+Coﬁ,Dl

where Aqfp1, Bofrpr and Cospy are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage (ViooriT).
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TABLE 3.4

EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage
expressions

Transistor S;

Diode Dl

Average current (lave)

rms current (lms)

Maximum current (imax)

Turn-on switched current (ion)

Turn-off switched current (iof)

in

out

(Iin + Loy + Ay +AiLz)

(Iin + 1oyt — Al _AiLZ)

(Iin + oy + Al +Ai|_2)

in2 .|_1 .|_2 2 _ i ? (Aiu +AiL2)2
\/|6 +5.(A'++) \/(1 5)7{[5] P J

(Iin + Loyt + Ay +AiL2)

(Iin + 1oy — Al _AiLZ)

Vi V.
Maximum voltage (Vmax) (1 |n5) +AVep + Avgi, j [ﬁ +AVe + Avgi, j
V.
Turn-on switched voltage (Von) ﬁ + AV + Avgi, J _
Vi V.
Turn-off switched voltage (Vorr) — AV, — AV — 0+ AVp + AV
(1 _ 5) Cl Cin (l _ 5) Cl Cin

The average switching losses of S; are:

Vin — AV, — AV
(1_5) Cl Cin
P = .

sw_SI —
- T

. .\
Aoﬁ,Sl'(Iin+|0ut+A|Ll+A|L2) +

+ Bt s1 '(Iin +loy +AI +A|L2)+Coff,81

_I_
sw 'VIOOFIT

(3.34)

Vin + AVge, + AVg;
(l 5) Cl1 Cin
+

Tsw 'VIOOFIT

. . 2
[ Aonst (i + loue = Ay = Ai, )" +
+ Bon,Sl ‘(Iin + Iout _AILI _A|L2)+Con,Sl

where Aosi, Borsi and Cogrsy are the turn-off energy loss characteristic provided by the

manufacturer for Vigorr. Similarly, Agnsi, Bonsi and Cgnsy are the turn-on energy loss
characteristic.

2.2.3 Sepic

In Fig 3.11 the sepic converter is depicted. It is a unidirectional step-up/down converter
with no galvanic isolation. The converter comprises two inductors and three capacitors.
Moreover, two semiconductors are required, a transistor and a diode.
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| Ls C: D: |
o>, vy, - ~ Ly
5 I ™
\ I Ic1 - *

Fig 3.11. Sepic converter.
2.2.3.1 Converter design

In Fig 3.12a, when the transistor S; is on (T,, time interval), the energy coming from the
input is stored in the inductor L;. At the same time, the energy stored in capacitor C; is
transferred to L, and the load is supplied by the output capacitor Cy. During the off-state
of S; (T time interval), the energy coming from the input and the energy stored in L; are
transferred to C; and C,; (Fig 3.12b). In addition, L, supplies the output load.

Dy
~
>t

Ly C; D, [ C
Y Y Y ” > ° Y Y YN . ” ’
\ Ioul y \ v out
Vin Cin == 51J L, Cout == ng Vin Cin == S, J L, Cout == ng
I ILZ 1.
in in
- < - - < | -
a) b)

Fig 3.12. Currents circulating through the sepic converter a) when S; is on and b)
when S; is off.

o

\

r
— 3t

As a consequence, the steady state voltages and currents in Ly, L, C; and C,y; are drawn
respectively as in Fig 3.13a, Fig 3.13b, Fig 3.13c and Fig 3.13d if a CCM operation is

assumed.

As discussed for previous converters, the DC voltage/current transfer functions are
obtained from the analysis of the voltage/current waveforms in the passive elements. On
the one hand, the average voltage drop in the inductors L, and L is zero. Therefore, from
Fig 3.13a and Eq. (3.17), Eq. (3.35) is obtained. Similarly, from Fig 3.13b and Eq. (3.18),
Eq. (3.36) is obtained.

Vi = (Vout +VC1)'(1_6) (3.35)

o
Vour =Vei m (3.36)

where 0 is the duty cycle of the converter (Ton/Tsw), Vin and Vo are the average input and
output voltages respectively (cf. Fig 3.11) and V¢, is the average voltage of C;.
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iL; A ir2 A
I A’V\/ I /%
| |
Tan }Toff‘ Tan }Toﬂ‘
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> >
t
'ILZ — 'qut —
¢) d)
Fig 3.13. Typical voltage and current waveforms in sepic converter's a) inductor L, b)
inductor L,, ¢) capacitor C; and d) capacitor C,,,,.
The average voltage of C; is obtained introducing Eq. (3.36) into Eq. (3.35):
VCI = Vin (337)
Thus, the DC voltage transfer function is obtained introducing Eq. (3.37) into Eq. (3.36):
o
Vout = Vin : (1 _5) (338)

From Eq. (3.38), if the duty cycle is lower than 0.5, V,,, is greater than V;,. Conversely, if
the duty cycle is higher than 0.5, V,,, is lower than V. Thus, sepic converter is considered
a step-up/down converter.
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2.2. Switch mode DC-DC converters

On the other hand, the current expressions given by Eq. (3.39) and Eq. (3.40) are obtained
respectively from Fig 3.13c and Fig 3.13d considering the average current circulating
through C; in a switching period is equal to zero:

)
lin =102 () (3.39)
lout =(|in+|L2)'(l_5) (340)
where |, and |, are the average input and output currents respectively (cf. Fig 3.11) and

I, is the average current circulating through L,. Introducing Eq. (3.39) into Eq. (3.40) the
average current circulating through L, is equal to the output current:

Iio = lou (3'41)
From Eq. (3.39) and Eq. (3.41), the DC current transfer function is given as follows:
1-6
Tout = lin % (3.42)

The inductance values of L; and L, are obtained from the analysis of the voltage and
currents of Fig 3.13a and Fig 3.13b during T,, time interval:

AtV

L=V, —= O-T

PUMOA 2Ai, (3.43)
AV,

Ly=V, , —= ! O-T

PUROA 2:Ai, (3.44)

where Aij; and Aip, are respectively the ripple of the currents circulating through L; and
L,.

Similarly, C; and C,; capacitances are obtained from Fig 3.13c and Fig 3.13d:

. At |
C =j~y —=—0U_ _S.T
1 Cl AV ZOAVCI sw (345)
. At I
C.,. =i ot s.T
out Cout AV 2. AVCOUt swW (346)

where Aveoy and Ave; are respectively the desired voltage ripple in the output and C;
capacitors.

iCin A 0
Cin

Ai|_1

T S Z; [ S 7 >
-AiLl } t
Ton ‘ Toff |

AE—
Tsw

Fig 3.14. Current circulating through the input capacitor of the sepic converter.
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In order to calculate the input DC bus capacitance, the current coming from the input is
considered constant (li;). As a consequence, the current circulating through C;, is equal to
the current ripple Ai, and therefore, the Qci, charges circulating through the input
capacitor can be trigonometrically calculated from Fig 3.14. So, the capacitance of Cj, is
given by:

_ QCin _ AiLl

C. = -

Taw (3.47)

in
where Avci, 1s the half of the desired peak to peak input voltage ripple.

Table 3.5 summarizes the expressions of the rms current circulating through the passive
elements, their maximum voltage and the energy they store. The expressions are obtained
from Fig 3.13 and Fig 3.14.

TABLE 3.5
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored

Element rms current Maximum voltage
energy stress
1 Al
Cin 5 Ci, .(Vin + Avcin)2 E (vin 4 AVCin)
1 - \2 2 AiL12 - (V A A )
= E L .(Ii“ +AIL1) lin™ + 3 ®WVout + AVeout T AVcy
! 1-6
Cl 5 * Cl : (Vm aF AVCI )2 Iin o T (Vin e AVCI)
1 Y 2 Ail_zz (V A )
L, E Ly '(Iout + AIL2) lout” + 3 out T AVcout
1 2 o vV
Cout E'Cout '(Vout + AV(:out) Fout - (1 — 5) ( i 3 AVCout)

The semiconductor utilization factor is given as:

U ] PRated (1 — 6)' o

) Zallfswitches Vinax * rms B \/g +4/1-6 (3.48)

As this semiconductor utilization factor is equal to that presented in Eq. (3.30) and Fig
3.10 for zeta converter, same conclusions are obtained. The maximum utilization factor
and in consequence, its optimal design, is given by an operation with a duty cycle value
of 0.5. In other words, if the input voltage is equal to the output voltage, the
semiconductor utilization factor is optimum.
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2.2. Switch mode DC-DC converters

2.2.3.2 Power losses estimation

For the semiconductor power loss estimation, the currents and voltages in the
semiconductors must be obtained. As the semiconductors conduct the input as well as the
output current, the expressions are obtained from the sum of the currents depicted in Fig
3.13a and Fig 3.13b. Table 3.6 summarizes the current and voltage expressions required
for the power loss estimation.

TABLE 3.6
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage . .
Transistor S; Diode D,

expressions

Average current (lave) |- | o

\/Imz (A + A, P \/(1_5),{[%}2 , (i +3Ai|_z )zj

rms current (lrms)

(%)
w

Maximum current (imax)

Turn-on switched current (ion)

Turn-off switched current (iof)

Maximum voltage (Vimax)

Turn-on switched voltage (Von)

lin + loue + Al +A|L2)
I|n + Iout AILl _AILZ)

I|n + Iout +A|L1 +A|L2)

(Iin + Loyt + Al +AiL2)

(Iin + Iout _AiLl _AiLz)

V.
( (1 _'”5) + AV, + AVCOUtJ

V:
( N~ + Avg, + AVCOMJ
[ +Avg + AVCoutJ

\VA
Turn-off switched voltage (Vorr) [(l——mé‘) —Avg, — AVCoutJ

V.
[(1—+n5) +Avg, + AVCoutj

Therefore, average conduction power losses of S; and D; are given respectively as:

l,’ Ai, +Aip, )
Peond st :Vth'|in+rd'[ s +5'¥] (3.49)
LY (Aiy +4i, )
Pcond_Dl:Vth'lout"'rd'(l_é‘)'[(?j +¥J (350)

where ry is the semiconductor switch on-state resistance and Vy, is the semiconductor
threshold voltage.

Additionally, the average switching power losses of D; are expressed as:

Vin

o lou = Ay =4I, ) + (3.51)
sw_DI —
+Boff,D1 (Iin

Tow Vioorr + 1oy — Al —AiL2)+Coff,Dl
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where Agfip1, Boripr and Cospy are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage (ViooriT).

Finally, the average switching losses of S; are obtained as below:

P

sw_S1 =

Vin
7 —Ave —Avg, t) . N
[(1—5) " .[Aoff,SI'(Iin+|out+A|L1+A|L2) + J+

Tsw Vioorir +Buir 51 '(' in + Lot +AIL +AiL2)+Coff,Sl

(3.52)

Vin
T + AVc| + AV tj : )2
+((l_5) > ) Aon,Sl'(lin+|out*A'L1*A'L2) +

TSW 'V100F|T + Bon,Sl '(I in T Iout _AiLl _AiL2)+ Con,Sl
where Ags1, Borrs: and Cog s are the turn-off energy loss characteristic provided by the
manufacturer for Vigrr and Agnsi, Bonsi and Cgys1 are the turn-on energy loss
characteristic.

2.2.4 Isolated-sepic

If the output side inductor (L,) of the sepic converter is substituted by a medium
frequency transformer, the isolated-sepic converter is obtained, cf. Fig 3.15. The power
transference in this step-up/down converter is unidirectional. The leakage inductance of
the MFT has been neglected in the analysis presented hereafter.

l; L,
. |n_> + -
+ iLl_>

VinT Cin+:: i 81J
¢|Cin

e

Fig 3.15. Isolated-sepic converter.
2.2.4.1 Converter design

When transistor S; is on (To, time interval), the energy coming from the input is stored in
L; inductor while the energy stored in the capacitor C; is transferred to the magnetizing
inductance of the transformer (Lp,). Additionally, Fig 3.16a shows that during this time
interval, the output capacitor C,, supplies the output load. When S; is off (T time
interval), the energy coming from the input and the energy stored in L; are transferred to
C; and C, as illustrated in Fig 3.16b. At the same time, L, supplies the output load.

Assuming a CCM operation, Fig 3.17 illustrates the steady state voltage and current
waveforms in the passive elements of the converter. From the voltage waveforms
depicted in Fig 3.17a and Fig 3.17b, the voltage relations of the converter are obtained:

n
Vin :[Vout ‘n_1+Vc1]’(1_5) (3.53)

2
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o n
Vour =Vei .—(l 5) '_n2 (3~54)
- 1

where Nn; and n, are respectively primary and secondary windings' number of turns, J is
the duty cycle of the converter (Ton/Tsw), Vin and Vg are the average input and output
voltages respectively (cf. Fig 3.15) and V¢, is the mean voltage value of C;.

Ly Cy
° MY, |
+ Nni:Ny
VinT Cin = SlJ L ‘ ‘
Im ILm
- —]
a)

D

L

o ~N

¥

VinT Cin == Slﬁi
‘Iin
- <
b)

Fig 3.16. Currents circulating through the isolated-sepic converter a) when S; is on
and b) when S is off.

From the voltage relations of Eq. (3.53) and Eq. (3.54), the average voltage of C; is equal
to the input voltage:

Ve, =V, (3.55)
Hence, the DC voltage transfer function is obtained rewriting Eq. (3.54):

6 n
Vout =Vin mn_z (3.56)
- 1

The DC voltage transfer function of the previously discussed step-up/down converters
depends only on the duty cycle, while that of the isolated-sepic depends also on the turn
ratio of the MFT. This fact adds a degree of freedom for the design of the isolated-sepic
(the voltage elevation can be fixed by the transformer or by the duty cycle).

The relations between the currents in the converter are obtained from the steady state
analysis of the waveforms of Fig 3.17c and Fig 3.17d:

lin = lim m (3.57)

n

| out :(Iin +|Lm)'(l_5)'n

(3.58)

where |;, and |, are the average input and output currents respectively (cf. Fig 3.15) and
I m is the average current circulating through L,.
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Fig 3.17. Typical voltage and current waveforms in isolated-sepic converter's a)
inductor L;, b) magnetizing inductance L,,, c) capacitor C; and d) output capacitor
Cout-

Introducing Eq. (3.57) into Eq. (3.58) the average current circulating through L, is

obtained:

Iy =Ly 2 (3.59)

n

From Fig 3.17b and Eq. (3.59), the magnetization of the MFT is unidirectional leading to
a poor utilization of the transformer.
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The transfer function of the DC current is obtained introducing Eq. (3.59) into Eq. (3.57):

(1_5) n
ot =l -+ 3.60
out in 5 n, ( )

Furthermore, the values of L; and L, are obtained from the analysis of the waveforms of
Fig 3.17a and Fig 3.17b during T,, time interval:

At V;

L=V, —=—m=m_.§5.T

1 L1 Ai 2'Ai|_] sw (361)
At Vi,

L

m = Vim 'E: 2-Ai, 6 Toy (3.62)

where Ai; and Ai, are respectively the current ripple in L; and L,

Similarly, the capacitive values of C; and C, are obtained from Fig 3.17¢ and Fig 3.17d:

. At | n
C =j —=—"0ut .2 5.7
1=y 2 Avg sw (3.63)
. At |
C.,. =i ot 5T
out Cout AV 2'AVcOut sw (364)

where Avcoy and Ave; are the desired voltage ripple in Coy and C; capacitors.

The input DC bus capacitance is calculated following the same criterion than for the sepic
converter (assuming a constant input current lj,, Fig 3.14). Hence, it is given as:
_ Qcin Ai,

AV 8-Avg, (3.65)

in
where Qgin are the charges circulating through the input capacitor and Avgjy is the half of
the desired peak to peak input voltage ripple.

From Fig 3.17, Table 3.7 summarizes the expressions of the rms current circulating
through passive elements, their maximum voltage stress and the energy they store.

Comparing Table 3.7 and Table 3.5, it can be observed that the voltage stress of the
inductances of isolated-sepic converter is smaller than that of the inductances of the sepic
converter if n,>n; is considered. However, the semiconductor utilization factor is equal
for both converters:

PRated (l - 5)' o

Z:aII _ switches Vinax * 1 rms - \/g +4/1=-0 (366)

Thus, similarly to zeta and sepic converters, the maximum utilization factor is given by a

Uf:

duty cycle value of 0.5 (Fig 3.10). Hence, the converter must be designed to operate with
duty cycles close to 0.5 (optimal n,/n; turn ratio must be chosen for each application, Eq.
(3.56)).
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TABLE 3.7
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum voltage

Element Maximum stored energy rms current
stress
1 Aiy,
Cin E -Cin '(Vin + AVCin)Z ﬁ (Vin & AVCin)
1 : i n
Ly —L '(Iin +A|Ll)2 Iin2 + Al (Vout + AVt )_1
2 3 n,
1 1-0
C 5 C, - (Vi +Avg, ) lin - T (Vin +Avg,))
2 2 .
1 n .. n, Ai e
L E L, '(Iout .n—1+ AILmJ [n_l Iout] + 3m (Vout + AVCout) n,
! § I o (Vout + AVeout)
C0ut 5 Cout : (Vout + AVCou[) out * (1 _ 5) out + VCOLIt

2.2.4.2 Power losses estimation

The semiconductors of the isolated-sepic converter conduct the sum of the input and
output currents as depicted in Fig 3.17a and Fig 3.17b. Therefore, from those figures, the
currents circulating through S; and D;, and their voltage drop are calculated and
summarized in Table 3.8.

The average conduction power losses of S; and D, are obtained from Table 3.8 and Eq.

3.1):

.’ A +Ai, )
Peond_s1 =Vin - lin + 14 ( s +5'¥] (3.67)
n ’ lin ’ (Aiy, +Ai, )
Pcondel =Vi - lou +T4 '(1_6)' n_ ’ 7 +f (3.68)
2

where ry is the semiconductor switch on-state resistance and Vy, is the semiconductor
threshold voltage.
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TABLE 3.8
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and
voltage Transistor S; Diode D;
expressions

Average current
(lave) i

2 R R 2 2 2 - - 2
ms current (1rms) \/'in 4 5. i+ Ay ) (1—5)-[”-‘) : ('iJ NERRTURY S
3 n, o 3

Maximum current . I
in + out

(imax)

out

n,
—+A|,_1 + Al
n

. . n
((Iin + Al +A|Lm)'n_1+ Ioutj
2

Turn-on switched
: lin + lout
current (ion)

Turn-off switched
: I|n + Iout
current (o)

Maximum voltage
(Vmax)

Turn-on switched ( Vin

voltage (Von) 2

Turn-off switched ( Vin

n
—AVge ——L - Av
voltage (Voff) cl n Cout

2

From the currents and voltages given by Table 3.8 and Eq. (3.2), the average switching
power losses of D, are calculated:

(1-5) n

2
. . n
'Aoff,Dl '[(Iin _AlLl _AILm)'n_1+ Iout] +
2

DI =
- Tow Vigorr
3.69
[ Vin + AV, j —= 4+ AV n ( )
c c . .
N (1 5) 1 n o Boff,Dl'(('in—A'Ll—A'Lm)'n_l"‘lout]"‘
: h
TSW'VIOOFIT

+Coff,Dl

where Aqp1, Bofrpr and Cospy are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage (VigorrT)-
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Moreover, the average switching losses of S; are obtained as below:

Vin n
7(1 5)_AVC1 _?'AVCout 0 2
- 2 . .
PSW_SI = 'Aoff,SI'[Iin+|out'_2+A|Ll+A|Lmj +
Tow Vioorir n

in

n
[(l 5)_AVC1 _n’AVCoutJ n
B 2 2 - .
+ '(Boﬁ,SI'[Iin+|out'n_+A|L1+A|LmJ+Coﬁ,Slj+
1

Tsw 'VIOOFIT

(3.70)
[ Vin +AVG + Ay

W Cl ni Cout

( ) 2 'Aon,Sl "(I

TSW ‘VIOOFIT

2

n, . .

in+|out'n__A|L1_A|Lm +
1

V; n
[(1 '"6) +AVe + 5 AV
- n, n . .
+ '{Bon,SI '(Iin"'lout'n_z_AlLl_AleJ"'Con,SlJ

TSW : VlOOFIT 1

where Aos1, Borsy and Cogrsy are the turn-off energy loss characteristic provided by the
manufacturer for Vigorr and Agnsi, Bonsi and Cgnsy are the turn-on energy loss
characteristic.

Finally, comparing Table 3.6 to Table 3.8, it is noticed that considering n, greater than n,
the voltages switched by S; in the isolated-sepic converter are slightly smaller than that in
the sepic converter. Additionally, the diode of the isolated-sepic converter switches less
current than the diode of the sepic converter. Conversely, the transistor S; of the latter
switches less current than that transistor in the isolated-sepic converter.

225 Cuk

The ¢uk converter shown in Fig 3.18 is a unidirectional step-up/down converter with no
galvanic isolation capability. The converter is composed of a transistor (S;), a diode (D),
two inductors (L;, L) and three capacitors (Cin, C1, Cou). As it can be observed, the
polarities of the input and output voltages are inverted.

I L C L

cm_> A +H1' et o

T e > | < (N -
+ - ou

Vin | Cn = S| D, Cout+:: Vout

- ¢|Cin |

- out +

(o, _ _ _>O

Fig 3.18. Cuk converter.
2.2.5.1 Converter design

The converter operates transferring the energy coming from the input to L;, Cy, L, and to
the output. Thus, when transistor S; is on (T, time interval), the energy coming from the
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input is stored in the inductor L; while the energy stored in the capacitor C; is transferred
to L, and the load (Fig 3.19a). As shown in Fig 3.19b, when S; is off (T, time interval),
the energy coming from the input and the energy stored in L; are transferred to C;. The
output load is supplied by the inductor L,.

l Vout
out
)o+

Lo L,
Y'Y YY)
Cout 3

Ly Ci Ly C:
—— Ji » - it
+ - +
Vin T Cin == S1J JZ D Cout = lvom Vin T Cin == Sd D,
_IL lout . _lin
a) b)

&

o

Fig 3.19. Currents circulating through the ¢uk converter a) when S; is on and b) when
Sl is off.

Fig 3.20 shows the steady state voltage and current waveforms in Ly, L, and C; and Cqy
under a CCM operation. The voltage relations between the input, C; and the output are
obtained from Fig 3.20a and Fig 3.20b assuming the average voltage drop in the inductors
is zero (Eq. (3.17), Eq. (3.18)):
Vip = Vg, - (1-6) (3.71)
Vour =Ve1 -6 (3.72)

where 0 is the duty cycle of the converter (Ton/Tsw), Vin and Vo are the average input and
output voltages respectively (cf. Fig 3.18) and V¢, is the average voltage of C;.

Thus, the DC voltage transfer function is obtained from above voltage relations:

o
Vout =Vin m (3.73)

The step-up/down nature of the ¢uk converter is observed in the DC transfer function
equation, if d is greater than 0.5, V, is greater than Vj,, while if d is lower than 0.5, V; is
lower than V;,.

Introducing the DC voltage transfer function into Eq. (3.71), the average voltage of C; is:
Ve, = n__y Ly (3.74)
C1 (] _ 5) in out .

Similarly, the DC current transfer function is obtained from Fig 3.20c considering the
average current circulating through C; is equal to zero (Eq. (3.23)):

Lout = lin M (3.75)

o

where li, and |y are the average input and output currents respectively (cf. Fig 3.18).

Moreover, from Fig 3.20a and Fig 3.20b, the expressions to calculate the inductances of
L; and L, are obtained:

AU Vin

Li=vy,

5Ty, (3.76)
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At V.
Ly=v, t=tin_.s.T
2=V G T sw (3.77)

where Ai;; is the current ripple through L; and Aij; is the current ripple through L.
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Fig 3.20. Typical voltage and current waveforms in ¢uk converter's a) inductor L,, b)
inductor L, and ¢) capacitor C;.
The expression to calculate the capacitance of C; is obtained from Fig 3.20c:
At 1
C=ip Lot 5.7 3.78
T A 2 A, (3.78)

where Avc; is the desired voltage ripple in C;.
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Ton I Toft] o T Tor
Tsw Tow
a) b)

Fig 3.21. Currents circulating through a) the input capacitor and b) the output
capacitor of the ¢uk converter.

For calculating the capacitance values of Cj, and C,y, the input current lj, and the output
current |y, are assumed to be constant. Thus, the currents circulating through them can be
drawn as in Fig 3.21. As a consequence, Cj, and C,y capacitances are obtained by
calculating the charges circulating through them (grey coloured in Fig 3.21a and Fig
3.21b):

Qcin Ai L1
" Tav B oAve (3.79)
QCout Ai L2
Cout = = T
out AV 8. AVCout SwW (3.80)

where Avci, and Avegy are the half of the desired peak to peak voltage ripple in the input
capacitor and the output capacitor respectively.

In addition, from Fig 3.20 and Fig 3.21, Table 3.9 summarizes the main characteristics of
the passive elements.

TABLE 3.9
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored Maximum voltage

Element rms current
energy stress
1 ) Ay
Cin 5 Cin - (Vin + Avgin) NG (Vin +Avein)
1 .\ 2 Ail_lz (V A )
Ll EL] (Im +AI|_]) Iil’] + 3 out + vCl
1 (1-0) Yy
Cy E'Cl '(Vin +Vout +AVC1)2 lin - 5 ( in T Vout +AV01)
1 - 2 2 AiLZZ (V A )
I-2 E I—2 '(Iout + A||_2) Iout + 3 out T AVeout
1 2 A,
Cout 5 . Cout '(Vout + AVCout) ﬁ (Vout + AVCOut)
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Finally, the semiconductor utilization factor is calculated from the rms current and Vpsx
voltage expressions in Table 3.10 and Eq. (3.3):

Uf _ PRated _ (1_6)'5

- Zalliswitchesvmax “Vrms - \/g-i-VI -0 (3-81)

Again, the semiconductor utilization factor of this converter is the same as that of the zeta
converter (which is drawn in Fig 3.10) and in consequence, same conclusions are
obtained. The converter must be designed to operate with duty cycles close to 0.5 if the
maximum semiconductor utilization is desired.

2.2.5.2 Power losses estimation

The semiconductor power losses are given by Eq. (3.1) and Eq. (3.2). Therefore, the
currents and voltages in the semiconductors must be calculated. Obtained from the grey
coloured areas of Fig 3.20a and Fig 3.20b, Table 3.10 summarizes the required current
and voltage expressions for the power losses estimation.

TABLE 3.10
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage . .
. Transistor S; Diode D;
expressions

Average current (lave) |- | o

2 . 2 - . 2
rms current (Ims) IL AILl + AILZ) (1 _ 5) . [ILJ + M
S 3 ) 3

Maximum current (imax) (l in T lout + AlLl + AILZ) (Iin + ot + AiLl + Ai,_z)
Turn-on switched current (ion) (l in + lout — AILI AILZ) _
Turn-off switched current (iof) (l i7 ¢ Iout + AILI + AIL2) (|m Iout AIL] AiLz)
. Vin
Maximum voltage (Vmax) + Ave, m + Avg,
Turn-on switched voltage (Von) [V—'" 4 AVCIJ
. (i-0) -
. Vin Vin
Turn-off switched voltage (Vofr) (1 5) —Avg, m + Avg,

Therefore, introducing into Eq. (3.1) the current expressions of Table 3.10, average
conduction power losses of S; and D; are given respectively as:

2 Aiy, +4ip, ) j 552)

I (
Pcond_Sl =V - lin + 14 [ Ig‘ +0- 3
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2 . N
l; Aiy, +Ai
Peond D1 =Vin * lout + T4 -(1—5). [%] +¥

(3.83)
where ry is the semiconductor switch on-state resistance and Vy, is the semiconductor
threshold voltage.

In addition, introducing into Eq. (3.2) the current and voltage expressions of Table 3.10,
the average switching power losses of D; are expressed as:

P =
sw_DI
Tsw Vioorir

Vin
(M+AVCIJ_[AOH,DI'(Iin+|outAiLlAiL2)2+ ] (384)

+ Boff,Dl '(Iin + Iout _AILI _A|L2)+Coff,D1

where Aqfp1, Bofrpr and Cospy are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage (ViooriT).

Similarly, the average switching losses of S; are obtained:

) oo
_\(1-9) .['A\)ﬁ,SI'(Iin‘l'Iout+A|L1+A|L2) + ]Jr

P =
sw_ Sl . .
Tow Vioorr |+ Bt 51+ (lin + loug + Al + Al )+ Cogr

(3.85)

Tsw Vioorrr + Bon,Sl '(Iin + Loy — Al _A|L2)+Con,51

Vin j
AV, _ _
+[(15) “ _[Aon,SI'(Iin+|out_A|LI_A|L2)2+ J

where Aosi, Borsi and Cogrsy are the turn-off energy loss characteristic provided by the
manufacturer for Vigrr and Agnsi, Bonsi and Cgys1 are the turn-on energy loss
characteristic.

2.2.6 Isolated-¢éuk

Substituting ¢uk converter's L, inductor by a medium frequency transformer, the isolated-
¢uk converter shown in Fig 3.22 is obtained, thereby providing galvanic isolation. As
noticed in Fig 3.22, the converter is unidirectional and comprises two inductors (L;, L;),
four capacitors (Cij,, C;, C,, Cou), a medium frequency transformer (the leakage
inductance has been neglected in this analysis), a transistor (S;) and a diode (D). Unlike
the ¢uk converter, the output voltage is not inverted.

I in_ + b 4G Cz+ + L lout
+ _KI»W\ ! H_» nl : n2 I . °+
IL1 lc1™ - T , Ic2 i
V L ILm §
in Cin = SlJ L JAN D, Cout == VOUt
"1 lcin + > i iCout
L | v

Fig 3.22. Isolated-¢uk converter.
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2.2.6.1 Converter design

The operation of the converter is dependent to the transistor state. Thus, during S;
transistor's on-state illustrated in Fig 3.23a (T,, time interval), the energy coming from the
input is stored in the inductor L; while the energy stored in the capacitors C; and C, is
transferred to L, and the load (Fig 3.19a). When S; is off (T time interval), the energy
coming from the input and the energy stored in L; are transferred to C; and C, while L,
supplies the load (Fig 3.23b).

Ly Ci C, L,
o MY, m 1 2228 °
+ ’ Mying 7 >
- lout
Vin | CnF s Ln ‘ ‘ AP Cusp Vout
Iin *
- . 2| .
T, lout
1
a)

Ly C,

Lo
o YY) 11 YY) °
il

C,
A 1 ni:n, a—
: Tout
VinT Cin = Slﬁi L ‘ ‘ 1 Imzs D: Cout == Tvout
P Iin * 2
- + .
b)

Fig 3.23. Currents circulating through the isolated-éuk converter a) when S; is on and
b) when S; is off.

=}

>

Under a CCM operation, the steady state voltage and current waveforms are drawn as in
Fig 3.24. The relation between the input/output voltages and the voltages of C; and C, are
obtained from the steady state analysis of the inductors. Thus, from Fig 3.24a, Fig 3.24b
and Fig 3.24c, the following voltage relations are obtained:

Vin :[ch ':_1+Vc1]'(1_5) (3.86)
2
n (1-9)
Vo, =Va, L. 2 %)
Cl C2 n2 S (387)
Vout =(VC1 '%"'VCZJ'& (3.88)
1

where n; and n, are the number of turns of primary and secondary windings respectively,
0 is the duty cycle (Ton/Tsw), Vin and Vo are the average input and output voltages
respectively (cf. Fig 3.22), V¢ is the average voltage of C; and V; is the average voltage
of Cz.
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loT > P v I 1T Tt
w !
VLI A ! L2 A o
L VeV, L
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Vcr A Y2 A
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Fig 3.24. Typical voltage and current waveforms in isolated-¢uk converter's a) inductor
L, b) inductor L,, ¢) magnetizing inductance L,,, d) capacitor C; and e) capacitor C,.
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From the latter equations, V¢; and V¢, voltages and the DC voltage transfer function are
calculated. The DC transfer function shows that isolated-cuk converter's step-up/down
nature depends on two terms, the duty cycle and the turn ratio of the MFT (ny/n;), which
adds a degree of freedom for the design (the voltage elevation can be fixed by the
transformer or by the duty cycle).

Ver =Vin (3.89)

Ver =Vou (390)
1) n

Vou =Vin mn_z (391)
- 1

The DC current transfer function is obtained from the steady state analysis of the
waveforms in the capacitors shown in Fig 3.24d and Fig 3.24e:

(1—5) n,
o= . L 3.92
out in S n, ( )

where li, and |y are the average input and output currents respectively (cf. Fig 3.22).

Additionally, Fig 3.24c shows the current circulating through the magnetizing inductance
of the MFT is alternating, which means the magnetization of the transformer is
bidirectional and in consequence, its utilization is good.

For calculating L; and L, inductances, the T,, time interval shown in Fig 3.24a, Fig 3.24b
and Fig 3.24c¢ has been analyzed:

AtV

L,=v,, —= 0T

1 L1 Ai Z'Aiu sw (393)
At \ n

L —__Tn 2.5.T

2TROA 28I, o (3.94)
At Vv,

Ly=Vp —=—2—96-T

m Lm Ai 2-Ai|_m sw (395)

where Ai| 1, Aij; and Ai| , are the current ripple through L, , L, and L, respectively.

Similarly, the capacitances of C; and C, are obtained from the waveforms of Fig 3.24d
and Fig 3.24e:

LAt I n
C=jy —=—"out 2. 5.7
1=l T Avg T, sw (3.96)
. At |
C, =iy —=—"0 _§5.T
2~ 7C2 AV 2'AVC2 sw (397)

where Avc; and Avc; are the desired voltage ripple in C; and C, respectively.

Cin and C,y capacitances have been calculated assuming the input current lj, and the
output current |y, constant, Eq. (3.98) and (3.99). In consequence, the currents circulating
through the capacitors are given by the ripple in L; and L, as depicted in Fig 3.21.
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Qcin Al
- =" T
n= TNy 8. AV sw (3.98)
QCout Ai L2
C.x = = -T
o == e T (3.99)

where Avci, and Avegy are the half of the desired peak to peak voltage ripple in the input
capacitor and the output capacitor respectively.

The main characteristics of the passive elements previously discussed are summarized in
Table 3.11.

TABLE 3.11
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored Maximum voltage

Element rms current
energy stress
1 Al
Cin E ’ Cin ’(Vin + AVCin )2 ﬁ (Vin + AVCin)
1 . i 2 n
Ly —L '(lin + A'u)z Im2 + Al Ave, + (Vout +Ave, ) —
2 3 n,
1 1-6
Cl E * Cl * (Vm + AVCI )2 I in * —6 (Vln + AvCl )
1 .2 Al m n,
—-Ly-A Vo + AV, ) —
Lm 2 m ILm \/g ( out cz) n,
C, l . C2 . (Vout + AVC2 )2 lout o (Vout + AVCZ)
2 (1-9)
Lo E L, '(Iout + AILZ) lout +T out T AVcout
1 Al
Cout E ’ Cout '(Vout + AVCout)Z \/ng (Vout + AVCout)

At last, the semiconductor utilization factor U has been calculated:

U ‘ PRated (1 — 6)' o

) Zallfswitches Vinax * rms - \/g +41-6 (3100)

As this utilization factor is equal to those of previously discussed step-up/down type

converters, the optimal design point is given by 6=0.5 (graphically represented in Fig 3.10
for the zeta converter).

2.2.6.2 Power losses estimation

If the power losses are estimated by Eq. (3.1) and Eq. (3.2), the currents circulating
through the semiconductors and the voltages they commutate must be calculated. The
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currents conducted by transistor S; and diode D; are illustrated in Fig 3.24a, Fig 3.24b
and Fig 3.24c. From those figures, the expressions summarized in Table 3.12 are
obtained.

TABLE 3.12
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and
voltage Transistor S; Diode D,

expressions

Average current

li I
(Iave) n out
2
2 - . mn .
. . oo Lo ) (Aiy, +A|Lm)'F+AIL2
rms current (Iyms) |2 Al + Al + Al . 1=6) || 4 2
——+d ! s n 3
S5 3
Maximum lin + Al + Al +(I + Ai )n_2 (|. +Ai | + Ai ).i+| + Ai
current (imax) in L1 Lm out L2 n] in L1 Lm n2 out L2
Turn-on N
switched current (lin — Al — Ay + (IOut - Aiu)- an _
(ion) 1
Turn-off
: " . SN . N .
switched current iy + Al + Al +(IDut +A|L2)~n— (Iin —Ai; —Ale)-n—+ lout — Al
(ioff) 1 2

+ AVe, + AV, - —

g ) (o

. Turn-on Vi, n,
switched voltage + AVg; + AV, - — _
(1-9) ny

(Von)
Vin n,
A —=+ A
(((1_5)4_ VCIJ n " VCZJ

Maximum Vin n;
voltage (Vmax)

switched voltage n

n;
— Avg, — Avg, - —J
Vo) 1-95) n,

Turn-off [ V.
Therefore, from the rms and average current expressions in Table 3.12 and Eq. (3.1), the
average conduction power losses of S; (Pcond_s1) and D1 (Peong p1) are obtained:

2
. . . N,
) A|L1+A|Lm+A|L2~n—
in 1
F)cond_Sl =Vip - ljn +1g - 5 +0-

(3.101)

I, n
Pcond7D1 :Vth ’ Iout +1y '(1_5)' [%_1 (3.102)

where ry is the semiconductor switch on-state resistance and Vy, is the semiconductor
threshold voltage.
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2.2. Switch mode DC-DC converters

From the expressions of the current/voltage switched by D; in Table 3.12 and Eq. (3.2),
the average switching power losses of D; are expressed as:

viJrAvCl -n—2+AvC2
(1-9) n

TSW ‘VIOOFIT

2
_ N _
Aot b1 '[(lin — Al —A'Lm)'n**' lout —A|L2j +
2

sw_DI =

’ +Boff,Dl [(I in _AiLl _AiLm)'%+ lout _Aisz"' (3103)

2
+C0ﬁ,D|

where Agfp1, Boripr and Cospy are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage (VigorrT)-

Similarly, the average switching losses of S; are obtained:

2
. . o\
Ao s1 '(Iin + Al + Ay + (Lo +A'L2)'n] +
1

Vin nlj
N AV — AV, —-
[(1_5) Cl1 c2 n,

TSW 'VIOOFIT

. . N
Pw 1= : +Boﬁ,51-{Iin+A|L1+A|Lm+(|0ut+A|L2).nJ+ +

1
+Coff ,S1

(3.104)

2
Vin N . . . n,
<+ AV + AV, - — A iy = Al = Al gy — Al ) —= | +
[(1—5) Cl1 C2 n2 AJH,SI in L1 Lm ( out LZ) n]

Tow Vioorrr . . N
+ Bon,51 ! Iin _AlLl _Ale +(|out _AlLZ)'n* +Con,Sl
1

where Ags1, Borrs: and Cog s are the turn-off energy loss characteristic provided by the
manufacturer for Vigrr and Agnsi, Bonsi and Cgys1 are the turn-on energy loss
characteristic.

2.2.7 Flyback

The unidirectional flyback converter illustrated in Fig 3.25 is formed by two switches
(transistor S; and diode D,), a medium frequency transformer (the leakage inductance has
been neglected in this analysis) and two filter capacitors at the input (Cj,) and the output
(Cow) sides of the converter. Hence, its few components make it a simple, cheap and a
reliable converter. The flyback converter is a step-up/down converter.
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Fig 3.25. Flyback converter.
2.2.7.1 Converter design

The converter operates shifting the energy coming from the input between the
magnetizing inductance of the MFT (L) and the output capacitor C,. When transistor Sq
is on (T,n time interval), the energy coming from input and capacitor Cj, is stored in Ly,
while the output is supplied by the output capacitor (Fig 3.26a). In turn, during the off-
state of S; depicted in Fig 3.26b (T time interval), the input current flows through the
input capacitor Cj, and the energy stored by the magnetizing inductance is transferred to
Cout and the load.

a) b)
Fig 3.26. Currents circulating through the flyback converter a) when S; is on and b)
when S; is off.

Thus, considering a continuous current mode operation, the average input current lj, can
be expressed as shown by Eq. (3.105). However, as in steady state the average current
circulating through the input capacitor Ci, is equal to zero, Eq. (3.105) can be simplified
to Eq. (3.106). So, the input current is directly related to the average current through the
magnetizing inductance |, which is always greater than li,. In turn, this means the
current through the transformer is DC and hence, the transformer utilization is poor as it
is only positively magnetized.
(I Lm — iCin )'Ton + iCin 'Toff

| =
in T (3.105)

T
l=—m O -5 (3.106)

sw

where Ty, is the switching period, ici, is the current through the input capacitor and 9 is
the duty cycle of the transistor S;.

Moreover, neglecting the input and output voltage and current ripple, the steady state
voltage and current waveforms in the converter are drawn as in Fig 3.27. From Fig 3.27a,
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the DC voltage transfer function of Eq. (3.108) is obtained assuming the average voltage
drop over the magnetizing inductance in a switching period (7},) is zero as given by Eq.
(3.107). As noticed, with a unitary turn ratio nxn,, V,, is lower than V;, when 6<0.5 and
Vo 1s higher lower than V;, when 6>0.5. Hence, it can be considered that the flyback
converter is a step-up/down converter.

Ton TTS'W
(vLm>=TL'[I Vi di+ [ vy, dt}o (3.107)
sw 0 Ton
o n
Vou =Vin 'W'n_f (3.108)

where n; and n, are the number of turns of primary and secondary windings respectively,
and V;, and V,,, are the average input and output voltages respectively (cf. Fig 3.25).

ILm A VCout A
Aipy, AV cou
I, /% v W
| I
T,n ‘lToff | | |
‘ D; Conductin, ‘ !
| 1 8 I
S Cnnducting} )}/ % T, } T off ': _
T, "t . L T, Tt
Vim A L LCour A L
I I I I
| n |
Vi —_ Tl
| >
t t
ny
'E Vlmt - Iout —
a) b)

Fig 3.27. Typical voltage and current waveforms in flyback converter's a) L,
magnetizing inductance and b) output capacitor C,,,.

Moreover, the DC current transfer function is obtained from the steady state analysis (i.e.
assuming the average current through the capacitor is equal to zero) of the current
waveforms illustrated in Fig 3.27b:

(l -0 ) oy

=7 X 7
out n 5 }’l2 (3 . 1 09)

where /;, and 1, are the average input and output currents respectively (cf. Fig 3.25).

The magnetizing inductance L, required by the transformer is calculated from the
analysis of the waveforms of Fig 3.27a during the 7,, period of time:
At V.

Ly = vy et

= = T,
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where Aijp, is the current ripple in the magnetizing inductance Lp,.

Similarly, C, capacitance is obtained from the waveforms of Fig 3.27b:

. At |
Co =i =0 S.T
out Cout AV 2 . AVCout Sw (31 1 1)

where Avcoy is the desired output voltage ripple.

Icin A

Iin

Qcin

v

Iin'ILm 'Ale

hirelun Al \ \ t
|
|
|
|
|

Fig 3.28. Current circulating through the input capacitor of the flyback converter.

Assuming a constant input current l;,, the current circulating through Cj, can be illustrated
as in Fig 3.28. Thus, the capacitance of Cj, is obtained by calculating the Qcj, charges

depicted in Fig 3.28:
) l.
_ Qcin _ in T (3.112)

"TUAV 20 Avg,
where Avci, 1s the half of the desired peak to peak voltage ripple in the input capacitor.
The main characteristics of the passive elements previously discussed are summarized in

Table 3.13.

TABLE 3.13
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum voltage

Element Maximum stored rms current
energy stress

1 1-5 Ai
Cin =0 Cin 0 (Vin + AVCin )2 Jlinz . u +0 =t (Vin + AVCin)

2 o 3

1 N 1LY A2 n
Lm E L '(I tm + AILm) [?j + ;m (Vout + AVeout )E

1 ) o

Cout E : Cout : (Vout + AVCout) I out * m (Vout + AVCOut )
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The semiconductor utilization factor (Us) has been calculated from the voltage and current
expressions of Table 3.14 and neglecting all the current and voltage ripple:

Uf _ PRated (1_6)'5

B zallfswitchesvmax “Vrms - \/g+v1 -0 (3.113)

If Eq. (3.113) is illustrated for different duty cycle values Fig 3.29 is obtained. From the
figure, same conclusion as for previously discussed step-up/down type converters is

obtained: the optimal design point with maximum semiconductor utilization is provided
with 0=0.5. Thus, according to this criteria, the converter must be designed to operate
with duty cycles close to 0.5.

A

Utilization factor (Ux)

0 1 1 1
0 0.25 0.5 0.75 1

Duty cycle (9)
Fig 3.29. Semiconductor utilization factor of the flyback converter.
2.2.7.2  Power losses estimation

Obtained from Fig 3.27a, Table 3.14 summarizes switched currents and voltages as well
as rms and average currents circulating through the different semiconductors. Therefore,
average conduction power losses of transistor S; (Pcong s1) and diode D; (Pcong p1) are
obtained from Eq. (3.1) and Table 3.14:

Iin2 AiLm2
Pcond781 =Vip - lin +1g - 5 +6—— (3.114)

3

n 2
Lon ) [Ai"m . n1 j
i 2
Peond 01 =Vin  Tout + 14 ~(l—5). (i_lj N 27

5 (3.115)

where ry is the semiconductor switch on-state resistance and Vy, is the semiconductor
threshold voltage.
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From Eq. (3.2) and Table 3.14, the average switching power losses of D; are expressed

as:
Vout
+AVCoutj 2
S I . n l; : n 3.116)
P Dlz[' Agis D1'(("‘—AIL j'J + By Dl'[m_AIL j'lJrCﬁ DI G-
- Tow Vioorir ' o "), 7 e "o,

where Aqp1, Bofrpr and Cospy are the turn-off energy loss characteristic provided by the
manufacturer for the 100FIT test voltage (VigorrT)-

TABLE 3.14
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage expressions Transistor S; Diode D,

Average current (lave) lin lout

2
.oon
, 2 2 2 (A'Lm’*J
rms current (lyms) IL+§.AIL”‘ (1—5)- (I'—”ﬁ] +7n2
5 3 o n, 3

Maximum current (imax)

Turn-off switched current (iof)

Turn-on switched current (ion) (% — Al Lm J _

\2 n V
Maximum voltage (Vmax) ((l m5) + AVt n_lj ( 2511 + AVCoutj
- 2
. Vin Ny

Turn-on switched voltage (Von) m + AVeout n— =
- 2
Vin nl VOUt

Turn-off switched volt: Vo —Av — —+ AV

urn-off switched voltage (Vorr) ((l _5) Cout n, 5 Cout

Similarly, the average switching losses of S; are provided by:

Vin N
—A 1
[(1 _ 5) Veout I’l2 ]

Tsw 'V]OOFIT

P

sw_SI —

LY Lo
: Aoff,sr(§+A'Lm] +Boff.51'[(';+A'Lmj+coﬂ,s1]+
(3.117)

Vin + AVCout ! i 2
(1-9) n lin A lin A
+ : Aon,SI : 5 _Ale + Bon,Sl : 5 _AILm +Con,Sl

Tsw 'V100FIT
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2.2. Switch mode DC-DC converters

where Ags1, Borrs: and Cog s are the turn-off energy loss characteristic provided by the
manufacturer for Vigrr and Agnsi, Bonsi and Cgys1 are the turn-on energy loss
characteristic.

2.2.8 Forward

The forward converter is a unidirectional converter as shown in Fig 3.30. Although it is a
step-down converter it can step-up the input voltage depending on the turn ratio of the
transformer. The converter comprises four switches (transistor S; and D;-D,-Ds diodes), a
medium frequency transformer (the leakage inductance has been neglected in this
analysis), an input capacitor (Cj;) and a LC filter at the output (L; inductor and Cgy
capacitor). As it will be explained later, the MFT of the forward converter has three
windings, two for the energy transference and one for the demagnetization of the
transformer.

Fig 3.30. Forward converter.
2.2.8.1 Converter design

The converter operates storing the energy coming from the input into its inner passive
elements and then transferring it to the output. This way, Fig 3.31a shows that during S; is
on (To, time interval), the energy coming from input and capacitor Cj, is transferred to L,
and the load. At the same time, the MFT is magnetized positively. When S; is off (T
time interval), the energy coming from the input is stored in Cj, and the load is supplied
by the output inductor L, (Fig 3.31c). It must be highlighted that during the initial period
at which S; is off (ty time interval), the transformer is demagnetized through the
demagnetization coil (n,). Thus, the energy stored in the magnetizing inductance L, is
returned to the input as depicted in Fig 3.31b. Therefore, the transformer is only
magnetized positively leading to a poor utilization of it.
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Fig 3.31. Currents circulating through the forward converter a) when S, is on, b) when
S, is off and the energy stored in L,, is drawn by the input, and c) when S; is off and
L,, has no energy stored.

Aforementioned operational behaviour is illustrated in the voltage and current waveforms
of Fig 3.32, where a CCM operation has been considered and the input and output voltage
ripple have been neglected.
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! ‘ ‘ ﬁ ’/in' Vout ‘
| | | n;
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| \ \
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|
|
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a) b)

Fig 3.32. Typical voltage and current waveforms in forward converter's a) L,
magnetizing inductance and b) inductor L;.
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2.2. Switch mode DC-DC converters

As shown by Fig 3.32a, the transformer demagnetization time interval (t,¢) is not
necessarily equal to the transistor's off-state period of time (T.). Analyzing the
waveforms of Fig 3.32a, it can be seen that the demagnetization period is dependant to
the ny/n; turn ratio as shown below:

2-Al
Vi, :T_Lm )
on 2
. o =Ton — 3.118
RV UT T, G119)
n -
n, toff

where Vi, is the average input voltage (cf. Fig 3.30) and Ai,, is the current ripple in the
magnetizing inductance L,

However, when the maximum energy is transferred, the demagnetization time is equal to
the off-state time (tof =Tof). From this fact, the maximum time at which the transistor S;
can be on (Tonmax) can be calculated, Eq. (3.119). As noticed, the transformer turn ratio
Ny/n; limits the maximum duty cycle of the converter, which means this turn ratio must be
carefully selected so as to optimize the design of the converter. The turn ratio that
maximizes the utilization of the semiconductors is calculated later in this section.

n
Lot =Ton = T 1
nl _>T0n,max = SVr\;z - 5max = n2 (31 19)
tott =Tow — Ton 1+n7 1+rT
1 1

where Tg, is the switching period of S; and average input voltage and Jy,y is the
maximum duty cycle of the converter.

The DC voltage transfer function of Eq. (3.120) is calculated from Fig 3.32b under the
assumption of zero average voltage drop in the output inductor L; during a switching
period (steady state analysis). Eq. (3.120) shows that the forward converter is a step-down
converter as mentioned in the beginning of this section. Notice that with a unitary ns/n;
turn ratio the output voltage can never be greater than the input voltage.

n
Vour =Vip -6 (3.120)
1
where V, is the average output voltage (cf. Fig 3.30) and ¢ is the duty cycle of the
converter (Ton/Tew).

In order to obtain the DC current transfer function it has been assumed that the average
input power is equal to the average output power (ideal case with no losses):

Vin * lin =Vout * lout
n -1 :Iii (3 121)
Vout =Vin'5'_3 out o n :

n

where li, and |y are the average input and output currents respectively (cf. Fig 3.30).
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The inductive value of L, is calculated analyzing the T time interval of Fig 3.32b:

AtV
L=v,  —=—0ut__(1_5)T
1=V AiLl( ) T (3.122)

where Aiy; is the current ripple in L;. As expected, the lower the current ripple the higher
will be the required inductance.

Similarly, the magnetizing inductance required by the MFT is calculated from Fig 3.32a:

iV
L =Vim ﬂ v

— = —0-T
Al 2-Al,

» (3.123)

where A, is the current ripple in the magnetizing inductance.

For the calculation of the input DC bus capacitance (Cj,) a constant input current has been
assumed. Therefore, considering J,,,, is lower than 0.5 (as it will be discussed later, the
maximum utilization of the semiconductors is achieved with 0,,,,=0.4435, for which,
Ny/ny; is about 1.2547 and ty is equal to To), the current circulating through Cj, can be
drawn as in Fig 3.33a. In consequence, Cj, capacitance is obtained from calculating the
Qcin charges circulating through it and the desired voltage ripple Avcin, Eq. (3.124).

_ Qcm (Iin + AiLm)'Tof'f

= (3.124)

C.
" Av 2 Avgi,

Moreover, as the output current loy is assumed to be constant, it can be deduced from Fig
3.32b that the current through the output capacitor (icoy) is given by the current ripple in
L;. Thus, icoy can be illustrated as in Fig 3.33b and its capacitance calculated as follows:

QC t AiLl
C — out Ll T
T (3.125)

where Avcoy 1S the half of the desired peak to peak output voltage ripple.

Icin A

Iin"'ZAiLm QCin p—
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o Icout A
»
t A, QCout
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lilouediL) £ ‘ Al N/ Nt
) ) nz | lTonl\l Tot |
Iin'ZlﬂLm'(IzJut"'AlLl)T1 : Tsw
! I
! I
Ton } Toff ‘
—r—
Tow
a) b)

Fig 3.33. Currents circulating through a) the input capacitor and b) the output
capacitor of the forward converter.

The main characteristics of the passive elements are summarized in Table 3.15.
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TABLE 3.15

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Element Maximum stored energy rms current .
Maximum voltage stress

1 1)
Cin E'Cin (Vip + Avep ) W’?Z (Vin + Avein)
1 . . 1) n
Lo — Ly - (2-Aiy ) 2-Aipy - = 142 Vi + Avgin)
2 3 n,
L Lo (1 + 00, P 2, A’ | Vi + Avg )2 v
1 2 1 out L1 Iout + 3 in Cin n out
1 Al
Cout E Cout '(Vout + AV(Zout )2 \/gl (Vout + AVCout)

-1 3
n T | .n . . n .n .
i'('in"'z'Ale) _'(A|L1'3+A|Lm] '[lin_(lout+A|Ll)'3_2'[A|L1'3+AILmJJ +
n 2 n n n

-1 3

1 . . . n n .

+2~[AIL1 -:3+A|LmJ {Im —(lout +A|L1)-n3] +2~*2'(|m2 +lin 'A'Lm)
1 1

The semiconductor utilization factor (Us) of Eq. (3.126) is calculated from the voltages
and currents of Table 3.16 and Table 3.17. Current and voltage ripple of those
expressions have been neglected so as to simplify the Us expression.

PRated (1 _ 5max ) 2

U, = =
f zalliswitchesvmax T rms (1+5max)-\/§+(1—5max).1/1_5 (3-126)

As noticed, the utilization factor is dependant to the maximum duty cycle (dy.x), Which in

turn depends on the transformer turn ratio ny/n;. This means, ny/n; must be carefully
chosen for maximizing the semiconductor utilization (hence, for optimizing the converter
design). In Fig 3.34 the utilization factor is plotted for different 0., values in order to
determine the optimal n,/n; turn ratio. As noticed, the maximum utilization factor is given
by 0max=0.4435 and in consequence, the optimal n,/n; turn ratio is n,/n;=~1.2547, cf. Eq.
(3.126). In turn, this makes the na/n; turn ratio must be chosen so as to ensure the
converter operates with a duty cycle close to dma (Eq. (3.120)).
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Fig 3.34. Semiconductor utilization factor of the forward converter.

2.2.8.2 Power losses estimation

The semiconductor power losses are calculated analytically by estimating average

conduction power losses of Eq. (3.1) and average switching power losses of Eq. (3.2).

The voltage and current expressions required for estimating those power losses are

obtained from the waveforms of Fig 3.32 (note that the conduction time interval of each

semiconductor is identified) and summarized in Table 3.16 and Table 3.17. Thus, the

average conduction power losses of transistor S; (Pcong s1), diode Dy (Peong p1), diode D,

(Pcond p2) and diode D3 (Pcong_ps) are given as follows:

P

. O | )
Pcond7D1 :Vth'AILm'5+rd'(2'A|Lm) n_l
2

2
Pcond7D2 :Vth'lout'5+rd'5'[|out + J

P

cond _D3 =Vin - Lout '(1_5)+rd '(1_5)'[|0ut +

2
- n3 -
cond _S1 :Vth '(Iin +A|Lm '5)+ Mg [Iout 'n_+A|Lm] +

3
Al
3

.2
2 Al

|

where Iy is the on-state resistance and Vy, is the threshold voltage.
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2.2. Switch mode DC-DC converters

TABLE 3.16
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE INPUT SIDE SEMICONDUCTORS

Current and voltage

. Transistor S; Diode D,
expressions
Average current (lave) I, + AiLm ) AiLm -0
2
Aiy + i, -2
n, 2 Lm by ) n_ o
rms current (Ims) loy *—=+Ai gy | +————|-5 2- Ay J——
n 3 n, 3
. n . n .
Maximum current (imax) ((| out T Al ) ER BN Lmj 2- n—l Al
N R
Turn-on switched current (ion) (| out — Al )n— —
1
. . n, .
Turn-off switched current (iof) (| out T Al L1 ) —+2-Al [im 0
n
. n n,
Maximum voltage (Viax) 1+—1- (Vin - AVgin ) 1+—|- (Vin + AVgi, )
n, n
. n
Turn-on switched voltage (Von) 1+—|- (Vin + AVgin ) _
n,
. m n,
Turn-off switched voltage (Vof) 1+— |- (Vin - AVCin) 1+—=|- (Vin - AVgin )
n, n

Furthermore, the average switching power losses of transistor S; (Psysi), diode D,
(Psw _p2) and diode Ds (Psy ps) are given as follows:

2
n N ,
(1 +nl]'(vin ~Aein) | Avirs1 '[(Iout + A'u)'n—3+ 2. AILmj +
h 1

Psw751 = +

Taw Viorrr S .
+ Boff,SI ' (Iout +AILl)'_*'z'Ale +Coff,Sl
n, (3.131)
n
[Hnlj'(ViH'Ach) n 2 n
+ Tzs,w 'V100F|T '[A}n,Sl '((Iout _AiLl)'n?j + Bon,Sl ‘(qut _AiLl)'nj"'Con,SIJ
s v, - Ave)
n in Cin ) ) 1 2
IDswaz = Aoff,Dz '(Iout +A|L1)2 + Boff,Dz '(Iout +A|L1)+coff,D2) (3 3 )
TSW 'VIOOFIT
M (v, + Avgy)
n in Cin ) ] 3133
Paw D3 = Aoff,Ds'('out—A'L1)2+Boff,D3'('out—A'L1)+Coff,D3) ( )

TSW 'VIOOFIT

where Axx, Bxx and Cyx are the switching energy loss characteristic coefficients provided
by the manufacturer for the 100FIT test voltage (VigorT) of each semiconductor switch.
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TABLE 3.17
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE OUTPUT SIDE SEMICONDUCTORS

Current and voltage expressions Diode D, Diode D3
Average current (lave) Iout -0 Iout o (1 -0 )
=2 =2
Ai Al
rms current (Ims) \/(5 . [Ioutz + I; ] \/(1 - 5)~ [loutz + |3‘1 J
Maximum current (imax) (l aui Al Ll) (| aui Al Ll)
Turn-off switched current (i) (| out T Al LI ) (| out — Al L1 )
N n;
Maximum voltage (Vimax) n_ : (Vin + AVgin ) n_ : (Vin + AVgip )
2 1
. Ny Ny
Turn-off switched voltage (Vorr) n— : (Vin - AVCin) n— : (Vin + AVCin)

2 1

The switching power losses of D, are considered negligible (Psy p1=0) since it is turned-
off when the current through it reaches zero (noticeable in Fig 3.32a and Table 3.16).

2.2.9 Two-transistor forward

The two-transistor forward converter of Fig 3.35 is a unidirectional converter derived
from the previously discussed forward converter. Therefore, the two-transistor forward
converter is also a step-down converter. The main difference between the two converters
is that the two-transistor forward does not have a third winding for the demagnetization of
the medium frequency transformer. Hence, the design of its MFT is easier than that of the
forward converter. However, the two-transistor forward converter requires one more
semiconductor than that required by the forward converter. As depicted in Fig 3.35, two-
transistor forward converter is composed of four diodes (D;-D,-D3-D,), two transistors
(51-S;), a medium frequency transformer (its leakage inductance has been neglected in
this analysis), an input capacitor (Ci,) and a LC filter at the output (inductor L; and
capacitor Cyy).
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Fig 3.35. Two-transistor forward converter.
2.2.9.1 Converter design

The operation of the converter is based on the storage and subsequent transference of the
energy coming from the input. The transistors of the converter are operated
simultaneously. Thus, when transistors S; and S, are on (T,, time interval), the energy
coming from input and C;, capacitor is transferred to the output inductor L; and the load
while the MFT is magnetized positively (Fig 3.36a). On the other hand, when S; and S,
transistors are off (T time interval), the Cj, capacitor stores the energy coming from
input and L, supplies the output load (Fig 3.36¢). During the initial period in which S; and
S; are off (tox time interval) the transformer is demagnetized through the demagnetization
diodes D; and D,. As a consequence, the energy stored in the magnetizing inductance L,
is returned to the input (Fig 3.36b). This way, the transformer is only magnetized
positively (cf. Fig 3.37a) and in consequence, its utilization is poor. Fig 3.37 illustrates
the current and voltage waveforms resulting from afore described operation considering a
CCM and neglecting the ripple of the input and output voltages.

From Fig 3.37a, the time ty at which the transformer is demagnetized is equal to Tq, as
given by Eq. (3.134). To avoid transformer's core saturation, the most critical case at
which the demagnetization is guaranteed is when tys =T Therefore, the maximum duty
cycle of the converter is equal to 0.5 as provided by Eq. (3.135).

V _ Z'AiLm
" Ton _
2. A _)toff _Ton (3134)
Lm
_Vin ==
tOff
toit :Ton 1
> O == (3.135)
toit :Tsw _Ton 2

where Vi, is the average input voltage (cf. Fig 3.35), Ain is the current ripple in the
magnetizing inductance L, Ty is the switching period and J., is the maximum duty
cycle of the converter (Ton/Tgy).
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Fig 3.36. Currents circulating through the two-transistor forward converter a) when
S-S5 are on, b) when S;-S; are off and the energy stored in L, is drawn by the input,
and c) when S;-S; are off and L,, has no energy stored.
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Fig 3.37. Typical voltage and current waveforms in two-transistor forward converter's
a) magnetizing inductance L,, and b) inductor L;.
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In turn, the DC voltage transfer function is obtained from the steady state analysis of the
waveforms of Fig 3.37b:

n
Vout:Vm'é'n—z (3.136)
1

where V, is the average output voltage (cf. Fig 3.35) and ¢ is the duty cycle of the
converter.

Assuming an ideal operation with no losses, the average input power is equal to the
average output power. Thus, the DC current transfer function is given as below:

Vin - lin =V,

out

in " Yin Iout

n 5], —tin Th 3.137
Vout =Vin '§’n_2 out J n, ( )

1

where li, and |y are the average input and output currents respectively (cf. Fig 3.35).

Furthermore, analyzing the waveforms of Fig 3.37b, the inductive value of L, is obtained
as follows:
At Vo

L=V, = — (1= §)-T,
AT 2.Aiu( ) T (3.138)

where Aiy; is the current ripple in L;. As expected, the lower the current ripple the higher
will be the required inductance.

Similarly, the magnetizing inductance Ly, is calculated from the waveforms of Fig 3.37a:

At V;
L. =v,,+—=—1" _.5.T
m Vi T2 ow (3.139)

where Ai n is the current ripple in Lp,.

The capacitances of Ci, and C,y can be calculated from Fig 3.38, where the currents
though them are drawn assuming the average input and output currents (li, and loy) are
constant. In Fig 3.38a, the duty cycle is slightly lower than 0.5 since due to the practical
operational limitations of the semiconductors, in real conditions, the converter cannot be
operated with the maximum ideal duty cycle J,,,x=0.5. Thus, Cj, capacitance is given by
Eq. (3.140). Nonetheless, Co,; capacitance is given by the charge circulation caused by the
current ripple in L; as shown in Fig 3.38b, Eq. (3.141).

) Lin “Tor + Al -t
_Qein _ it Tlem ol (3.140)

C.
" Av 2. Avg,

QCout AiL1
C == = —. T
out AV g. AVcin Sw (3 141)

where Avcin and Aveoy are the half of the desired peak to peak input and output voltage
ripple respectively.
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Fig 3.38. Currents circulating through a) the input capacitor and b) the output
capacitor of the two-transistor forward converter.

Table 3.18 summarizes the equations regarding to the maximum stored energy, the
maximum voltage stress and the rms currents circulating through the passive elements of
the converter.

TABLE 3.18

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored
Element rms current

energy Maximum voltage stress

1 2 )

Cin ~Cin (Vi + Avgy ) lin® -(1-2-6)+ +3X (Vi + Avein)
1 . . 2.0
L, > Ly -(2- A, ) 2-Biy | 5= (Vin +4veip)
L l-L -(I + Ai )2 | +Ai 12 ~| (Vi + Avg ).n_Z_V ;
1 ) 1 out L1 out 3 in in n, ou

1 5 Al

COUT E . Cout : (Vout + AVCout) f (VOUI + AVCOUI)

1 3
. 1 . . .
(Iin+2'A|Lm)2_ Al o 2+ Ay |- |in—(|our+A'|_1)'n*2—2' A'Ll'&"'AILm +
2 n n n
Z =

-1 3
1 .n . . n 5 .
+2'[AIL1’n2+AILm] '[Iin_(lout+A|Ll)'r]2J +2'(Iin +|in'A|Lm)
1

1

The semiconductor utilization factor (Us) of Eq. (3.142) is calculated from the maximum
voltages and rms currents of Table 3.19 and Table 3.20. It must be highlighted that the
current and voltage ripple of those expressions have been neglected for the Us expression

calculation.

P
U ;= Rated

o
'Irms_3'\/§+\/1—5 (3142)

For different duty cycle values, Eq. (3.142) is illustrated in Fig 3.39. As noticed, the
semiconductor utilization increases along with the increase of the duty cycle. Therefore,

Zall _ switches Vinax

given that the DC voltage transfer function of Eq. (3.136) depends on the duty cycle and
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the transformer turn ratio, ny/n; turn ratio must be carefully chosen to guarantee the
converter's operation with duty cycles close to the maximum value of 0.5.
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Fig 3.39. Semiconductor utilization factor of the two-transistor forward converter.

2.2.9.2 Power losses estimation

Semiconductor power losses are calculated analytically by estimating average conduction
power losses, Eq. (3.1), and average switching power losses, Eq. (3.2). Obtained from Fig
3.37, the voltage and current expressions required for estimating those power losses are
summarized in Table 3.19 and Table 3.20. It must be highlighted that due to the
simultaneous operation of the two transistors of the converter, the currents through them
and their blocking voltages are the same. Similarly, the current circulating through D, and
D, diodes as well as their reverse blocking voltages are also same.

From Table 3.19 and Eq. (3.1), the average conduction power losses of the input side
semiconductors are given as follows (Pcong s1 for transistors S;-S; and Peong p1 for diodes
D:-Dy):

2
- - nz
Al +AI —
n, s

3

2
. n .
I:’cond751 =Vin ’(Iin +Aly '§)+ fy - [Iout 'n_2+A|Lmj + (3.143)

1

: Y
PCOdeDl =Vth 'AILm '§+rd '(Z'AILm) ’

g (3.144)

where rq and Vy, are each semiconductor's on-state resistance and threshold voltage

respectively.
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TABLE 3.19
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE INPUT SIDE SEMICONDUCTORS

Current and voltage expressions Transistors S;-S, Diodes D;-D,

) N
Al + Al 2

2
rms current (lyms) (Iout o + Ai,_m] 1/ |5 2. AiLm A=
n 3 V 3

Turn-on switched current (ion) (I out — Ai L1 ) - —

Maximum voltage (Vmax) (Vin - AVCin ) (Vin + AVCin )

Turn-off switched voltage (Voff) (Vin - AVCin )

TABLE 3.20
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE OUTPUT SIDE SEMICONDUCTORS

Current and voltage expressions Diode D3 Diode D,

.2 )
rms current (lyms) 5.[|0m2 + AI;I J ( _5)'[|0m2 + AI|3_1 ]

Turn-off switched current (io) (l out +AIL ) (l out — A )

n n
Turn-off switched voltage (Vorr) n_2 : (Vin —Avgj, ) n_2 : (Vin + AVgip )
1 1
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Similarly, from Table 3.20 and Eq. (3.1), average conduction power losses of the output
side D3 diode (Pcong ps) and D4 diode (Pcong pa) are obtained:

Aiy’
Pcond7D3 :Vth'lout'5+rd '5'[Iout2+%} (3.145)

Ai,?
Pcond_D4 =Vin - lout '(1_5)+ Iy '(1_5)'[|0ut2 + I; ] (3.1406)

The switching power losses of D; and D, are negligible as they are turned-off when the
current through them is equal to zero (Table 3.19 and Fig 3.37a). Conversely, average
switching power losses of the transistors (Psy s1), diode D3 (Psy p3) and diode D4 (Psw pa)
are given as follows:

2
. i ).
, ol
) Aot 51 [(' o+ Aiy) . +2 AILm] +

. — AV~
(ln Cin/ . 1 +

Tow ViooriT N .
+Botr 51 (Iout+A|L1)'n_+2'A|Lm +Coff 1 (3.147)

sw_S1—

1

2
Vi, + AVg N N
+(mcm)'['%n,51 '[(Iout _AILI)'nZJ + Bon,Sl '(Iout _AILI)';J"Con,Sl]

2-Tow ViooriT | )

Ny (Vi — Avgin)

n in Cin ) .
Pou_p3 ] '('Abff,Ds (loue +A|Ll)2 +Bott D3 (loue +A|Ll)+coﬁ,D3) (3.148)

Tow VioorrT

M Wy + Avgin)

n in Cin ) )
Paw_pa=—=——Au.ps (Toue = Ay + Botr.pa * (Tout _A|L1)+Coff,D4) (3.149)

TSW ‘VIOOFIT

where Agixx, Boftxx and Copxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Viporit) Of each semiconductor
switch and Agy s1, Bons: and Cqp 51 are the turn-on energy loss characteristic coefficients of
the transistors.

2.2.10 Push-pull

The push-pull converter of Fig 3.40 is a unidirectional converter derived from buck
converter. The converter is composed of an input capacitor (Ci,), two transistors at the
input side (S:-S;), a medium frequency transformer with three windings (the leakage
inductances have been neglected for the analysis), a diode rectifier (D;-D,-D3-D,) and an
output side LC filter (inductor L; and capacitor Cyy).
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[og

Fig 3.40. Push-pull converter.
2.2.10.1 Converter design

The converter operates alternating the switching orders of the transistors. Thus, when
transistor S; is on, transistor S, is off and vice versa. During the on-state of transistor S;
shown in Fig 3.4la (T, time interval), the energy coming from the input and the
capacitor Cj, is transferred to the inductor L; and the load. At the same time, the
magnetizing inductance L, is magnetized positively.

Fig 3.41. Currents circulating through the push-pull converter a) when S; is on and S,
is off, b) when S; is off and S, is on, and ¢) when S;-S, are off and the current in L,
flows through the output rectifier diodes.
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2.2. Switch mode DC-DC converters

When transistor S, is on, the converter operates similarly with the only difference that the
magnetizing inductance is magnetized negatively (cf. Fig 3.41b). Conversely, when both
transistors are off (7,4 time interval), inductor L, supplies the load and the magnetizing
current flows through the output diodes (cf. Fig 3.41c¢).

Assuming the number of turns of the primary windings #; and », are equal, a continuous
current mode operation and neglecting the ripple of the input and output voltages, Fig
3.42 shows the current and voltage waveforms resulting from the afore described

operation.
. D I-D z-D 3-D4 i D I-D z-D 3-D4
Uim A S; & D;-D, Conducting L1 A Conducting
Ai Conducting
Um 0
/\ } } ‘ ‘T sw > Lo } IA!LI |
Al | | : t | |
A ¢ Ton I}'Toff'} T;\T;-;?{ T,n } Toff | Ton } Taff |
I \‘—’H S, & D3-D, ‘—’N—"‘—’H
- ol S, &DD;  S,8DeD,
VLm A | | | | onducting } ) onducting } 1 #
} } : } v | I Ty | | T,y t
= I
Vi | | } } I L1 A } } P } }
| | | |
| | l 22 ViV o ‘ __
| | n;
TR ‘ »
wwwwww
f >
-V t
= Vnut
a) b)

Fig 3.42. Typical voltage and current waveforms in push-pull converter's a)
magnetizing inductance L,, and b) inductor L;.

As it can be noticed in Fig 3.42a, the transformer is magnetized bidirectionally leading to
a good utilization of it. In turn, it can be deduced that each transistor cannot be on more
than half of the switching period (7,/2), otherwise, the transformer core will be saturated
inevitably, cf. Eq. (3.150). In fact, even respecting this limit, the control scheme must
guarantee the average voltage applied to the transformer is zero in order to avoid
transformer saturation (no DC injection).

r L s 1 (3.150)

on,max 2 max 2

where d,x is the maximum duty cycle of the converter (7., max/Tsw)-

The DC voltage transfer function is derived from steady state analysis of the waveforms
of Fig 3.42b:

n
Vou =2V 8-> (3.151)
1
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where Vi, and V. are the average input and output voltages respectively, J is the duty
cycle of the converter and nj represents the number of turns of the secondary winding of
the MFT (cf. Fig 3.40).

Assuming that the average input power is equal to the average output power, the DC
current transfer function is given by:

Vi, - lin =V |

out
n_3 - Iout =
n

in in out *
|.
LI (3.152)

2:6 ny

Vour =2-Vin 0

where li, and |y are the average input and output currents respectively (cf. Fig 3.40).

The values of the magnetizing inductance Ly, and the output side inductor L; are obtained
from the steady state analysis of the waveforms in Fig 3.42a and Fig 3.42b respectively:

At V:

L, =V, =" 5.

n=Vin =g 0 T (3.153)
At V

L=V, = (1_2.5).T

L T T A ( ) Tau (3.154)

where AiLn is the current ripple in L, and Aiy; is the current ripple in L;.

The currents through input and output capacitors are depicted in Fig 3.43, where it has
been assumed that the average input and output currents (lj, and ly;) are constant.

Icin A

Iin

Qcin Icout A

AiLl
T T
) ) > -Ai ; \ ¢ C t
Iin+A|Lm'(|0ut'A|L1):_j | t N Ton 1 Torr, |
i iy 1 ' P Tow
Iin'lﬂLm'(Ioul*'Alu)n_1 |
|
|

a) b)
Fig 3.43. Currents circulating through a) the input capacitor and b) the output
capacitor of the push-pull converter.

Therefore, Ci, capacitance is calculated from Fig 3.43a, where the charges variation in the
capacitor is illustrated (Qcin):

Iin '(TSW _TonJ
c. ~Qcin _ 2 (3.155)
"TAV 2-Avg,

where Avgi, is the half of the desired peak to peak input voltage ripple.
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2.2. Switch mode DC-DC converters

Similarly, C, capacitance can be obtained from Fig 3.43b:

L A
Cop = 2ot AL 7 (3.156)

where Avcoy is the half of the desired peak to peak output voltage ripple.

Additionally, the expressions of the maximum energy stored by the passive elements,
their maximum voltage stress and the rms currents circulating through them are derived
from the waveforms of Fig 3.42 and Fig 3.43. These expressions are summarized Table
3.21.

TABLE 3.21
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored i
Element ximu rms current Maximum voltage
energy stress
1 2
Cin E'Cin'(vin +AvCin) \/25,{-1—(1—25)'.”2 (Vin"'AVCin)
1 . / 4. 5
L E : I-m -Al Lm2 (Vin + AvCin )
1 .
Ly e Ll . (I out T AILl) out + (Vout + AVCout)
2
1 ) Aiy,
Cout E ’ Cout '(Vout + AVCOUI) \/5 (Vout + AVCout)

The semiconductor utilization factor (U;) is calculated from the voltage and current
expressions of Table 3.22:

P
U ;= Rated

)
B Zalliswitchesvmax “rms - 2'\/§+\/1—2'5 (3.157)

This semiconductor utilization factor is plotted in Fig 3.44 for different duty cycle values.

As it can be noticed, the higher the duty cycle the better the semiconductor utilization.
Therefore, in order to minimize the semiconductor installed power in the converter, n,/n;
turn ratio must be carefully chosen to guarantee that the converter operates with duty
cycles close to 0.5.
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Fig 3.44. Semiconductor utilization factor of the push-pull converter.
2.2.10.2 Power losses estimation

The transistors S; and S, conduct the same current. Thus, average power losses in both
transistors are equal. As it can be noticed in Fig 3.42, this is applicable to output side
rectifier diodes D;-D,-D3-D,4. Thus, power losses expressions are calculated just for one
semiconductor in each group. Table 3.22 summarizes the expressions of the currents
through the semiconductors as well as of the voltages they block.

TABLE 3.22
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage . Diodes
i Transistors S;-S,
expressions D;-Dy-Ds-D,
I in Iout
Average current (lae) —
2 2
2 Lo ) 1 (A Y
(s o) (4]
N3 n
rms current (lms) [Iout —J + 3 o
n .
+(1-2.5) Aln M
2 0m
. n . .
Maximum current (imax) (| out T Al L1 ) =l —+ AILm (| i " Al L1 )
n
. . N, .
Turn-on switched current (ion) (| out — Al L1 ) ——Al Lm _
n
: - n . oyt — Al
Turn-off switched current (iof) (Ioue + Ay )=+ Al (low = i)
n;
Maximum voltage (Viax) 2- (Vin + AVCin ) (Vin + AVgip )n—
1
Turn-on switched voltage (Von) (Vin + AVgip ) _
n
Turn-off switched voltage (Vorr) (Vin - AVgin ) (Vin + AVgip ) —
n
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2.2. Switch mode DC-DC converters

Thus, average conduction power losses of transistor S; (Pcong s1) and diode Dy (Pcond p1)
are derived from Table 3.22 and Eq. (3.1):

2
. . n;
2 | Al HAI -—
P vy ] " |
cond Sl th ) d out n, 3

(3.158)

|
out
Peond D1 =Vip - B

- '{(”2'5)'[[%7“}2 %(%]](125)(“72_” 3159

where rq and Vy, are respectively each semiconductor's on-state resistance and threshold

+

voltage.

On the other hand, average switching power losses of the transistor S; (Psy s1) and diode
D; (Psw p1) are derived from Table 3.22 and Eq. (3.2):

2
. n .
Aot s1° (Iout+A|L1)'_3+AILm +
(Vin _AVCin) n
Psw [ e — +
- Tow Vioorir .y
+ Boﬁ,Sl ’ (Iout +A|L1)'n_+A|Lm +C0ﬁ,Sl
1

(3.160)
2
. n .
Aon,Sl '((Iout _AILI)'3_A|Lmj +
o Vi Avei) n
Tsw‘VIOOFIT . n .
+Bonsi '[(Iout _AILI)'nS_AILm]'I'Con,SI
|
n
(Vin + Avgin)-— _ _
P (o —8i ) (= Aiy) | (3.161)
sw_DI = At 1 + Bot b1 + Lot DI
Tsw ViooriT 4 2

where Agiixx, Boixx and Cerxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Viporit) of each semiconductor
switch and Agq s1, Bons: and Cqp 51 are the turn-on energy loss characteristic coefficients of
the transistors.

2.2.11 Push-pull isolated-boost

The push-pull isolated-boost converter is a unidirectional step-up converter. As it can be
noticed in Fig 3.45, the converter is formed of two transistors at the input side (S;-S;) and
a diode bridge at the output side (D;-D,-D3-D,). In turn, it requires a DC bus capacitor
(Cin) and an inductor (L;) in the input side, a medium frequency transformer with three
windings and an output filter capacitor (Cqy).

105



Chapter 2. DC-DC converters
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Fig 3.45. Push-pull isolated-boost converter.
2.2.11.1 Converter design

The operation of the converter is similar to that of a boost converter. The energy coming
from the input is stored in the inductor L; and then, transferred to the output. This way,
when transistors S; and S, are on (T,, time interval), the energy coming from the input is
stored in the inductor L, and the current through the magnetizing inductance remains
constant (cf. Fig 3.46a). Meanwhile, the output capacitor Co, supplies the load. Next,
transistor S; is turned-off and, during the T time interval (cf. Fig 3.46b), the energy
coming from the input as well as the energy stored in L; are transferred to the output
capacitor and the load. In turn, the transformer is magnetized positively.

Fig 3.46. Currents circulating through the push-pull isolated-boost converter a) when
S; and S, are on, b) when S; is on and S, is off, and ¢) when S; is off and S, is on.
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2.2. Switch mode DC-DC converters

Subsequently, transistor S, is turned-on and a new T, time interval begins (cf. Fig 3.46a)
until transistor S; is turned-off. Then, a second T time interval begins and the
transformer is magnetized negatively (cf. Fig 3.46¢). As the transformer is magnetized
bidirectionally, its utilization is good. However, it requires to control the average voltage
applied to it so as to avoid the saturation of the core.

Although the leakage inductance of the MFT has been neglected in this analysis, this
parasitic inductance has to be considered in real cases. With the described operation, the
current circulating through it is interrupted and in consequence, the voltage drop over it
will increase suddenly. This voltage will appear over transistors increasing their voltage
stress. Therefore, in real cases, snubber circuits must be considered in order to protect the
transistors.

Assuming the number of turns of the windings n; and n, are equal, the currents and
voltages in a push-pull isolated-boost converter with a CCM operation are depicted in Fig
3.47. For simplicity, the voltage ripple have been neglected in Fig 3.47a and Fig 3.47b.
For the same reason, the current ripple have been neglected in Fig 3.47c.

As it can be deduced from Fig 3.47a, the maximum period of time in which both
transistors are on is Tg,/2. If this limit is exceeded, the transformer is not magnetized
equally in both senses and in consequence, the core is saturated. Therefore, the maximum
duty cycle of the converter is given by:

Ty = 56, =& (3.162)

on,max
2 2

where 0, 1s the maximum duty cycle of the converter (Ton max/ Tsw)-

The DC voltage transfer function is derived from the steady state analysis of the
waveforms of Fig 3.47b:
Vin 1)

Vo = .3
=T, (3.163)

where Vi, and V. are the average input and output voltages respectively, J is the duty
cycle of the converter and ns represents the number of turns of the secondary winding of
the MFT (cf. Fig 3.45).

In turn, from the steady state analysis of the waveforms in Fig 3.47c, the DC current
transfer function is given by:

n
lout :(1_2'5)' lin —

ny (3.164)
where li, and loy are the average input and output currents respectively (cf. Fig 3.45).

The values of the magnetizing inductance Ly, Eq. (3.165), and the output side inductor L,
Eq. (3.166), are obtained from the steady state analysis of the waveforms of Fig 3.47a and
Fig 3.47Db respectively.

107



Chapter 2. DC-DC converters

At V n

L =y, —=_Tou 1 (1_2.8).T.

‘m Lm Ai 4A1Lm n ( ) sw (3165)
At v

L=v, —=—"—9"T,

LAY 2Aij sw (3.166)

where Aiy, is the current ripple in L,, and Aiy; is the current ripple in L,.

Similarly, the capacitance value of C,,, is derived from the steady state analysis of the
waveforms in Fig 3.47c:

c . At 1,
=1 Rp— RN L E—
out Cout AV 9. AVCI

5T, (3.167)

where Ave,,, s the desired output voltage ripple.
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Fig 3.47. Typical voltage and current waveforms in push-pull isolated-boost
converter's a) magnetizing inductance L,,, b) inductor L; and c) capacitor C,,,.
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2.2. Switch mode DC-DC converters

The input DC bus capacitance can be derived from Fig 3.48. As it can be noticed,
assuming the input current l;, is constant, the current through the input capacitor is
dependent to the ripple in L;. Therefore, Cj, capacitance is given by:

_Qcin __ Ay

.
VR TIL (3.168)

in

where Avci, 1s the half of the desired peak to peak input voltage ripple.

Icin A 0
AiL1 Cin

T S Z; T N 7 >
-Ai|_1 } t

Fig 3.48. Current through the input capacitor of the push-pull isolated-boost
converter.

The equations of the maximum energy stored by the passive elements, their maximum
voltage stress and the rms currents circulating through them are derived from the
waveforms of Fig 3.47 and Fig 3.48. These expressions are outlined in Table 3.23.

TABLE 3.23
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored i
Element xtmd rms current Maximum
energy voltage stress
1 2 Aigy
Cin 7 Cin- (Vi + Avgi) o (Vin +AVgin)
1 . 2 . 1+4-6 (Vout +AVCOut)'n_
I—m ~ Lm 'AILm AILm 3 3
1 - 2 AIL12
L, — L - (1, + Aiy, P 1.2 + 5 (Vin + Aveip )
2
lec WVout + Aot [2:68 -1, 2 +(1-2-6)| | LT
Cout 2 out out Cout out in n out (Vout + AVCout)

Last, in order to select the appropriate operational point for the design, the semiconductor
utilization factor (Us) is calculated from the voltage and current expressions of Table
3.24:

PRated 1-2-6

zall_switchesvmax'I"ms ) 4.{ ﬂ_'_ 1_2'5J (3169)
V 2 )
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As illustrated in Fig 3.49, the lower the duty cycle the better the semiconductor
utilization. Hence, n,/n; turn ratio must be chosen to make sure the converter operates
with low duty cycle values.
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Duty cycle (0)
Fig 3.49. Semiconductor utilization factor of the push-pull isolated-boost converter.

2.2.11.2 Power losses estimation

As transistors S; and S, conduct the same current, their average power losses are the
same. This is also applicable to output side rectifier diodes D;-D,-D3-D4. Therefore,
power losses expressions are calculated just for one semiconductor in each group. The
semiconductor power losses depend on conduction power losses of Eq. (3.1) and
switching power losses of Eq. (3.2). Table 3.24 summarizes the current expressions
(average, rms and switched currents) as well as the switched voltage expressions required
to calculate the mentioned power losses.

Thus, average conduction power losses of transistor S; (Pcong s1) and diode Di (Peond_p1)
are given by:

I 1-6 A, AL (1 A
Pconds1:Vth"7n+rd'[|in2'( 5 )+5-( ;m + 6L1 ]+(5—5]- 3“ ] (3.170)
2 2 . . \2
I n n Al +AI 1
Peond DI =Vth'_02m +rg - ['in't] ‘{ij M '[5—5] (3.171)

where Iy and Vy, are each semiconductor's on-state resistance and threshold voltage.
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TABLE 3.24
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and

1t T it .5 Diodes
voltage ransistors -
& 2 D,-D,-Ds-D,
expressions
Average current | in I out

(lae) > 2

2
in - +6[ }‘F 2 2 ) Y
2 2 6
rms current (lyms) [Iin'iJ +[ﬁ] M -[l—ﬁj
1 Al 2 Ny ny 3 2

+ ,,gj.i
2 3

Maximum current . . . n;
; (Iin +A|L1) (lin + Al + Al )-—+
(ima) n;
Turn-on switched (| in — AiLl - AiLm )
current (ion) 2 -
Turn-off switched (Iin +Ai, + AiLm) (l- — Ay, - A, )i
current (ioff) 2 g " Ny
Maximum voltage Ny
(Vi) 2. (Vout + AVCout ) ’ n_ (Vout + AVCout)
max.

3

Turn-on switched

n
2-Voye +AV ol
voltage (Von) ( out Cout) n

3
Turn-off switched ) (V A ) n (Vout + AVCOU'[ )
“Vout = AVeout ) — -
voltage (Vofr) n, 2

In turn, average switching power losses of the transistor S; (Pgy s1) and diode D; (Psw p1)
are provided by:

n ) . . 2
2~(Vout—AvC0ut)-n—; pbﬁ,S].[('mM'LﬁA'Lm)j N

2
Psw S1 = +
- Tow Vioorir I+ Al +Ai
+Boﬁ,Sl'M+Coﬁ,Sl
(3.172)
n VR
2+ (Ve + Aoy ) —- Asi- (lin = Ay, — Al +
n| 2
TV, CAQ = Aj
sw " VI00FIT +Bon,s1‘(lm Aiy, AILm)+Con,51
] 2
Aot Dl'[('in—Aiu—AiLm)‘lj +
Vot + AV, ’ n
P I _ Vo + o) 3 (3.173)

2 'TSW 'VIOOFIT

. o
+ Byt o1 (1in — A _AILm)'?+Coﬁ,D1
3

where Agiixx, Boixx and Cegrxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Viporit) Of each semiconductor
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switch and Agnsi, Bonsi and Cgns; are transistors' turn-on energy loss characteristic

coefficients.

2.2.12 Half-bridge

The half-bridge converter is a unidirectional converter derived from buck converter. As it
can be noticed in Fig 3.50, the converter is composed of two series connected input
capacitors (Cijn; and Cjpp), two transistors (S;-S;), a medium frequency transformer (in
which the leakage inductances have been neglected), a diode bridge (D;-D,-D3-D,) and a
LC filter at the output (inductor L; and capacitor Coy).

+° J:
k -
1 lcint SzJ

T4 ‘

ol e g 38
_cm__[ s: |

o

»

Fig 3.50. Half-bridge converter.
2.2.12.1 Converter design

As it can be noticed in Fig 3.51, the half-bridge converter operates alternating the
switching orders of the transistors S; and S,. Thus, when transistor S; is on (T,, time
interval), transistor S, is off (cf. Fig 3.51a). During this time interval, the input current
(lin) flows through the upper capacitor Ci,; and the energy coming from input as well as
the energy stored in the lower capacitor Cj,, are transferred to the output and the inductor
L;. At the same time, the inductance L, is magnetized positively. After this T, time
interval, transistor S; is turned-off and the input current circulates through the two input
side capacitors while the load is supplied by the output side inductor L; (T time interval
illustrated in Fig 3.51b). During this time interval, the current through the magnetizing
inductance remain constant and circulates through the diodes of the output side rectifier.
When transistor S; is turned-on (cf. Fig 3.51c) a second T, time interval begins. Thus, the
input current circulates through the lower capacitor Ci,, and the energy coming from the
input as well as the energy stored in the upper capacitor Cj,, are transferred to the load
and the inductor L;.

The voltage of each input capacitor is half of the DC bus voltage. Thus, the voltage
applied to the MFT is half of the DC bus voltage (cf. Fig 3.52a). As a consequence, the
current through the input side of the converter is higher than that of the converters where
the entire DC bus voltage is applied to the transformer.
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It must be highlighted that the leakage and magnetizing inductances of the MFT and the
input capacitors of the converter conform a resonant circuit. So, in order to avoid
undesired current and voltage oscillations, this phenomena must be taken into account in
the design and the selection of the switching frequency of the converter.

+ Ly
5 +
-|— Cim S J NNy D, Ds lout
Vin ng é ‘ ‘ % Cout T Vout

VDIJt

Fig 3.51. Currents circulating through the half-bridge converter a) when S; is on and
S, is off, b) when S;-S, are off and c¢)when S; is off and S, is on.

Considering a continuous current mode operation and neglecting input and output voltage
ripple, the waveforms in the converter derived from this operation are illustrated in Fig
3.52. Fig 3.52a shows, the utilization of the transformer is good as it is magnetized
bidirectionally. However, the Ty, time interval cannot be higher than half of the switching
period (Tg/2), otherwise, the transformer core will be saturated, Eq. (3.174). Thus, the

control scheme in the converter must avoid the transformer's core saturation.

T Tw 5 1L (3.174)

on,max 7 max D)
where Jpax is the maximum duty cycle of the converter (Ton max/ Tsw)-

Assuming the average voltage applied to inductor L; within a switching period is zero, the
DC voltage transfer function can be derived from the waveforms of Fig 3.52b:

n
Vou =Vin -6+ (3.175)
1

where Vi, and Vg are the average input and output voltages respectively, ¢ is the duty
cycle of the converter and ny/n; is the turn ratio of the MFT (cf. Fig 3.50).
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Fig 3.52. Typical voltage and current waveforms in half-bridge converter's a) L,
magnetizing inductance and b) inductor L;.

Moreover, assuming ideal operation with no losses, the DC current transfer function is

given by:
Vin ']in = Vout ']aut
1, =t (3.176)
n = o — .
Vout = Vin -6 — o o nj

n
where /;, and 1, are the average input and output currents respectively (cf. Fig 3.50).

On the other hand, the inductances of L,, and L; can be derived from the waveforms in
Fig 3.52:

At V.

L = = . 5.T

m VLm Al 4 . Ale swW (3177)
At v

L=v, —=—%_.(1-2-6)-T,,

RAVTEOY 4,Al.u( )T, (3.178)

where Aiy, is the current ripple in L,, and Aiy; is the current ripple in L,.
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Ai,_, Cout
R . \ny t T T
L+ Aipy~-LourAirr) TI -Aig; } t
n; \ }\ ey 7,
L Bivu-(ctdien) |
|

Ton | 2T+ Ton

[V
LA

v

a) b)
Fig 3.53. Currents circulating through a) the input capacitor and b) the output
capacitor of the half-bridge converter.
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2.2. Switch mode DC-DC converters

The current flowing in each input DC bus capacitor is the same and in consequence, their
capacitance is equal. Under the assumption of constant input and output currents (l;, and
lout), the currents through input and output capacitors can be depicted as in Fig 3.53.

Thus, from Fig 3.53a, the capacitance of the lower capacitor Ci,; is derived:

o QCinz _ Iin '(Tsw _Ton)
Cing == 05 == - (3.179)

where Avcin, is the half of the desired peak to peak voltage ripple in the capacitor Cip,.

The capacitance of C, is obtained similarly from Fig 3.53b:

Cout = = Tow (3.180)

where Avcoy 1S the half of the desired peak to peak voltage ripple in the output.

Table 3.25 summarizes the expressions of the maximum energy stored by the passive
elements, their maximum voltage stress and the rms currents circulating through them.
These expressions are derived from the waveforms of Fig 3.52 and Fig 3.53.

TABLE 3.25

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored

Element rms current Maximum voltage

energy stress

C 1 Vin : \/ 2 Vi LAV
in2 E'Cin ’ T"'Avcinz 5'Z+(1_5)' lin ) Cin2
1 L2 . 4.5 V,
L 5 Ly, Al Ai, - 1_T (%JFAVCMJ
1 i) ), A’
Ly E L (Iout +Al Ll) lout” + 3 (Vout + AVCout)
1 2 A,

Cout E “Cout - (Vout + AVCout) f (Vout + AVCout)

2
- n2 -
> Al -—=+Al
n, n
2= lin—lou" +

3

At last, derived from the maximum voltage and rms current expressions of Table 3.26, the
semiconductor utilization factor (Uy) is given by:

P
U ;= Rated

o
zallfswitchesvmax T rms 2-\/54-\/1_2.5 (3.181)
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As it can be noticed, this semiconductor utilization factor is same as that presented for the
push-pull converter (section 3.2.10). Therefore, the higher the duty cycle the better the
semiconductor utilization (cf. Fig 3.44). Hence, the chosen turn ratio of the transformer
must ensure that the converter operates with high duty cycles close to 0.5.

2.2.12.2 Power losses estimation

As mentioned in the beginning of section 3.2, semiconductor power losses are estimated
by Eq. (3.1) and Eq. (3.2). In order to estimate these losses, the expressions of the
currents and voltages in the semiconductors are outlined in Table 3.26. Provided that the
currents circulating through the transistors are the same and that the currents circulating
through the output diodes are the same, power losses are calculated only for one
semiconductor in each group.

TABLE 3.26
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage . Diodes
. Transistors S;-S,
expressions D;-D,-D3-D,
I out
Average current (lave) lin P
2

rms current (rms)

n ) ou ¥ 1 (AQ, Y
s (AiLm+AiLl' 2] (1+2-6)- =315
n, n
[Iout' J |6 )

n,
. n . .
Maximum current (imax) [(l auii Al L1 ) n—z + Al L J (| outh Al L1 )
1
. . . n, .
Turn-on switched current (ion) (| out — Al L1 ) . n— — Al Lm _
1
. n . o —Ai
Turn-off switched current (io) (l out TAI ) n—3 + Al w
1
Vv, n
Maximum voltage (Vmax) ~ (Vin + AVeina ) [% + AVCin2J 2
n
. Vin
Turn-on switched voltage (Von) T + AVcin2 —
Vm Vin n,
Turn-off switched voltage (Voir) > AViing - + AViina
1
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Consequently, average conduction power losses of transistor S; (Pcong s1) and diode D,
(Pcong p1) are given by:

Pcondel =Vin - lin +14 - (Iout’l:l_2 (3.182)

|
out
I:’cond7D1 =V, - )

- (1+2'5)'KI()TUt]2 +§.(%j2]+(1_2.5).(ﬂ%,:_;j2

where Iy is the on-state resistance and Vy, is the threshold voltage.

+

(3.183)

Moreover, average switching power losses of the transistor S; (Pgy s1) and diode D,
(Psw_p1) are given by:

2
V. . n .
[;—Achz) Aoﬁ,Sl '[(Iout +A|Ll)'n_2+A|LmJ +

1

Paw_s1= +
- Tow Vigorrr PN (P
+ Byt 51| (lout +A'L1)‘n—+A'Lm +Coff 51
1
(3.184)
2
V. .\ N .
[;+Avcm2j A)n,Sl'[(lout_AlLl)'nz_AILm] +
1
TSW'VIOOFIT . n .
+ Bon,Sl '[(Iout _AlLl)'[]z_Ale]+Con,Sl
1
Vin j n,
7+AVC 2 h— . .
P _[2 " n (Iout_AILl)2 B (Iout_AILl) C (3185)
sw DI=" = Abff,Dl'—+ off D1~ ~ 1 Coff DI
TSW’VIOOFIT 4 2

where Agixx, Boftxx and Copxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Viporr) of each semiconductor
switch and Agn s, Bonsi and Cyns; are the turn-on energy loss characteristic coefficients of

the transistors.

2.2.13 Half-bridge isolated-boost

The half-bridge isolated-boost converter is a unidirectional converter derived from boost
type converters (cf. Fig 3.54). The converter is formed of two transistors (S;-S;) and a DC
bus capacitor (Cj,) at the input side, a medium frequency transformer (MFT) and a diode
rectifier (D;-D,-Ds-D,) as well as a capacitor (Coy) at the output side.
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Fig 3.54. Half-bridge isolated-boost converter.
2.2.13.1 Converter design

The operation of the converter is based on alternating the transistors commands as
illustrated in Fig 3.55. When transistors S; and S, are on (t,, time interval), the energy
coming from the input is stored in the inductors L; and L, (cf. Fig 3.55a). In turn, zero
voltage is applied to the MFT and in consequence, the current through the magnetizing
inductance is constant. This current circulates through the transistors. During this t,, time
interval, the load is supplied by the output capacitor Coy.

p
ng:n,

Vin T Lm{ gH;
o szm}
—
©
a)
+°
L L —
' ’ .n, D8 ((Ds [
ng:nNy out
Vin | Co == \ ) ng é‘ ‘é Cout T Vout

2

b)

+°

L

=it
e
|

ng:nNy D

Vin | cok D ng %‘ ‘g(‘x Cux | Vo
L s: | S»JK} DAZ&:&
o

¢)
Fig 3.55. Currents circulating through the half-bridge isolated-boost converter a)
when S; and S, are on, b) when S; is off and S, is on, and ¢) when S; is on and S, is
off.

Then, transistor S; is turned-off and Tk time interval begins (cf. Fig 3.55b), where the
energy stored in L; is transferred to the output while the transformer is magnetized
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positively. Inductor L, continues storing energy. When transistor S; is turned-on the
second t,, period of time begins (cf. Fig 3.55a). This time interval finishes when transistor
S, is turned-off and the second Ty time interval begins (cf. Fig 3.55¢). During the second
Toi, the energy stored by inductor L, is transferred to the output and L; continues storing
the energy coming from the input. Meanwhile, the transformer is magnetized negatively.

From this operational behaviour, it can be deduced that the on-state time interval (T,,) of
each transistor is given by Eq. (3.186). Furthermore, this time interval must be always
higher than T,/2, which leads to the minimum duty cycle value given by Eq. (3.187).

Ton = 2'ton +T0ﬁ :Tsw _Toff (3.186)

T 1
Ton,min = % - 5min = E (3 1 87)
where Ty is the switching period of the transistors and ., is the minimum duty cycle of
the converter (Ton min/ Tsw)-

The leakage inductance of the MFT has been neglected in this analysis (cf. Fig 3.54 and
Fig 3.55). Nevertheless, this leakage inductance has to be considered in real cases. The
described operation interrupts the current circulating through the leakage inductance and
in consequence, in real cases, the voltage in the leakage inductance will raise leading to
overvoltages in the transistors. To avoid these overvoltages, the use of snubber circuits

must be taken under consideration.

The waveforms derived from the afore described operational behaviour are depicted in
Fig 3.56. For simplicity, voltage ripple have been neglected in the waveforms related to
the magnetic elements while current ripple have been neglected in the waveforms related
to the output capacitor. As it can be deduced from Fig 3.56a, the transformer is
magnetized bidirectionally, thereby leading to a good utilization of it. Moreover, even
though the waveform shows no DC current is injected, a control scheme is required in

order to avoid transformer saturation.

On the other hand, the DC voltage transfer function is obtained from the waveforms of
Fig 3.56b:

V.. n
V., ——in "2
o =15 n, (3.188)

where Vi, and Vg are the average input and output voltages respectively, ¢ is the duty
cycle of the converter and n; and n; are the number of turns of the primary and secondary
windings of the MFT respectively (cf. Fig 3.54).

The DC current transfer function is derived from the steady state analysis of the
waveforms in Fig 3.56d:

n
low =(1=8)-1ip - - (3.189)

2

where li, and |y are the average input and output currents respectively (cf. Fig 3.54).
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Fig 3.56. Typical voltage and current waveforms in half-bridge isolated-boost
converter's a) magnetizing inductance L,, b) inductor L, b) inductor L, and c)

capacitor C,,,.

The inductances of the input side inductors L; and L, are derived from the steady state

analysis of their respective waveforms of Fig 3.56b and Fig 3.56¢, while the value of the

magnetizing inductance is obtained from Fig 3.56a:

At v

=y, —=—"_.5.T
v = g, T
At V.
LZZVLZ.—:;.é‘.TSW
Al 2-AiL,
A v
Lm:VLm' d - n_](l_é‘)va

A 2-Aiy,, ny

where Ai;;, Ai; and Aip, are respectively the current ripple in L;, L, and L,,.
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2.2. Switch mode DC-DC converters

Similarly, C, capacitance is derived from Fig 3.56d:

At lout

Cout =lcout

= (2.-6-1)-T
AV 4-Avg, ( FTow (3-193)

where Avcoy is the output voltage ripple.

The current through the input capacitor Cj, is determined by the current ripple in L; and
L,. Assuming the current ripple Ai_; and Ai , are equal and considering the input current
lin is constant, the maximum current through the input capacitor is:

. . 1 . 1
Al :AILI'[Z_E):AILT(z_EJ (3.194)

Therefore, the input DC bus capacitance (Cj,) is determined by the charges Qc;, illustrated
in Fig 3.57:

Qcin Ay, Ai 1
C. = = To = B o R O
TOA 8 AV, U 16-Avg, w (3.195)

where Avgi, is the half of the desired peak to peak input voltage ripple.

Icin A
Aiin
iy, Q% i \V t

Fig 3.57. Current through the input capacitor of the half-bridge isolated-boost
converter.

Table 3.27 summarizes the expressions of the maximum energy stored by the passive
elements, their maximum voltage stress and the rms currents circulating through them.
These expressions can be derived from the waveforms in Fig 3.56 and Fig 3.57.

From the maximum voltage and rms current expressions of Table 3.28, the semiconductor
utilization factor (Us) of the half-bridge isolated-boost converter is:

PRated -6

U = =
Zallfswitches Vinax * Irms 2'\/1_6 +\/3_2'5

(3.196)
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TABLE 3.27
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored

Element rms current .
energy Maximum voltage stress
1 ) Ai;,
Cin 5 Cin - (Viy + Ay ) \/Ig (Vi + Aveip )
1 . . 4.6-1 n
Lm - Lm : A||_m2 Al - (Vout + AVCout)'_1
2 3 N,
1 n
Ly B : ~ (Vin - (Vout + AVcout ) n_lj
| n
L2 — ~ (Vin - (Vout + AVCout ) _IJ
2 n,
1
Cout 3 Cout * ( out T AVeout )2 (Vout + AVCout)

In order to determine the operational point at which the utilization factor is maximized
(i.e. the installed semiconductor power is the minimum), Eq. (3.196) is depicted in Fig
3.58 for different duty cycles. As it can be noticed, the lower the duty cycle the better the
semiconductor utilization. In consequence, N,/N; turn ratio must be that which guarantees
the operation of the converter with duty cycle values close to 0.5.

A

o < <
P —_ —
O w o0
T T T

Utilization factor (Uy)
2

0 1 1 1
0.5 0.625 0.75 0.875 1
Duty cycle (0)
Fig 3.58. Semiconductor utilization factor of the half-bridge isolated-boost converter.

2.2.13.2 Power losses estimation

Assuming ideal passive elements with no losses, the power losses of the converter are
given by the semiconductor power losses. In turn, semiconductor power losses depend on
conduction power losses of Eq. (3.1) and switching power losses of Eq. (3.2). To estimate

122



2.2. Switch mode DC-DC converters

these losses, average and rms currents through the semiconductors must be known along
with the switched currents and voltages. Furthermore, the maximum current through them
and the maximum voltage they must block determine the required semiconductor. Once
the semiconductor is selected, the on-state as well as the switching characteristics are
determined.

Aforementioned expressions are summarized in Table 3.28 and can be deduced from Fig
3.56. The expressions of transistors are the same because they conduct the same current.
Similarly, the expressions of diodes are the same because they conduct the same current.

TABLE 3.28
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and voltage . Diodes
. Transistors S;-S,
expressions D;-D,-D3-D,

| out
Average current (lae) — —

2 2
e Y () (A, +Ai, P
rms current (lyms) \/; [jﬂ 71} + (71] % ,(1 _ 5)
n, n,
Maxi X (l Ai ) | in A Al n;
aximum current (Imax) in T Al 7 +Al; + AL, n—
2
. I in H H
Turn-on switched current (ion) 7 —Al | = Al _
. . lLin . . i . . n,
Turn-off switched current (i) —+ Al +Al, — Al —Al g, [ —
2 2 n,
. m
Maximum voltage (Vimax) (Vout + AVeout ) n— (Vout + AVCout)
2
: n
Turn-on switched voltage (Von) (Vout + AVCout ) n— _
2
n V. +Av
Turn-off switched voltage (Vorr) (Vout = AVeout ) . n—l w
2

L2
X = |in2'(3_j.§)+(Ai|_l 'AiLm)'[;_zj"'AiLmz'(2'5_1)+AI;1'(5_2_2'5j:l

From Table 3.28 and Eq. (3.1), average conduction power losses of transistor Sy (Pcond s1)
and diode Dy (Pcong_p1) are:

)
(9]
|
[N}

—'5)+(Aiu ~AiLm)~(é—2]+AiLm2 (2-6-1)+

2
+AIA[5_£_25J

S

|.
I:)cond_Sl =Vth'%+rd’ (3.197)

S2)
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n, N,

2 2
| Ai Ai
Pons 51 =Vor- Em”d'[('i"‘ﬂj +[&J .M].@_(g) (3.198)

where rq and Vy, are each semiconductor's on-state resistance and threshold voltage
respectively.

From Table 3.28 and Eq. (3.2), average switching power losses of transistor S; (Psy s1)
and diode Dy (Psy p1) are:

2

n l; . .
(Vout _AVCOUt)'I,T1 Aoff,Sl (%"' AILl + AILmj +
Paw_s1 :#2' | +
sw " V100FIT i . .
+ Botr 51 [% + Al + A'Lmj +Coft 51
(3.199)
n l; . Y
(Vout + AVCout)’ o Aon,Sl '[i_mu _AILmj +
M 2
Tsw Vioorit l; . .
+ Bon,SI '[%_AILI _AILm] + Con,S]
| n ’
Avit Dl'[(ﬂ_AiLl_AiLmj'_l] +
Vout + AV, ’ 2 n
W DI = ( out Cout)‘ 2 (3200)

2 'TSW 'VIOOFIT

Iin H H n
+ Bott o1 '(T—A'u — A, ‘n_+ Coft 01
b

where Agiixx, Boixx and Cegrxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Viporit) Of each semiconductor
switch and Agnsi, Bonsi and Cgns; are transistors' turn-on energy loss characteristic
coefficients.

2.2.14 Full-bridge

The full-bridge converter of Fig 3.59 is a unidirectional step-down type converter. The
converter is composed of a DC bus filter capacitor (Cj;) and a H-bridge converter (S;-S,-
S3-S4) at the input side. The H-bridge converter is connected through a medium frequency
transformer to the diode bridge (D;-D,-Ds-D,) and the output side LC filter (inductor L,
and capacitor Cqy).

+ L IOUt
A Ds: Dss RN -
i +
5] Sy L e DI DA
+ - N1l
) . . f
+ I g +
Vin Cin T . ! COUI T Vout
“| Icin )

iCout
¢ Sd SZJ D4Z|S D, % ¢ -

Fig 3.59. Full-bridge converter.
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2.2.14.1 Converter design

For the converter design a phase-shifted pulse width modulation technique has been
considered. As it can be observed in Fig 3.60, each transistor is on during half of the
switching period (Tsw/2). The switching orders of transistors S;and S, and transistors S
and S; are complementary. Furthermore, the commands of transistors S;-S4 are phase-
shifted (¢) to that of transistors S,-S;. This way, three different voltage levels (-Vin, 0, Vin)
are applied to the primary side winding of the medium frequency transformer.

;4 Tonz TO“T 2 i
il I — —1 R
gl I E— — —
Sl o IS S— — .
pilln I —1 —
X

Fig 3.60. Switching orders in the full-bridge converter.

Hence, when S;-S; are on and S3-S, are off (t,n time interval), the energy coming from the
input and the energy stored in Cj, capacitor are transferred to the leakage inductance of
the MFT (L,), the output inductor (L) and the load (cf. Fig 3.61a). Then, S, is turned-off
while Sz is turned-on (cf. Fig 3.61b). During this time interval (Tox), the energy coming
from the input is stored in Cj, and zero voltage is applied to the MFT. Thus, the output
load is supplied by the leakage inductance and the inductor L,. Subsequently, S; is turned-
off and S, is turned-on (cf. Fig 3.61c). Therefore, input voltage is applied to the leakage
inductance and the current circulating through it flows through the freewheel diodes Ds;
and Ds4. The energy stored in the leakage inductance is transferred to the input side
capacitor along with the energy coming from the input. Meanwhile, the load is supplied
by L;. When the current sense in the MFT is inverted (cf. Fig 3.61d), transistors S3-S, start
conducting current and the energy stored in the capacitor Ci, and the energy coming from
the input are transferred to L,, L; and the load (second t,, time interval). Next, S; is
turned-off while S; is turned-on and during a Ty time interval (cf. Fig 3.61¢), Ci, stores
the energy coming from the input while the output load is supplied by the leakage
inductance and the output side inductor. During this time interval, zero voltage is applied
to the MFT. Last, S; is turned-off and S; is turned-on (cf. Fig 3.61f). While the current
through the leakage inductance remains negative, input voltage is applied to the leakage
inductance and the current flows through the freewheel diodes Ds; and Ds,. Therefore, the
energy coming from the input as well as the energy stored in the leakage inductance are
transferred to the input side capacitor. The load is supplied by the output side inductor.
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Fig 3.61. Currents circulating through the full-bridge converter a) when S;-S, are on
and S3-S, are off, b) when S;-S; are on and S,-S; are off, ¢) when S3-S, are on and S;-
S, are off (the current circulates through the freewheel diodes Ds3-Ds,), d) when S3-Sy
are on and S;-S, are off, €) when S4-S, are on and S;-S; are off, and f) when S;-S, are
on and S3-S, are off (the current circulates through the freewheel diodes Dg;-Dsy).

In a continuous current mode operation, the waveforms derived from the afore described
operation are illustrated in Fig 3.62. As it can be noticed in Fig 3.62a, the current through
the transformer is alternating. So, the magnetization of the transformer is bidirectional,
thereby leading to a good utilization of the element. However, in order to prevent the
saturation of the transformer, a control strategy must be considered to guarantee that the
average voltage applied to the MFT is zero.

During the time interval Ty at which zero voltage is applied to the MFT (cf. Fig 3.61b
and Fig 3.62a), the leakage inductance is in series with the output inductor. Hence, part of
the output voltage drops over the leakage inductance until non-complementary transistors
(S1-S; or S3-S4) are on (end of Ty time interval). The voltage drop in the leakage
inductance during T (Vs) and the current through it at the end of Ty (Is) are respectively
approached as:

_ Vout ! Lo‘
2
3.201
L. (an L (3.201)

V, (0.5 5)-TSWJ
S W (3.202)

L

o

n
__2 i
Is_ '(Iout‘l'A'Ll_
N

where V, is the average output voltage, n,/n; is the turn ratio of the MFT, Iy is the

average output current (cf. Fig 3.59), Ai; is the current ripple in L, (cf. Fig 3.62b), Ty, is
the switching frequency and ¢ is the duty cycle of the converter (Ton/Tsy).
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Fig 3.62. Typical voltage and current waveforms in full-bridge converter's a) leakage
inductance L, and b) inductor L;.

When non-complementary transistors are on, there is a time interval (¢,4-7,4) at which all
the DC bus voltage (V;,) is applied to the leakage inductance (cf. Fig 3.62a). In
consequence, the energy coming from the input is used to invert the polarity of the
current through L,. This results in a reduction of the duty cycle of the converter:

Lon TO"_(tOﬁ_TOff):5_L '[2'Iout n_Zj
o

5 = =
ef T T

sw sw

(3.203)

where T,, is the time interval at which non-complementary transistors are on (cf. Fig

3.60), f,4 is the time interval at which the energy coming from the input side is not
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transferred to the output (cf. Fig 3.62) and Vj, and |, are respectively average input DC
voltage and average input current (cf. Fig 3.59).

Therefore, the DC voltage transfer function derived from steady state analysis of the
waveforms of Fig 3.62b is expressed in function of the effective duty cycle:

n
Vau =2 Vin - St -—= (3.204)
1

If an ideal operation without losses is assumed (Pj=Pqy), the DC current transfer function

is given by:
Vin  lin =Vour * lout . n
Ny = oy =5—o—— 3.205
Vour =2 -Vin - Oett n_2 out 2:6g Ny ( )

1

On the other hand, the value of the leakage inductance L, can be derived from Eq. (3.201)
while the value of the output side inductor L, is obtained from the steady state analysis of
the waveforms in Fig 3.62b:

Vou ) (1) (3.206)
V n
(Vin ’ e _VoutJ
At n

L=V, —=
A 2-Ai,

(3.207)

' 5ef‘f ' Tsw

Assuming input and output currents (lj, and lyy) are constant, the currents through input
and output capacitors can be illustrated as in Fig 3.63.
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|
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lin- n_i(lout'*'Alout) }

a) b)
Fig 3.63. Currents circulating through a) the input capacitor and b) the output
capacitor of the full-bridge converter.

Therefore, calculating the charges circulating through the capacitors (grey colored areas)
the input DC bus capacitance (Ci,) and the output capacitance (Co,;) can be derived:
:Qcin 2T - Toge +tb'(|in+|s)

AV 4-Avgiq (3.208)

C.

n
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out — = “Tsw (3.209)

where Avci, and Avcgy are respectively the half of the desired peak to peak voltage ripple
in the input and in the output, and t, is a time interval given by:

lin + 1

' (toff - Toff )

tb =
A )+, (3.210)

n,

2.

n, (
Additionally, from the waveforms of Fig 3.62 and Fig 3.63, the expressions of the
maximum energy stored by the passive elements, their maximum voltage stress and the
rms currents circulating through them are derived. These expressions are summarized in
Table 3.29.

TABLE 3.29
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Element  Maximum stored energy rms current Maximum voltage
stress
1 2 2. X
Cin 3 Cin ‘(Vin + AVCin) 3T (Vi + Avgin)
SwW
1 n, )
— L (1 + Al | 2 [2x
La 2 o ( out Ll) ( n, J 3T =~ (Vin + AvCin)
sw
1 L | B 2 2 Ail_12 ~ (V A )
L E 1 ( out +A|L1) Iout +T ~ WVour + AVcout
1 Ai
Cout 5 Cout * Vout + AVout | \/%I (Vour +AVeoy)

2 2
n . n, - 2 2
(toff —Tost tb)'[lin nz'(loutAlLl)J +ton’[n’A'L1] +3:To i ” +ty (1 +15)° +
1 1

_ ) )
2

+3'ton '(Iin - Iout]
N

1
where t, is given by:

ty = s '(toff —Toft )

n .
i'(lout _A|L1)+ Is
n
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Considering a very small leakage inductance it can be assumed that t,,=T,,. Under this
assumption and neglecting the current and voltage ripple in the expressions of Table 3.32,
the semiconductor utilization factor (Uy) is provided by:

PRated 2-8

Zallfswitchesvmax “rms B 2'(\/E+\/g+\/1—5)+\/§ (3211)

This utilization factor is illustrated in Fig 3.64 for different duty cycle values. As it can be

Uf:

noticed, the higher the duty cycle the better the semiconductor utilization. Therefore, in
order to minimize the installed semiconductor power in the converter, the n,/n, turn ratio
must be carefully chosen to guarantee that the converter operates with duty cycles values
close to 0.5.

=
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I
=
T
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Utilization factor (Uy)

0 1 1 1
0 0.125 0.25 0.375 0.5

Duty cycle (d)
Fig 3.64. Semiconductor utilization factor of the full-bridge converter.
2.2.14.2 Power losses estimation

Generally speaking, the power losses of the converters are given by the semiconductor
power losses, which can be estimated through Eq. (3.1) and Eq. (3.2), discussed at the
beginning of section 3.2.1.

As it can be noticed in Fig 3.62a, the current conducted by transistors S;-S4 is the same,
but differs from the current conducted by transistors S-Sz (the current conducted by this
latter transistors is also the same). This also happens with their respective freewheel
diodes (Ds;-Dss and Ds,-Dsg3). Conversely, the current through the diodes of the output
side diode bridge is the same (cf. Fig 3.62b). In consequence, power losses are calculated
for one semiconductor in each group (S;, S;, Ds;, Ds; and D;). The tables below
summarize the expressions of the currents through the semiconductors as well as of the
voltages they block.
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TABLE 3.30
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE FREEWHEEL DIODES

Current and voltage Freewheel diodes .
Freewheel diodes Dsy-Dg3

expressions Dg1-Dsa

rms current (Ims) I -

Maximum voltage (Vimax) (Vin + AV, ) (Vin + AVgin )

2
2 2 : N, o2 (M
c= ta'ls +Toff : Is +|s'(Iout+A'L1)'(n_J+(|out+AlL1) [n_J
1

TABLE 3.31
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE DIODE BRIDGE

Current and .
Diodes

voltage
D;-D,-D3-Dy

expressions

— 3 T
n .\
S [[Isnlj _(Iout"'A'Ll)]
(t _ _t ) (Iout _AILI) i Tot . 2 +
off = Toff T~ a 3-T, 3.T n
rms current (1) w W (I s n—l — (e + AiL1)3]
>
1 2 2 s 2
Lt -(I &J Lo Bl + AL
S on
| 3Ty n, 3 Tow -
Maximum voltage (V- +AvVg ) N
(Vo) in in n,
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TABLE 3.32

EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE TRANSISTORS

Current and

voltage Transistors S;-S, Transistors S,-S;

expressions

. n,
Toff '[Iout +AI; + Is ?]

o s 2/, n oyt — Al ) o — =0
Average current (lae) n_2 | out * Oeff 2Ty n_z'[lout Ot + ( out Lll (T?ff off a)
; - .
4 (Toue _AlLl)'(toff = Toit _ta) : -
2oy
n, a Ny b
rms current (Iyms) n_ ) 3.7 n_ ) 3-T
\ ‘Tow 1 *lsw
. . n i
MaXIml.lm current (I out T Al ) o (I out + Al ) —=
() n M
- 1 i n
Turn-off sw_ltched | . (l out TAIL ) —
current (iof) M
Maxi 1t:
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Turn-off switched
urn-off switche ~V. (Vm - AVcin)
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2
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From Eq. (3.1) and the expressions in Table 3.30, Table 3.31 and Table 3.32, the
expressions of the average conduction power losses of transistors S; (Pcong s1) and S;
(Pcong_s2), freewheel diodes Ds; (Pcong_ps1) and Dsy (Pcond ps2) and output diode Dy (Peond p1)

are given by:

. n
Tott | Doy + Al + | ~1] )
° ( o ? n, +(|out_A|L1)'(tof'f _Toff _ta) n

n
Pcond_Sl =Vth
n 2T 2-Tgy

1

Iout '5eff +

(3.212)
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. 2
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where ry and Vy, are the on-state resistance and the threshold voltage of each

semiconductor.

Since the freewheel diodes as well as the output side rectifier diodes do not present a hard
turn-off behaviour, their switching losses are neglected (cf. Fig 3.60 and Fig 3.62).
Furthermore, the transistors operate at zero voltage switching (ZVS) conditions and in
consequence, their turn-on power losses are also negligible. Hence, switching power
losses are only given in the turn-off of the transistors:

V.
Psw_Sl = ﬁ'(ﬂﬂoﬁﬁl '(Is)2 + Boff,Sl ’ Is +Coﬁ,51) (3217)
sw " V100FIT
(Vin — Avein) n ) n
Pov 52 = =% Ay '[(Iout +AiLl)'2j + By 52 (lout + Ay )- ==+ Copr 5 (3.218)
Tow Vioorrr n n

where Agiixx, Boixx and Cegrxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Vigori7).

All the previously presented equations can be simplified assuming the leakage inductance
as well as voltage and current ripple are negligible. This simplified equations are
described in [21].

2.2.15 Full-bridge isolated-boost

The full-bridge isolated-boost converter illustrated in Fig 3.65 is a unidirectional boost
type converter. At the input side, the converter contains a capacitor (Ci,), an inductor (L;)
and a H-bridge converter (5;-S;-S3-S,). In turn, a diode bridge (D;-D,-D3-D,) and a filter
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capacitor (Coy) form the output side. Both sides of the converter are connected via a

medium frequency transformer.

Iﬁ» + Ll _
+° e |
I ’ My
A +
s: ] S | D& Dk
Ny : Ny
V + iLm e ) *
in = Cin ¢ L Cout T+ VOUt
icin — ¢|Cout
vslg s or o _
. g O
- o,

Fig 3.65. Full-bridge isolated-boost converter.
2.2.15.1 Converter design

This converter operates repeatedly storing/transferring the energy in/from inductor L.
Thus, when all the transistors of the H-bridge are on (T,, time interval of Fig 3.66a), the
energy coming from the input is stored in the inductor L; and the output capacitor Coy
supplies the load. As zero voltage is applied to the primary of the transformer, the current
through the magnetizing inductance remains constant and it flows through the input side
transistors. Next, transistors S3-S4 are turned-off and the energy coming from the input as
well as the energy stored in L, are transferred to the output capacitor and the load (T
time interval illustrated in Fig 3.66b). In this time interval, the transformer is magnetized
positively. Then, transistors S3-S, are turned-on and again, energy is stored in L; while the
output capacitor Cqyy supplies the load and the current through L, remains constant
(second T, time interval). Subsequently, transistors S;-S;, are turned-off and the energy
coming from the input as well as the energy stored in L; are transferred to the output,
while the transformer is magnetized negatively (second T time interval illustrated in Fig
3.66¢).

Given that the transformer is magnetized bidirectionally, its utilization is good. However,
the converter requires a control scheme to avoid the DC current injection that leads to the
transformer saturation.

The leakage inductance of the MFT has been neglected in this analysis. Nonetheless, this
parasitic inductance has to be considered in real cases. With the described operation, the
current circulating through the primary of the MFT is interrupted and in consequence, the
voltage over the leakage inductance will raise in a short period of time. This leads to
overvoltages in the transistors. This overvoltages can be avoided, or at least reduced,
using snubber circuits.
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Fig 3.66. Currents circulating through the full-bridge isolated-boost converter a) when
all the transistors are on, b) when S;-S; are on and S3-S, are off, and c¢) when S;-S; are
off and S3-S, are on.

The typical current and voltage waveforms of the full-bridge isolated-boost converter in
continuous current mode (CCM) are shown in Fig 3.67. From Fig 3.67a, it can be
deduced that the theoretical maximum time interval in which all the transistors are on is
Tsw/2. Thus, the maximum duty cycle of the converter is given by:

1 Tw s 1 (3.219)

on,max max
2 2

where 0« 1s the maximum duty cycle of the converter (Ton max/ Tsw)-

During a switching period (Tsy), the average current through the input inductor is constant
and in consequence, the average voltage drop over the input side inductor is zero.
Therefore, from Eq. (3.220) and the voltages drawn in Fig 3.67b, the DC voltage transfer
function is derived, Eq. (3.221).

1 Ton TSW

(le)zT—{ [vidt+ [v dt}:o (3.220)
W 0 Ton
V; n

Vout =m~n—? (3.221)
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where V,, and V,,, are the average input and output voltages respectively, J is the duty
cycle of the converter and »; and n, are respectively the number of turns of the primary
and secondary windings of the medium frequency transformer (cf. Fig 3.65).

Similarly, the DC current transfer function is obtained from the waveforms shown Fig
3.67c:

ny

I, =(1-2:6)-1, (3.222)

ny
where /;, and 1,,,, are the average input and output currents respectively (cf. Fig 3.65).

S ,—S z-s 3-S4

Conducting

Sg-S4 & Dj-D4

le A SI_CSaZm‘i%ug nlg:D 2 Conducting
| | Tow o
7 T I | T >
- Ay, _/ l‘ | \_ t
Trm | Tnjf | Ttm | Taﬁ“l
L Lo
| | | |
Vim A | ! | !
| |
| | | |
ny | | | |
n_zyaut } }
| |
| |
— |
" t
'ﬂVout
n;

a)
1 S-S2 & Di-D S3-S4 & D;-D.
lLI A ! Cuznductinlg ? ! C(fnductirfg ! vCout A
3 /W/ L& | 1% Avcu] /) !
in | | out | |
} | \/ | |
Ton Ty,  Ton Lo | | | |
¢ OB o ‘ [ ‘ [
|
SI-SzJ- 3.-S4 } \S]~S2:S3_~S4} } Ton } Taﬂ” ‘ Tnn } Toﬁ"‘
(2 B . — e he— ety
| T T >
| | Tow | | Ton t . \ LT, [ | T, t
VL1 A } } 2 } } lCout A } } T } } ’
[ ! I ! \ I
g \ | ‘ ‘
Vi — 2L Ly~ Do ‘ ‘
n;
> >
t »
Vin 'ﬂ Voul
12 - Iaul —
b) ¢)

Fig 3.67. Typical voltage and current waveforms in full-bridge isolated-boost
converter's a) magnetizing inductance L, b) inductor L; and c) capacitor C,,;.
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On the other hand, the inductances of the magnetic elements in the converter can be
calculated from the waveforms depicted in Fig 3.67a and Fig 3.67b:

AtV n

L =y, —=—0t 1. (1_2.5).T

o=V N T A (1-2:6)-T,, (3.223)
At Vi

L=v, —= n__.§5.T

1 L1 Ai 2'AiL1 swW (3.224)

where AiLn is the current ripple in L, and Ai ; is the current ripple in L;.

Similarly, the value of Cg, can be calculated from the steady state analysis of the
waveforms of Fig 3.67c:

At lout

Cout =lcout

= S5-T
AV 2-AVeoy s (3.225)

where Avcoy 1S the output voltage ripple.

Assuming the input current lj, is constant, the current circulating through the input
capacitor is the same as the current ripple in the input side inductor. Thus, the input DC
bus capacitance (Cj,) can be calculated from Fig 3.68:

_ QCin _ AiLl .
TR TRT Tow (3.226)

where Avgi, is the half of the desired peak to peak input voltage ripple.

Icin A 0
Aiu Cin

T S Z; T N 7 >
-Aiu } t

Fig 3.68. Current through the input capacitor of the full-bridge isolated-boost
converter.

The equations of the maximum energy stored by the passive elements, their maximum
voltage stress and the rms currents circulating through them are summarized in Table
3.33. These expressions can be derived from the waveforms in Fig 3.67 and Fig 3.68.

The optimal design point is determined by the semiconductor utilization factor (Us).
Calculated from Table 3.34, the semiconductor utilization factor of the full-bridge
isolated-boost converter is given by:

PRated 1-2.¢6

Zall7switchesvl‘ﬂax.I"mS _4{ 1_5+ 1_2'5j (3227)
) \ 2

As it can be noticed, this Us factor is the same as that discussed for the push-pull isolated-

Uf:

boost converter in Eq. (3.169) and illustrated in Fig 3.49. Therefore, as discussed for that
converter, the lower the duty cycle the better the semiconductor utilization. In
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consequence, the ny/n; turn ratio must be chosen to make sure the converter operates with
low duty cycle values.
TABLE 3.33

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum stored

Maximum

Element rms current
energy voltage stress
1 Ai
Cin 5 * Cin * (VII'] == AVCin )2 \/%1 (Vin aF AVCin)
n
1 . / . Vo AVpy ) —-
L., 1 Lm 'AILmZ Aigy, - 1+4-6 ( out Cout) n,
2 3
1 . AI
Ly ob (i + Ai ) " 1 (Vin +Avgin)
lec Ve + AV )
Cout 2 out - ATout Cout 2:0- Iout + 1 2. 5 |In Outj (Vout +AVCout)

2.2.15.2 Power losses estimation

Generally speaking, the power losses of the converter are given by semiconductor power
losses. Semiconductor power losses depend on conduction power losses, Eq. (3.1), and
switching power losses, Eq. (3.2). In turn, conduction power losses depend on average
and rms currents through the switches, while switching power losses depend on the
switched current and voltages. Assuming all the transistors of the input side H-bridge
converter conduct the same current, it can be said that their average power losses are
equal. This is applicable to output side rectifier diodes D;-D,-D3-D,4. Therefore, power
losses expressions are calculated just for one semiconductor in each group. The
expressions required for calculating these power losses are summarized in Table 3.34.

All in all, average conduction power losses of transistor S; (Pcong s1) and diode D,

(Pcond_Dl) arc:

I 1-6 Aip,t At (1 Ai 2
Pcond_Slzvth'%ﬂ'rd'[Iinz’( ) )+5'[ ;m + |6-1 ]4’[5_5}%] (3.228)
I n Y () (Big,+ai, V| (1
Pcond_Dlzvth’on+rd'[(Iin'n_l] +(n_lj %][E_é‘j (3.229)
2 2

where ry and Vy, are each semiconductor's on-state resistance and threshold voltage
respectively.
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TABLE 3.34
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Current and

It T istors S.-S Diodes
voltage ransistors S;-S,
: D1-D,-Ds:D,
expressions
Average current | out

(Iave) 2

rms current (lrms)

Maximum current
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Turn-on switched

current (ion)

Turn-off switched
current (ioff)

Maximum voltage
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Turn-on switched
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Turn-off switched
voltage (Vofr)
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Average switching power losses of the transistor S; (Psy s1) and diode D; (Pgy p1) are

given by:
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where Agiixx, Boixx and Cegrxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Vigorir) switch whereas Ag,si,
Bons: and Cyp s are turn-on energy loss characteristic coefficients.
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2.2.16 Single-active-bridge

The single-active-bridge converter depicted in Fig 3.69 is a unidirectional converter
derived from buck. The converter is composed of a medium frequency transformer, a H-
bridge converter (S;-S,-S3-S,) at the input side, a diode bridge (D;-D,-Ds-D,) at the output
side and two DC bus filter capacitors, one at the input side (Cj;) and another one at the
output side (Coy).

|
‘:- Ds Dss R oLy, o
) s D )& D y
+ I—o‘ - n]_ . n2 ! 3
- _» o N y
+ | g
Vin = Cin L:V“? ‘ ‘ Cout+:: VOUt

Icin

¢ b b % iCout
- S4J Dsfzj l;”}SDsz Z|S - ¢ o

Fig 3.69. Single-active-bridge converter.
2.2.16.1 Converter design

The converter operates alternating the switching orders of the transistors S;-S; and S3-S,.
With light loads, the converter operates in discontinuous current more (DCM) while with
nominal and heavy loads, the converter operates in continuous current mode (CCM) [22].
Under nominal load operation conditions, if S;-S; are on and S3-S; are off (T,, time
interval), the energy coming from the input and the energy stored in the input capacitor
(Cin) are transferred to the leakage inductance of the MFT (L,) and the load (cf. Fig
3.70a). Then, S;-S; are turned-off while S3-S4 are turned-on. During a Ty time interval (cf.
Fig 3.70b), the current polarity is opposite to the natural conduction sense of the
transistors and hence, current flows through freewheel diodes Ds3 and Ds,. The load is
supplied by the energy stored in the leakage inductance and in the output capacitor (Coy)
while the energy coming from the input is stored in Cj,. Once the current polarity is
inversed, transistors S3-S; begin to conduct the current coming from the input and a
second T, time interval begins (cf. Fig 3.70c). Again, the energy coming from input and
the energy stored in Cj, are transferred to L, and the load. Next, S;-S; are turned-off and
S3-S4 are turned-on (cf. Fig 3.70d). Until its polarity is inversed, the current in the leakage
inductance circulates through freewheel diodes Ds; and Ds;, (second T time interval).

For light loads, the transferred power is reduced diminishing the duty cycle. In
consequence, there are time intervals at which all the transistors are off, the load is
supplied by the output capacitor and the energy coming from the input is stored in the
input capacitor (cf. Fig 3.70f).
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Fig 3.70. Currents circulating through the single-active-bridge converter a) when S;-
S, are on and S3-S; are off, b) when S3-S; are on and S;-S, are off (the current
circulates through the freewheel diodes Ds3-Ds,), ¢) when S;-S; are on and S,-Sy are
off, d) when S;-S, are on and S;-S; are off (the current circulates through the
freewheel diodes Ds;-Ds;) and f) when S;-S, and Ss-S, are off.

The current and voltage waveforms in the leakage inductance of the MFT are illustrated
in Fig 3.71. As it can be noticed, the current through the medium frequency transformer is
alternating. Thus, the magnetization of the transformer is bidirectional and therefore, the
utilization of the medium frequency transformer is good. In order to prevent the
saturation of the transformer, a control strategy must guarantee that the average voltage
applied to the MFT is zero.

As it has been said, the power is only transferred during the T,, time interval. Hence,
from Fig 3.71a it can be deduced that the maximum current through the leakage
inductance imay is given by:

2T ]

in

max 2 TOff
2 T

P, =V

in
SW

(3.232)
TSW

Ton - Toff

=lj, -

where Vi, and |, are respectively the average input voltage and current (cf. Fig 3.69), To,
and T are respectively the conduction times of the transistors and the freewheel diodes
and Ty, is the switching period.
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For any conduction mode (continuous or discontinuous, Fig 3.71), the relation between
the current through the leakage inductance and the voltage drop over this parasitic
element can be expressed as:

Ai n L, -i

VLJ:LG.E%(Vin_VOut.t]:UT’:w( (3233)
Al n L_-i

Vie =Lo — Vs +Vour - — | = S (3234)
At ny Toy

where V,,, is the average output voltage and n,/n; is the turn ratio of the MFT (cf. Fig
3.69).

Developing these equations, the relation between the duty cycle of the converter and the
conduction time of the freewheel diodes (7,;) is obtained, Eq. (3.235). This expression is

valid for continuous and discontinuous current mode conditions.

1-M
Ty =T, T (3.235)
V
M=o Z—; (3.236)

From the same equations, and assuming the converter operates with nominal load
conditions (hence, 27,,+27,;~T;,), the DC voltage transfer function can be obtained:

=V, -(4-5-1)"2 (3.237)

m

where ¢ is the duty cycle of the converter (7,,/7,<0.5).
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Fig 3.71. Typical voltage and current waveforms in the leakage inductance (L,) of the
single-active-bridge converter in a) continuous current mode operation and b)
discontinuous current mode operation.
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2.2. Switch mode DC-DC converters

Considering an ideal operation without losses (Pi=Poy), the DC current transfer function

for nominal conditions is given by:

Vin - lin =Vour - |

in " tin out " 'out I

> n M (3.238)

Vour =Vin '(4'5_1)':_2 out (4'5—1) n,

1

On the other hand, the value of the leakage inductance L, can be derived from Fig 3.71:

(Vin _Vout nlj 3239
n .
LJ:VLU.%:%Z'é'TSW ( )

| |

max

Under the assumption of a CCM operation and constant input and output currents (l;, and
lout), the currents through input and output capacitors can be drawn as in Fig 3.72.

Icin A :
lcout A

lintimax ﬂl -1 Qcout
n, max out
Iir1 ] ‘
| - lout T } - t
R on be offl\
Iin'lmax W
2

a) b)
Fig 3.72. Currents circulating through a) the input capacitor and b) the output
capacitor of the single-active-bridge converter under the assumption of a continuous
current mode operation.

As a consequence, calculating the charges circulating through the capacitors (grey
colored areas in Fig 3.72) the input DC bus capacitance (Cj,) and the output capacitance
(Cout) can be derived:

(L =i ) Ton (l_llmj

C. = QCin — max (3240)
" Av 4-Avg
Cin
e
e Qe _\™m ) (3.241)
M AV 16-AY, W
Cout

where Avci, and Avcgy are respectively the half of the desired peak to peak voltage ripple
in the input and in the output capacitors.

Additionally, from Fig 3.71a and Fig 3.72, the expressions of the maximum energy stored
by the passive elements, their maximum voltage stress and the rms currents circulating
through them are derived and summarized in Table 3.35.
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TABLE 3.35
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Element Maximum stored IMS current Maximum voltage
energy stress
1 2 2-x
S —Cip - (Vi + Avg,) 30 T (Vin + AVein)
2 “lhax * Tsw
1 .2 i n
L, 5 . Lo‘ “Linax :n/;_x ~ (Vin +Vout éj
2
1 2 1 2 |- m \% A )
Cout 5 : Cout ( out T AVCout) g Iout | Imax 'n__ Iout out +AVcout
b

From the expression in Table 3.36 and Table 3.37, the semiconductor utilization factor
(Uy) is provided by:

PRated \/g ‘M -6

Zall_switches Vinax * I"mS ) I-M)-6 2-8 (3242)
2-(1+M)- ‘/5“’7[1“\; +M"’71+M

In Fig 3.73, the semiconductor utilization factor is illustrated for a given M value (M=0.6)
and different duty cycles. As for previously discussed buck derived converters, the higher
the duty cycle the better the semiconductor utilization. Therefore, in order to minimize

U=

the installed semiconductor power in the converter, the converter must be designed to
operate with duty cycles values close to 0.5.

A

I
=
T

0.07F

0.05F

0.021

Utilization factor (Uy)

0 1 1 1
0 0.125 0.25 0.375 0.5

»
»

Duty cycle (0)
Fig 3.73. Semiconductor utilization factor of the single-active-bridge converter.
2.2.16.2 Power losses estimation

Assuming ideal passive elements with no losses, the power losses of the converter are
given by the semiconductor power losses. These, can be estimated through Eq. (3.1) and
Eq. (3.2) discussed at the beginning of section 3.2.1. The current and voltage expressions

144



2.2. Switch mode DC-DC converters

required by the mentioned equations have been obtained from Fig 3.71 and are

summarized in Table 3.36 and Table 3.37.
TABLE 3.36

EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS OF THE INPUT SIDE H-BRIDGE

Freewheel diodes

Current and voltage Transistors
expressions 81'82-83'84 Dgl-Dsz'Dgg-Ds4
i i 1-M
Average current (lave) i (1AXEp) 1, .
2 2 U+M
rms t (lms) i o i 1-M) o
current (lrms i L= . =
max 3 max 1 + M 3
Maximum current (imax) imax imax
Turn-off switched current (iof) imax 0
Maximum voltage (Vmax) (Vin + AVgin ) (Vin + AVgi, )
Turn-off switched voltage (Vorr) (Vin - AVgi, ) 0
TABLE 3.37
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE DIODE BRIDGE
. Diodes
Current and voltage expressions
D;-D,-Ds-Dy
a0 N
Average current (laye) il e L
(1+M) n,
rms t (Ims) i il o 2
current ax T T~
"™, V1+M) 3
, n
Maximum current (imax) [ n—
2
0

Turn-off switched current (iof)
Maximum voltage (Vimax)

Turn-off switched voltage (Vofr)

Since the current and voltage expressions of all the transistors are the same, the power
losses expressions are calculated for one transistor only. This is also applied to the

freewheel diodes and the output rectifier diodes.
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Chapter 2. DC-DC converters

Thus, from Eq. (3.1) and Table 3.36, the expressions of the average conduction power
losses of transistor Sy (Pcong s1) and freewheel diode Dg; (Pcong ps1) are given by:

i . 0
Pcond751 :Vth’%'5+rd 'Imaxz'g (3243)
imax 1-M H o (1-M
Peond _Dst = Vin 'T'[Wj'5+rd — ';'[HM J (3.244)

where ry and Vy, are the on-state resistance and the threshold voltage of each
semiconductor.

Similarly, average conduction power losses of the output diode D; (Pcong_p1) are expressed

as:

2
ipax 0 N . n ) 2
PcondDl=Vth'(;n+M)'n;+rd'(lmax'n;J : 3 (3.245)

In this converter, the freewheel diodes and the rectifier diodes are turned-off with a
relatively low current slope and hence, their switching losses can be neglected [22-23].
Moreover, the turn-on of the transistors is given at zero voltage switching (ZVS)
conditions in CCM (cf. Fig 3.71a) and in zero current switching (ZCS) conditions in
DCM (cf. Fig 3.71b). In consequence, their turn-on power losses are also negligible.
Therefore, switching power losses are only given in the turn-off of the transistors:

Vo — AV : -
M ’ (A\)ff,SI ! (Imax )2 + Boff,Sl “hnax T COff,Sl) (3246)

sw_S1—
TSW 'VIOOFIT

where Agiixx, Boixx and Cegrxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Vigori7).

2.2.17 Dual-active-bridge

The dual-active-bridge converter is a bidirectional step-up/down converter composed of
two H-bridge converters (one at the input side and the other at the output side), two DC
bus capacitors (Cj, and Cq;) and a medium frequency transformer.

o —> —>
+ DSl Dsg DSS DS7 +
A A
84 S Ss) s
Ny ng:nNy
+| | — . . +
Vin Ci"_—— . Lo Cout == Vout
¢I cin ) iCout
S4J SzJ SSJ SeJ
. DS4 Dsz S8 DSS -
[ * . o

Fig 3.74. Dual-active-bridge converter.
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2.2. Switch mode DC-DC converters

2.2.17.1 Converter design

The dual-active-bridge converter operates phase-shifting the square wave voltages
applied at each side of the medium frequency transformer (cf. Fig 3.75). The voltage
resulting from the subtraction of these voltages drops over the leakage inductance (L,).
The voltage applied to the leakage inductance determines the current circulating through
the transformer and thus, the power transferred by the converter. This voltage drop varies
changing the phase-shift (p) between the square wave voltages and in consequence, the
power transference can be managed by means of controlling this phase-shift.

¢ 2 »e 2 ,
* ¢ d
I Tof Ton | Tott Ton |
———r—

A N s N —
% | —1
s b= [ ——

v

v

v

v

Fig 3.75. Switching orders in the dual-active-bridge converter.

As it can be noticed in Fig 3.75, each transistor is on during half of the switching period
(Tew/2). The switching orders of transistors S;-S, and transistors S3-S, are complementary.
In the same way, the switching orders of transistors Ss-Sg and transistors S;-Sg are
complementary. The operation of the converter during a switching period is illustrated in
Fig 3.76 assuming constant input and output currents (li, and loy in Fig 3.74). When S-S,
are turned-on, S;-Sg are still on (cf. Fig 3.75) and the energy coming from the input is
used to invert the polarity of the current through the leakage inductance from negative to
positive (cf. Fig 3.77). During the inversion process of the current polarity, the current
circulates through freewheel diodes Ds;-Ds, and Ds7-Dsg (cf. Fig 3.76a). Once the current
through the leakage inductance is positive it flows through transistors S;-S; and S7-Sg (cf.
Fig 3.76b). Then, transistors S;-Sg are turned-off while Ss-Sg are turned-on and, during
their T, time interval (cf. Fig 3.76c), the energy coming from the input is transferred to
the output. When transistors S;-S, are turned-off and S;-S, are turned-on, the energy
coming from the input is used to invert the polarity of the current through the leakage
inductance. While the polarity of this current is positive, the current flows through
freewheel diodes Ds3-Dss and Dss-Dsg (cf. Fig 3.76d). When the current is negative, it
circulates through transistors S3-S4 and Ss-Sg (cf. Fig 3.76¢). Then, transistors S;-Sg are
turned-on and transistors Ss-Sg are turned-off. During the second T,, time interval (cf. Fig
3.761), the energy coming from the input is transferred to the output.
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Vin

Fig 3.76. Currents circulating through the dual-active-bridge converter a) when S;-S,
are on (current circulates through the freewheel diodes Dg;-Ds;) and S;-Sg are on
(current circulates through the freewheel diodes Ds;-Dgg), b) when S-S, are on and
S,-Sg are on, ¢) when S-S, are on and S-S are on (current circulates through the
freewheel diodes Dgs-Dgs), d) when S3-S; are on (current circulates through the
freewheel diodes Dg;-Dg,) and S;-Ss are on (current circulates through the freewheel
diodes Dgs-Dg4), €) when S3-S, are on and S5-S are on, and f) when S;-S, are on and

Vour

Vour

S-Sy are on (current circulates through the freewheel diodes Dg,-Dgg).

Vour

Vour

Vour

The leakage inductance current and voltage waveforms are depicted in Fig 3.77. As it can

be noticed, the current through the transformer is alternating. Thus, the magnetization of

the transformer is bidirectional and in consequence, the utilization of the transformer is

good. However, a control strategy must guarantee that the average voltage applied to the

transformer is zero in order to prevent its saturation.
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Fig 3.77. Typical voltage and current waveforms in the leakage inductance (L,) of the
dual-active-bridge converter.

148



2.2. Switch mode DC-DC converters

The time interval at which there is no power transference from the input to the output is
given by the phase-shift (¢) of the square wave voltages:

Toft = (/ZA (3.247)
T

where Ty, is the switching period.

While the time interval at which the power is transferred from the input to the output is:

T T
T =122 Ty =722 [1-2] (3.249)

From Fig 3.77, the relation between the current through the leakage inductance and its
voltage is provided by:

Ai n (N
v, =L -— |V, +V  —L|=L .~max 1 3.249
Lo o At (In out an o Toff ( )
Ai n (i —11)
v, =L -— |V, -V, oL |=L .~mx U 3.250
Lo o At (In out an o Ton ( )

where Vi, and V,, are the average input and output voltages, ny/n; is the turn ratio of the
MEFT (cf. Fig 3.74), inax is the maximum current through the leakage inductance and i, is
the value of the current at the end of the T time interval (cf. Fig 3.77).

Developing Eq. (3.249) and Eq. (3.250), the values of i; and ina can be calculated:

n
(Vin '(2'¢_”)+Vout 'nl'”J'Tsw

e 4.7-L,
Vi Vo (2 - ) |- T
) in out n, sw (3252)
1 =
max 4'7[‘L6

The value of the input current (l;,) is derived from the waveforms in Fig 3.77 taking into
account the sense of the current circulating through the input side H-bridge (see Fig 3.76):

_ G T .
I :L.H&_ta].L,w.ﬂ.[l_ﬂJ_'m%. a}:

Tew 2.7 2 2 2 T
n, (3.253)
Vout : ni 'Tsw
=1, = 2 11-2
2.7 L, V4
where t, 1s:
. |:V|n ”+Vout'1'(2'¢_”):|'Tsw
Imax q)'TSW n,
. = (3.254)

2.1

max )

iy +i

,_,
Q
1l
~
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2
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Chapter 2. DC-DC converters

As the input power depends on the average input current as well as the DC bus voltage,
the same statement as in [23] can be obtained from Eq. (3.253) assuming ideal operation

with no power losses:

VAT s PR R (3.255)

out — Fin = Vin m_2~7Z"LG @ = .
VN

d=2out 1 3.256
Vin'nz ( )

As it can be noticed, the power transfer is dependent on the phase-shift ¢. In turn, if Eq.
(3.255) is plotted in function of the phase-shift (see Fig 3.78), it can be observed that the

maximum power transference is given at p=nr/2.

A

Output power (Poyt)

v

0 n;4 n;Z 37tl/2 T
Phase-shift (¢)

Fig 3.78. Output power of the dual-active-bridge converter in function of the phase-
shift.

On the other hand, the value of the leakage inductance L, can be derived from Eq.
(3.249):

n o-T
L =(V.+V. , —L|.— 7 'sw
o ( in out nzj 2'”’(imax+i1) (3.257)

Under the assumption of constant input and output currents (li, and lqy), Fig 3.79 shows
the waveforms of the currents through input and output capacitors. Thus, the input and
output side capacitors can be derived from the waveforms in Fig 3.79:

2

— QCin _ (D'Tsw '(Iin +imax)

Ci = - - 3.258
AV 8 (i iy ) AVein ( )
Qcout LNy . n, @-Tew Ny
[T L= T I LI S N Y B0
out = 1 tiy e U e T )) Avean ) (3.259)

where Avci, and Avegy are the half of the desired peak to peak voltage ripple in the input
and output capacitors.
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Fig 3.79. Currents circulating through a) the input capacitor and b) the output
capacitor of the dual-active-bridge converter.

Furthermore, the expressions for the maximum energy stored by the passive elements,
their maximum voltage stress and the rms currents circulating through them can be
derived from the waveforms in Fig 3.77 and Fig 3.79. Table 3.38 summarizes the latter
expressions.

TABLE 3.38

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Maximum voltage

Element Maximum stored energy rms current
stress
1 2
Cin = Cjy - (Vin + AVCin) £ (Vin + AVCin)
2 3.z
1 L2 . . K n
Lo' E : LO‘ : Imax (Imax +1 ) ﬁ ~ [Vin +V0ut n_;J
1 n -p
Cout 5 Cout '(Vout + AVeout )2 low” + 31. n, (Vout + AVCout)
(imax + 1in)® v (i e =2+ 1) (7-9) PP PAE
— . ax in 1. — . max in A, — (1. —
g |fp { (imax +i1) +( " II) (imax +il) ’ (Il _imax) (( " ImaX) ( " Il) )
.33
i H Q- Imax + Il
k=[1-1 ) T—@)+
|:( max 1) (7[ (D) (imax +i1)3 :|
n . . i i 3lgy - .
p_|:nl‘((lmax+ll)2_ md);z_ 1'(7Z+2'¢)j+7Z_tl(2'¢_”)_3‘|0ut.|1nax:|
2

Neglecting the voltage ripple, the semiconductor utilization factor can be calculated from
the rms currents and maximum voltage expressions in Table 3.39 and Table 3.40:

P ate
Uy Fated (3.260)

4-Viy '(ISlRMS + IDisMS)+4'Vout '(ISSRMS + IDSSRMS)

In Fig 3.80, the semiconductor utilization factor has been illustrated in function of the
phase-shift ¢. As it can be noticed, the utilization of the semiconductors is maximized
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with phase-shifts close to 0 and n. However, as shown by Fig 3.78, the power
transference at these points is low, which suggests that the converter is underused. Hence,
in spite of the low semiconductor utilization, it is preferable to design the converter for
operating with phase-shifts close to ¢=n/2, where the maximum power transference is
given.

;l—b

—_
—_

Utilization factor (Uy)

(=]

1 1 )! ’
/4 /2 “n

Phase shift (¢)

(=]

Fig 3.80. S Semiconductor utilization factor of the dual-active-bridge converter.

2.2.17.2 Power losses estimation

The power losses of the converters are calculated estimating the average semiconductor
conduction losses of Eq. (3.1) and the average semiconductor switching losses of Eq.
(3.2). As the input side transistors conduct the same current, their power losses are the
same. This can be applied to the input side freewheel diodes and the output side
transistors as well as freewheel diodes. Therefore, power losses are calculated for one
semiconductor in each group (S, Ss, Ds; and Dss). In Table 3.39 and Table 3.40, main
current and voltage expressions required to estimate the power losses are summarized.
These expressions are obtained from Fig 3.77.

Therefore, average conduction power losses of transistors S; (Pcong s1) and Ss (Pcond_ss),
and conduction losses of freewheel diodes Ds; (Pcond_ps1) and Dss (Pcond_pss) are given by:

(ot ) i+ (9
P =V, LA | M T max)
cond _S1 th [2 (2.7[ Tswj 4 u

(3.261)
ry |. t . . L
Waliof et +(.lz+.max..1+.maxz).[l_ij
3 2.7 T, 2 2z
i n t r n ’ t
P SRV L I - PR Y L. T . 3.262
eSS [2-;; Tswj 3Un) (27 T, (3:262)
5 Ly dme ta e’ (3.263)
cond Dsl — Vth ) T d .

sw
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n i ta (i + i) p
P =V, .—L.|dmax _ra AT 7 max) jq_ P
cond _ Ds5 th n, |: 7 Tsw 4 o d

2
I n . i . . 1 . t
+l _1 . <|12+|max.|1+|max2)(_-ij_{_lmaxz ._a
3 \n, 2 2x T

Sw

3Ty
(3.264)

where ry and Vy, are the on-state resistance and the threshold voltage of each
semiconductor.

TABLE 3.39
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS OF THE INPUT SIDE H-BRIDGE

Current and . Freewheel
tage Transistors diodes
Vo
" $1-5,-8-S,
expressions Ds1-Dsy-Ds3-Ds4

Average current |_1 @ _t_a +(i1+imax)_ 1_ﬂ imax.tl
(lawe) 2 \(2:7 Ty, 4 T 2 Taw

rms current l i12 ) i_t_a +(i12 +imax 'i1 +imax2)' l_i i ta
(lrms) 3 2.7 T 2 2.z 3 'TSW
Maximum
current (imax) e -
Turn-off
switched current imax 0
(ioff)
Maximum
voltage (Vmax)
Turn-off
switched voltage (Vin - AV(:in ) 0
(Voff)

(Vin + AVCin ) (Vin + AVCin )

In this converter, transistors operate under ZVS conditions and freewheel diodes operate
under ZCS conditions. Thus, transistors turn-on losses and freewheel diodes turn-off
losses are neglected [23]. In consequence, switching power losses are given by the turn-
off losses of transistors:

V. — AVg; v .

Psw_s1=g.mvicm)'( .51 (i) +Boﬁ,s1"max+coﬁ,51) (3.265)
sw* VI00FIT
(Vout = AVeout) n ) n

Pyy g5 = 22 A)ﬁ,ss'(il'lj +Bot 5511 -—+ Coft 55 (3.266)
Tow Vioorir N n,

where Agiixx, Boixx and Cerxx are the turn-off energy loss characteristic coefficients
provided by the manufacturer for the 100FIT test voltage (Viporit) of each semiconductor
switch.
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TABLE 3.40
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS OF THE OUTPUT SIDE H-BRIDGE

Current and

It Transistors Freewheel diodes
voltage
" S5-55-57-S Dss-Dss-Dsr-Dsg
expressions
A il n1 % ta nl imax 1:E:I (Il + imax) 4
verage current (laye) —o——0| —— == ——o o=——=qp 11—
2, (2.7 Ty n, | 2 T, 4 P
. 1
(|12 Flnax "+ Imaxz) P ¢
.on 1 ® ta n |1 2 2z
rms current (lyms) W— | _— =
n2 3 2.7 Tsw nz 3 +i 2 ta
max
Tsw
Maximum current i . i . . i
(Imax) max n2 max n2
Turn-off switched i . i 0
current (iof) ! n,
Maxi It
SHITHIT HOTHES (Vout + AVCout) (Vout + AVCout)
(Vimax)
Turn-off switched (
Vout - AVCout) 0

voltage (Voff)

2.3 Resonant mode DC-DC converters

The main benefit of resonant mode DC-DC converters resides in the reduction of the
switching stress due to the soft switching conditions they provide (zero current and/or
zero voltage switching). Consequently, switching power losses can be decreased and
therefore, higher efficiencies and lower EMIs are achieved. In turn, switching frequency
could be also increased in order to reduce the volume of the passive components.
However, their main drawback is the voltage/current stress in passive elements.

Generally speaking, resonant mode DC-DC converters can be divided in two groups:
resonant load converters and resonant switch (or quasi-resonant) converters [2]. In the
latter, the resonance is given in a smaller time interval than the switching period. This
way, the resonance is used to adapt the voltages and/or currents through the
semiconductors so as to achieve zero voltage switching (ZVS) and/or zero current
switching (ZCS) conditions. Conversely, in resonant load type converters, a resonant-tank
is excited to create oscillating voltages and currents that last all the switching period.
Controlling the switching instants of the semiconductors, a ZCS or a ZVS can be
achieved.
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In this section, only resonant load DC-DC converters are considered. In these converters,
the amplitude of the output voltage is defined by the characteristic DC voltage gain
(voltage gain versus frequency) of the resonant-tank and the frequency of the applied
voltage. Furthermore, the resonant-tank acts as a filter, letting pass to determined
frequencies. If a DC output voltage is required, a rectifier must be used at the output
stage. The transferred power can be controlled varying the frequency of the square wave
voltage. However, despite of its effectiveness, this control method increases the difficulty
of the design of the passive elements [24]. This drawback can be addressed if the
converter is operated at a constant frequency and the applied fundamental voltage is
controlled varying the duty cycle [2].

In Fig 3.81, the general layout considered for the resonant load converters is shown. A H-
bridge converter has been considered as the input side inverter. Despite of the higher
semiconductor number, this converter has a better switch utilization than the half-bridge
inverter [2]. In addition, a diode bridge rectifier is considered in the output stage due to its
reliability and simplicity.

0
)S +
ng:n, 2p Ds

. . r +
? E Cout T Vout
v

Fig 3.81. Layout of the considered resonant load DC-DC converters.

As stated in [25-26], the characteristics of the resonant-tank depend on its topology.
When two or more passive elements are connected in series (see Fig 3.82a), the resonant-
tank performs as a band-pass filter. If the switching frequency is close to the resonance
frequency, this topology offers low semiconductor switching losses and low energy
circulating through the tank. On the other hand, when the passive elements are connected
as shown by Fig 3.82b, the resonant-tank performs as a low-pass filter or a high-pass
filter. If a capacitor is shunt connected, a low-pass filter is obtained, whereas if an
inductor is shunt connected, a high-pass filter is obtained. This topology is a good choice
if a variable output voltage is required. A notch filter is obtained when the elements are
parallel connected as depicted in Fig 3.82c and Fig 3.82d. The notch filter is useful to
provide soft start-up to the converter and for protecting it against load side short circuits.
As it will be discussed later in this section, the resonant-tanks resulting from the
combination of the basic topologies of Fig 3.82 maintain the characteristics of each basic
topology.
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Resonant-tank Resonant-tank Resonant-tank Resonant-tank
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Fig 3.82. Different resonant-tank topologies in which each dark-greyed box represents
one or more passive elements.

In this section, 10 different resonant-tank topologies are analysed and discussed. In order
to understand the behaviour of each tank, the DC voltage gain of each converter is
calculated. With these DC gain functions, the resonant-tank can be designed to operate at
any input and output voltages. Contrarily to the switch mode converters, it is easier and
more straightforward to calculate the power losses, and input and output DC bus
capacitances (Cj, and C, of Fig 3.81 respectively) by means of simulation (instead of
estimating them through analitycal approaches). In consequence, those analytical
expressions are not discussed in this chapter.

2.3.1 Series LC resonant-tank

The series LC resonant-tank shown in Fig 3.83a is a simple tank that can use the leakage
inductance of the MFT as part of the resonant-tank. Thereby, the total the amount of
components of the converter is reduced. Generally, the converter that includes this
resonant-tank is known as series-resonant converter [2, 8].

Resonant-tank

L R
— n 4 4
Vin@ @) n—ivout ;Vin R T ;ﬂ—ivout
a) b)

Fig 3.83. a) Series LC resonant-tank. b) Equivalent circuit of the series-resonant
converter for fundamental voltage.

From Fig 3.83a, the impedance of the resonant-tank can be calculated:

. 1
Ip=]oL +m (3.267)

where w is the fundamental frequency of the input square wave voltage and depends on
the switching frequency (fy,) of the converter:

w=2-1fg (3.268)
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The frequency at which the impedance of the resonant-tank is zero is known as the
resonance frequency (fo):

(3.269)

In turn, the impedance of each passive element at the resonance frequency is known as
the characteristic impedance (Zo):

Zy=. |- (3.270)

In a first approach, assuming a purely resistive load and neglecting the non-linear
behaviour of the output rectifier (diode bridge and output capacitive filter, Coy), the
equivalent circuit of the series-resonant converter can be drawn as in Fig 3.83b. From this
equivalent circuit, the DC voltage gain can be calculated as:

V_R_Vout'nl_ 1

V.,V -n, _ : 3.271
n in ]+anQS£1—2] ( )

o0

where Vi, and V; are the input and output voltages in the converter, ny/n; is the turn ratio
of the MFT (see Fig 3.81), w, is the normalized frequency (see Eq. (3.272)) and Qs is the
load factor, which represents the load intensity (see Eq. (3.273)). Therefore, the higher Qs
the heavier is the load and conversely, the lower Qs the lighter is the load.

f
o == (3.272)
0
z z
QS :?0: 0 2
8 _(vm -nlj (3.273)
I:’out 7Ny

In Fig 3.84 the DC voltage gain is illustrated in function of the normalized frequency and
for different load factors. As it can be noticed, the resonant-tank performs as a band-pass
filter with no voltage gain (the output voltage of the resonant-tank is, at most, the same as
the input voltage). With light loads, the output voltage cannot be regulated by varying the
frequency. So, duty cycle control is preferred. Conversely, the output voltage varies
dramatically with heavy loads, especially, with switching frequencies close to the
resonance frequency. For convenience, this resonance frequency will be named as series
resonance frequency (SRF). At SRF and independently of the load intensity, the DC
voltage gain is always equal to 1 and the energy circulating through the tank is minimum.
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Fig 3.84. DC voltage gain of the series-resonant converter.

On the other hand, two regions are distinguished in Fig 3.84, the zero current switching
(ZCS) region and the zero voltage switching (ZVS) region. When the switching
frequency is lower than the SRF, the resonant-tank behaves as a capacitor, Eq. (3.267),
and the current through the tank leads the input voltage (cf. Fig 3.85a). Therefore, input
side transistors are turned-on in hard switching conditions while the turn-off is given in
ZCS conditions. Freewheel diodes are turned-off under hard switching conditions.
Furthermore, when the switching frequency is lower than fy/2, the current in the resonant-
tank result discontinuous. The commutations of all the switches are given at ZCS
conditions, so, switching losses are zero. If the power transmitted under these DCM
conditions is high, the maximum conduced current can achieve relatively high values.

Va |4 A
S-S, Condeh S5, Cominoti
Dc,-D onducting D o.-D - _
Cond/uctmg Carftliuctfnzg Cotftjiuctiizg Cnnductmg Comlluctmg Coffluifng
A > Sf—>
t < t
a) b)

Fig 3.85. Voltage applied to the resonant-tank of the series-resonant converter and the
current circulating through it when a) the resonant-tank behaves as a capacitor and b)
when the resonant-tank behaves as an inductor.

Conversely, when the switching frequency is higher than the resonance frequency, the
resonant-tank behaves as an inductor (cf. Fig 3.85b). Thus, the current through the tank
lags the input voltage. In consequence, input side transistors are turned-on in ZVS
conditions and freewheel diodes are turned-off under soft switching conditions. The turn-
off of the transistors is given under hard switching conditions. As the ZVS turn-on
condition allows the use of snubbers to reduce the turn-off losses of the transistors as well
as the diode switching stress, the operation in ZV'S region is preferred.
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The power losses of the converter are minimized when it operates with a switching
frequency close to the SRF. In theory, if the converter operates at the SRF, the impedance
of the resonant-tank is zero and the voltage is in phase with the current. This leads to
negligible switched currents. However, if snubbers are used, the switching frequency
must be slightly higher than the SRF to guarantee the operation in the ZVS region and
avoid the operation in the ZCS region.

2.3.2 Three-element resonant-tanks

Resonant-tanks with three passive elements provide the ability to combine and exploit the
advantages of two basic tank topologies (cf. Fig 3.82).

23.2.1 LLC

The LLC resonant-tank of Fig 3.86a is one of the most popular tanks in resonant mode
DC-DC converters [2, 18, 26-29]. This resonant-tank is a combination of the series and
parallel tanks in Fig 3.82a and Fig 3.82b. Therefore, it can be deduced that the LLC tank
behaves as a combination of a band-pass filter and a high-pass or low-pass filter (this will
be discussed later in this section). One advantage of this resonant-tank is that it can use
the leakage inductance and the magnetizing inductance of the MFT as part of the
resonant-tank. In that case, the transformer must be designed thoroughly to that end. The
resonant mode converter composed of this resonant-tank is known as LLC converter.

Resonant-tank
Lr Cr I-r

+ - + - + -t T
— i n 4 N 4n
Vin Ly n_;VOUt ;Vin Lp_ R T Fn_ZVOUt

a) b)
Fig 3.86. a) LLC resonant-tank. b) Equivalent circuit of the LLC converter for

fundamental voltage.

The equivalent circuit shown in Fig 3.86b makes possible to obtain the DC gain voltage
of this converter assuming a purely resistive load and neglecting the non-linearity of the
rectifier stage (output diode bridge and C,,; capacitor):

Ve _Vou M _ j-w,-Q

Vin Vin'n )
’ J~a)n-[1+Q1—12]+Q1.Q5.(1_a)n2) (3.274)

n

where Vi, and Vg are the input and output voltages in the DC-DC converter, ny/n; is the
turn ratio of the MFT (cf. Fig 3.81) and w,, Q; and Qs are given by:

w, =2 =f,-2-7-4L, -C, (3.275)
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LP
=7 (3.276)
A S [
Rog (Vo) VG 8 (Voem ) (3.277)
Paut ) Pout )

where f;,, is the switching frequency of the converter, (; is the load factor, f; is the SRF
and Z; is the characteristic impedance of the SRF.
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Fig 3.87. DC voltage gain of the LLC converter.

If Eq. (3.274) is graphed in function of w, and for different load factors (Q), Fig 3.87 is
obtained. As it can be noticed, under heavy load conditions the resonant-tank behaves as
a band-pass filter. In fact, the DC voltage gain at the SRF is always 1. However, if the
converter operates with light loads, the resonant-tank behaves as a high-pass filter. The
frequency at which the output voltage tend to infinity depends on the relation of the series
and parallel connected inductors, Eq. (3.278). For convenience, this resonance frequency
will be named as parallel resonance frequency (PRF). Close to PRF, if the converter
operates with light loads, it is possible to regulate the output voltage in a wide range.
Nevertheless, the operation in frequencies below SRF leads to high oscillating voltages
and currents in the passive elements, thereby increasing the switching power losses as
well as the amount of stored energy.

1
(@ +1)
As depicted in Fig 3.87, if the DC voltage gain has a positive slope, the current through

the tank leads the input voltage and thus, the transistors operate under ZCS conditions. If
the DC voltage gain slope is negative, the current through the tank lags the input voltage

f1=f0'

(3.278)

and thus, the transistors operate under ZVS conditions. As discussed in the previous
section 3.3.1, operating in the ZVS region is more beneficial than operating in the ZCS
region since snubbers can be used in transistors, thereby reducing their turn-off switching
losses and increasing the overall efficiency of the converter. Moreover, if the converter is
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designed to operate with light loads and with frequencies comprehended between the PRF
and the SRF (the converter must operate with variable frequency), the benefits of each
resonance can be combined. Thus, switching losses are reduced and the energy
circulating in the tank is minimum if the converter operates at switching frequencies close
to SRF for nominal loads. If the output voltage require to be increased, the switching
frequency is reduced and the converter takes advantage of the PRF (the voltage is
increased guaranteeing the operation in the ZVS region). In any case, the diodes in the
output side rectifier and the freewheel diodes are turned-off under soft switching

conditions.

2322 LCC

The resonant-tank shown in Fig 3.88a is known as LCC and the DC-DC converter
composed of this resonant-tank is known as LCC converter.

Resonant-tank

L .G

. - +
|~~~ H T
Vi ¢ MVoe 2V c,=R3] 4Mmy
n p-T n2 out T n P- T n2 out

a) b)

Fig 3.88. a) LCC resonant-tank. b) Equivalent circuit of the LCC converter for
fundamental voltage.

The DC voltage gain is obtained from the equivalent circuit of the LCC converter drawn
in Fig 3.88b:

V_R Vou - Ny _ 1

V. V.n
i Vin N j~wn-Qs~[l—12]+1+Q1‘(1—wn2) (3.279)

Wn

where Vi, and V are respectively the input and output voltages, ny/n, is the turn ratio of
the MFT (cf. Fig 3.81) and w,, Q; and Qs are given by:

o, = fsw =fy, -2-7-4L, -C, (3.280)
0
C
Q = Cf (3.281)
Q :Z_0: Zy - i !
S
R 8'[\,%t o, ]2 o g_[\/out n, jz (3.282)
IDout 7N, I:’out 7N,

where f, is the switching frequency of the converter, Qs is the load factor, f, is the SRF
and Z, is the characteristic impedance of the SRF.
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Fig 3.89 shows the DC voltage gain in function of @, and with different load factors (Qy).
With heavy loads, the tank behaves as a band-pass filter while with light loads, the tank
behaves as a low-pass filter. At the SRF, independently of the load factor, the DC voltage
gain is always 1. Conversely, at the PRF, the output voltage tend to infinity. For a given
SRF, this resonance frequency depends on Q;:

. 1
=f - 14+—
fi=fo1+ o (3.283)

The output voltage can be regulated in a wide range if the converter operates close to the
PRF. However, the energy stored by the resonant-tank is larger than that operating at the
SRF.

zZvs
region
zCcs
region
Silfo

|77
’ |
f:vw/ﬂ

Fig 3.89. DC voltage gain of the LCC converter.

VR/ I/m

ok

As it can be noticed in Fig 3.89, two different operational regions can be distinguished.
When the DC voltage gain has a positive slope, the resonant-tank behaves as a capacitor
and thus, the transistors operate under ZCS conditions. If the DC voltage gain slope is
negative, the resonant tank behaves as an inductor and thus, the transistors operate under
ZVS conditions. Finally, if f;,/f;<0.5, the converter operates in discontinuous current
mode (DCM) and in consequence, switching losses can be neglected.

In order to take advantage of the benefits of series and parallel resonance frequencies
(low energy circulation through the resonant-tank and voltage regulation capability), the
LCC converter must be operated in the ZCS region. In order to achieve negligible
switching power losses, it could be interesting to operate with a switching frequency
below fo/2 [30].

2.3.2.3 CLL

The CLL resonant-tank is depicted in Fig 3.90a. Similarly to the LLC resonant-tank
(section 3.3.2.1), the tank under discussion can use the leakage inductance and the
magnetizing inductance of the medium frequency transformer as part of the resonant-
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tank. The converter composed of this resonant-tank is patented [31] and for convenience,
in this book will be named as CLL converter.

Resonant-tank

—+c|:r' L LG S
V, N Ny Ay, N rRs] Amy
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a) b)

Fig 3.90. a) CCL resonant-tank. b) Equivalent circuit of the CLL converter for
fundamental voltage.

For a purely resistive load and neglecting the non-linear behaviour of the output stage
rectifier, the equivalent circuit of the CLL converter can be illustrated as in Fig 3.90b.
From this circuit, the DC voltage gain is given by:

V_R:Vout'n1: 1

Vv, Vi, -
in L) i-o,-Q. '[1_‘_1} - 1 e 1 (3.284)
Q1 wnz wnz '(1+Q1)

where Vi, and Vg are respectively the input and output voltages in the DC-DC converter,
ny/ny is the turn ratio of the MFT (cf. Fig 3.81) and wp, Q; and Qs are given by:

AL TR SN /ﬁLr'Lp'Cr (3.285)
n— — Tsw :
f() Lr+L
p

LP
Q= (3.286)
Q. =20 - Zy bk !
*TR 2 e, (L + L) 2 3.287
8 (Vo o\l tbp) 8 (Voo (3.287)
Pout L) F’out L)

where f, is the switching frequency of the converter, Qs is the load factor, f, is the SRF
and Z, is the characteristic impedance of the SRF.

Fig 3.91 is obtained from Eq. (3.284). As illustrated in Fig 3.91, the tank behaves as a
band-pass filter with heavy loads, whereas with light loads, it behaves as a high-pass
filter. Conversely to the resonant-tanks discussed previously, the DC voltage gain of this
tank at SRF is not equal to 1. This voltage gain depends on the relation between the
parallel and series connected inductors:

1
SRFg =1+Q— (3.288)

1
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Fig 3.91. DC voltage gain of the CCL converter.
The PRF at which the output voltage tends to infinity is given by:

_
(0 +1)

It must be highlighted that to achieve a unity gain at the SRF, a large shunt inductor is

fHi=t (3.289)

required and in consequence, the tank will perform as a series-resonant tank (the effect of
the PRF will be negligible unless the converter operates with very light loads).

Depending on the switching frequency, the CLL converter can operate under ZCS or ZVS
conditions. If the converter is designed to operate with a light load between PRF and
SRF, the output voltage can be regulated in a wide range and the transistors operate under
ZVS conditions. At nominal conditions, the converter can operate close to SRF thereby
reducing the switching losses and the energy circulating through the tank. Under these
conditions, the diodes of the rectifier bridge as well as the freewheel diodes operate under
soft switching conditions.

2.3.2.4 LCL type 1

Fig 3.92a shows the LCL type 1 resonant-tank. Since it has an inductive element
connected in series with the load, the leakage inductance of the medium frequency
transformer could be integrated in the tank in order to optimize the converter design.

Resonant-tank

L W Ls L L L L
+l + 4
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Fig 3.92. a) LCL type 1 resonant-tank. b) Equivalent circuit of the LCL type 1
converter for fundamental voltage.
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For the resonant-tank analysis, a purely resistive load has been assumed. In consequence,
its equivalent circuit can be depicted as in Fig 3.92b, from which, the DC voltage gain is
obtained:

VR Vout " 1

I = 3.290

Vm Vm'}’lz j'a)n'Qs'(l_i_Ql_Ql'a)nz) +1_wl12 ( )
where V;, and V,, are respectively the input and output DC voltages in the DC-DC
converter, 7,/n; is the turn ratio of the MFT (cf. Fig 3.81) and w,, Q; and Q; are given by:

wnz%:fm.z.”. /Lr.cr (3.291)
0
L
0=4" (3.292)
0 _Zo _ Zy _ L !
SR s (em ) VO s (hem ) (3.299)
Pout 7Ny Pout TNy

where f;,, is the switching frequency of the converter, O is the load factor, f; is the PRF
and Z, is the characteristic impedance of the PRF.

A
4F 0
Mixed
S region
SO Zvs
= | region
N ‘
2
SRFs Light load
1 k
. ; = *.I/Iieavy load
0 05 U ffo 15 2

,f:cw/ 0

Fig 3.93. DC voltage gain of the LCL type 1 converter.

As it can be noticed in Fig 3.93, the performance of the tank depends on the load. At
heavy loads (high Q;) the tank performs as a band-pass filter, whereas for light loads, it
performs as a low-pass filter. The SRF is given by Eq. (3.294) and the voltage gain at this
frequency (SRF) is given by Eq. (3.295). It can be observed that this voltage gain
depends on the relation between the inductive elements. Furthermore, the higher the SRF;
value, the lighter must be the load if significant voltage gain at the PRF is desired.

1
= f . N+—
Sr="Fo 1+ o (3.294)

SRF; = Q, (3.295)
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In general, this converter must be designed to operate with light loads and between
parallel and series resonance frequencies of the ZVS region. Thus, the energy circulating
through the tank is minimum at nominal loads while the output voltage can be increased
reducing the switching frequency. Since the converter performs at the ZVS region,
snubbers connected in parallel to the transistors can be used. Under this conditions, turn-
off losses in the output rectifier are negligible.

2.3.25 LCL type2

The LCL type 2 resonant-tank combines the tank topologies shown in Fig 3.82a and Fig
3.82c (see Fig 3.94a). Therefore, it can be deduced that the tank performs as a
combination of a band-pass filter and a notch filter. The latter can be useful for the start-
up process of the converter or short circuit protection. With an appropriate transformer
design, the series connected inductive element in Fig 3.94a (L) could be substituted by
the leakage inductance of the MFT. For convenience, the resonant mode converter
composed of a LCL type 2 resonant-tank will be named as LCL type 2 converter.

Resonant-tank
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Fig 3.94. a) LCL type 2 resonant-tank. b) Equivalent circuit of the LCL type 2
converter for fundamental voltage.

Assuming a resistive load and neglecting the non-linear behaviour of the output rectifier,
the equivalent circuit of the LCL type 2 converter can be drawn as in Fig 3.94b. From this
circuit, the DC voltage gain is:

V_R_Vout'nlz 1

Vi,V -n
in in 2 j-a)n-Qs~[Q1+1 1 2']4_1 (3296)

@

where Vi, and Vo are respectively the input and output DC voltages in the DC-DC
converter, Ny/N, is the turn ratio of the MFT (cf. Fig 3.81) and w,, Q; and Qs are given by:

o, = fSW =fy, -2-7-4L, -C, (3.297)
0
L
Q== (3.298)
T
0 _Zo _ Z _ b !
s R - 2 C 2
S[Vn] , 8[an (3:299)
IDout TNy IDout D)
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where f;,, is the switching frequency of the converter, Q; is the load factor, f; is the notch
resonance frequency (NRF) and Zj is the characteristic impedance of the NRF.
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Fig 3.95. DC voltage gain of the LCL type 2 converter.

The DC voltage gain is illustrated in Fig 3.95 for different load factors. As it can be
observed, the maximum DC voltage gain of the tank is 1 (obtained at SRF), which means
the output voltage in the tank cannot be higher than the input voltage. In turn, it can be
noticed that the notch resonance frequency is lower than the series resonance frequency.
The latter depends on Q; and the NRF as shown by the following expression:

. 1
=1 - h _—
f1 =5 + 2) (3.300)

If the converter is operated with variable switching frequencies below SRF and above
NREF, the transistors operate under ZCS conditions. At any other frequency, the transistors
operate under ZVS conditions and snubbers can be connected in parallel to them.
However, in general, the LCL type 2 converter should be designed to take advantage of
the characteristics provided by the SRF (low energy circulation and low losses) and the
benefits of operating in NRF (soft star-up and short circuit protection). In consequence,
the converter should operate in the ZCS region.

2.3.3 Four-element resonant-tanks

Four-element based resonant-tanks combine three different resonant-tank topologies and
in consequence, three different resonance frequencies can be obtained. Therefore, the
benefits provided by each resonance frequency can be exploited in a single converter.

2.3.3.1 LCLL

In the LCLL resonant-tank of Fig 3.96a, L, and L, inductors can be substituted by the
leakage inductance and the magnetizing inductance of the medium frequency transformer.
In consequence, the number of additional passive elements in the converter is kept low.
For convenience, the converter comprising this resonant-tank will be named as LCLL
converter.
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Fig 3.96. a) LCLL resonant-tank. b) Equivalent circuit of the LCLL converter for
fundamental voltage.

Under the assumption of a resistive load, the equivalent circuit of the LCLL converter can
be drawn as in Fig 3.96b. From this equivalent circuit, the DC voltage gain is obtained as:

V_szout'nl _ 1
Vin  Vip-Ny 1 1 1 3.301
in in J‘wn'Qs’[Q2+ 2]+Q.[Q1+Q2+ 5 ( )

l-w, 1 l-w,

where Vi, and V,; are the input and output DC voltages in the DC-DC converter, ny/n; is
the turn ratio of the MFT (cf. Fig 3.81) and w,, Q:, Q; and Qs are given by:

f

o, = fSW =fy -2-7-4L, -C, (3.302)
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where fy, is the switching frequency of the converter, Qs is the load factor, f, is the NRF
and Z, is the characteristic impedance of the NRF.

Fig 3.97 shows the DC voltage gain for different load factors. As it can be observed, the
resonant-tank performs as a combination of a notch filter, a high-pass filter and a band-
pass filter. At heavy loads, the band-pass filter prevails to the high-pass filter, whereas at
light loads the opposite occurs. The DC voltage gain is equal to 1 at the SRF.
Furthermore, for a given notch resonance frequency, the parallel and series resonance
frequencies are given by Eq. (3.306) and Eq. (3.307) respectively. As it can be noticed,
the SRF depends on L while the PRF depends on L and L.

1+Q1+Q2)

(
fof (3.306)
L <Q1+Q2)
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Fig 3.97. DC voltage gain of the LCLL converter.

If the converter is designed to operate in the ZVS region (cf. Fig 3.97), with light loads
and with frequencies comprehended between the PRF and the SRF, the benefits of each
resonance can be combined (low power losses and low energy circulation at nominal
conditions and wide voltage regulation capability). In addition, the rectifier diodes
operate under ZCS conditions and the switching losses of the freewheel diodes are
negligible. Under this conditions, the ZCS region must be crossed to reach the NRF.

2.3.3.2 LLCL

The LLCL resonant-tank shown in Fig 3.98a can integrate the leakage inductance of the
medium frequency transformer and in consequence, the number of passive elements in
the converter can be slightly reduced. For convenience, the converter comprising this
resonant-tank will be named as LLCL converter.
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Fig 3.98. a) LLCL resonant-tank. b) Equivalent circuit of the LLCL converter for
fundamental voltage.

The performance of the resonant-tank can be easily analyzed under the assumption of a
resistive load. Hence, the equivalent circuit of the LLCL converter can be illustrated as in
Fig 3.98b, from which, the DC voltage gain is calculated as given by Eq. (3.308).
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where V;, and V,, are respectively the input and output DC voltages in the DC-DC
converter, n,/n; is the turn ratio of the MFT (cf. Fig 3.81) and w,, Q;, Q> and O, are given
by:

~

w, =t =f 2.7-JL. -C, (3.309)
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1
K S[V] G g [VJ (3.312)
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where f;,, is the switching frequency of the converter, Q, is the load factor, f; is the NRF
and Z, is the characteristic impedance of the NRF.
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Fig 3.99. DC voltage gain of the LLCL converter.

The DC voltage gain of the tank is illustrated in Fig 3.99. As it can be noticed, DC
voltage gain depends on the load factor and the switching frequency of the converter. The
DC voltage gain at the series resonance frequency can be derived from Eq. (3.308) and

depends on Lg; and L,:
Ql LS2
SRF, = =— =—2% 3.313
¢ QZ Ls] ( )
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2.3. Resonant mode DC-DC converters

In turn, the parallel and series resonance frequencies are given by Eq. (3.314) and Eq.
(3.315) respectively. For a given notch resonance frequency, the PRF depends on Ly
while the SRF depends on the two series connected inductive elements.

1

f=fy. |——

1= To (1+Q2) (3.314)

fZ:fo-\/ @ +Qy) (3.315)
<Q1+Q2+Q2'Q1)

Determined by the inductive or the capacitive behaviour of the resonant-tank, three
different regions can be distinguished in Fig 3.99. When the tank performs capacitively,
transistors are turned-off in ZCS conditions (ZCS region). Whereas, when the tank
performs inductively, transistors are turned-on in ZVS conditions and the reverse
recovery current in the freewheel diodes is negligible (ZVS region). In turn, capacitive
snubbers can be used to reduce the turn-off switching losses. Operating in the ZVS
region, low power losses and low energy storage can be achieved close to the SRF.
Furthermore, wide voltage regulation capability is achieved if the converter is designed to
operate with light loads and, additionally, the converter can take advantage of the short
circuit protection and soft start-up provided by the NRF.

2333 CLCL

In the CLCL resonant-tank of Fig 3.100a, the leakage inductance of the medium
frequency transformer can be integrated in the tank, thereby reducing the number of
passive elements in the converter. In this book, the converter comprising the CLCL
resonant-tank is named as CLCL converter.

Resonant-tank

Ny %Vin

n_ZVOUt

a) b)

Fig 3.100. a) CLCL resonant-tank. b) Equivalent circuit of the CLCL converter for
fundamental voltage.

Assuming a purely resistive load, the equivalent circuit of the CLCL converter can be
illustrated as in Fig 3.100b. From this circuit, the DC voltage gain is expressed as:

Ve Vou N _ 1

V: V. -n
n Vi j'wn'Qs'gl'(Q2+ll 1 J+1+1_ 1 (3.316)

2 2
2 Wy Q- o,
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Chapter 2. DC-DC converters

where Vi, and V,,, are the input and output DC voltages in the DC-DC converter, n,/n; is
the turn ratio of the MFT (cf. Fig 3.81) and w,, O;, O, and Q; are given by:

wn:fsw:_sw,2_”. L C. (3.317)

Jo
LS

0 =7 (3.318)
CS‘

0, = ¢ (3.319)

_ﬁ_ Zy 3 L_r 1
S K i Vout ' ’ C,. i Vout "y ’ (3320)
Pout AR Poul 71y

where f;,, is the switching frequency of the converter, Q; is the load factor, f; is the NRF
and Z, is the characteristic impedance of the NRF.

A |
|
ZCs |
6F region }
< | VAL
N ‘ region
= |
=~ SR, |
o2 1 ZVS .
. region | Light load
I | o [
SRFGé 777777 e l- I{eavy load
0 Hlfo D 2 7

f; " /ﬁ) S/fo

Fig 3.101. DC voltage gain of the CLCL converter.

The DC voltage gain is depicted in Fig 3.101 for different load factors. As it can be
noticed, apart from the notch resonance frequency, the tank has three additional
resonance frequencies, two series resonance frequencies and a parallel resonance
frequency. The DC voltage gains at the series resonance frequencies are provided by:

00, -1-0, +v4
SRF;, = 3.321
¢ 00, -1+ 0, +44 ( :
1-0,-0, + 0, ++4
SRF -, = 3.322
o 1-0,-0, -0, +44 ( :
where 4 is given as:
2=1-2:0(0,-1-0,-0,)+(0, -0, ] +0/° (3323)
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2.3. Resonant mode DC-DC converters

In turn, the mentioned series and parallel resonance frequencies can be expressed as:

Ce 14Q, (Q +1)-y(1+Q; -(Q, +1))* -4-Q,-Q, (3.324)
b= 2:Q,-Q

b
I (3.325)
e 14Q, -(Q +D)+y(1+Q (@, +1) —4-Q, -Q, (3.326)
300 2:Q,-Qy

As it can be observed, for a given notch resonance frequency, the parallel resonance
frequency depends on the series connected capacitor Cs.

Operating between the PRF and SRF of the ZVS region, low energy storage and low
power losses are achieved. Furthermore, the output voltage regulation capability is wide.
However, the ZCS region must be crossed to reach the NRF.

2.3.4 CLCLL resonant-tank

With five passive elements the resonant tank provides the benefits of five different
resonant frequencies. Conversely, the reliability is reduced due to the high number of
passive components. Among the different resonant-tanks composed of five passive
elements, only the CLCLL resonant-tank shown in Fig 3.102a has been analyzed due to
its capability to transfer the energy though the third harmonic current component. In turn,
the leakage and magnetizing inductances of the MFT can be included in the CLCLL tank
and therefore, the design of the converter can be optimized in terms of volume. For
convenience, the converter comprising this resonant-tank will be named as CLCLL

converter.
Resonant-tank
i(|3s_+Lr_+Ls_ +CS_+Lr_+Ls_
+
Vin L MV 2Vin = L§ R Tim wt
ar C, = P- n, ou T C, -G 7 Ny
a) b)

Fig 3.102. a) CLCLL resonant-tank. b) Equivalent circuit of the CLCLL converter for
fundamental voltage.

The equivalent circuit of the CLCLL converter can be illustrated as in Fig 3.102b if a
resistive load is assumed. From this equivalent circuit, the DC voltage gain of the
converter is expressed as shown by Eq. (3.327).
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Ve _Vou-m _
Vin Vin'nz

1 (3.327)
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where V;, and V,,, are respectively the input and output voltages, n,/n; is the turn ratio of
the MFT (cf. Fig 3.81) and w,, Q;, O,, Qs and Q; are given by:

o, = J}W =f.-2-7m4L,-C, (3.328)
0
Ly

0, :L_r (3.329)
LS

0, :Z (3.330)
CS

0; = c (3.331)

0 _Zy _ Zy _ L 1
SR s (Ven ) VG s (Ve ) (3:332)
Pout 7Ny Pout T-ny

where f;,, is the switching frequency of the converter, Q; is the load factor, f; is the NRF
and Z, is the characteristic impedance of the NRF.
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Fig 3.103. DC voltage gain of the CLCLL converter.

The DC voltage gain can be illustrated as in Fig 3.103 for different load factors. As it can
be observed, the resonant-tank performs as a combination of a notch filter, two high-pass
filters and two band-pass filters. The DC voltage gain at the series resonance frequencies
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2.4. Summary

is always equal to 1 and the parallel and the series resonance frequencies in Fig 3.103 can
be derived from Eq. (3.327):

(o .\/Q3~(Qz +Q D 1-4(Qy (Qy +Q +1)+1) 4-Q(Q, +Q)) (3.333)
e 2:Q;-(Q,+Q))

R Q:(Q +1)+1-4(Q: +(Q, +1)+1)*~4-Q; -Q, (3.334)
S 2:Q;-Q,

. .\/Q3-(Q2+Q1+1)+1+\/(Q3'(Q2 +Q; +1)+1)* -4-Q,-(Q, +Q) (3.335)
2T 2:Q,-(Q:+Q)

g Q@)@ (@ )41 40,0 (3.336)
L0 2:Q;-Q,

As it can be observed in Eq. (3.334) and in Eq. (3.336), the series resonance frequencies
depend on Q, and Q. In order to transfer the energy through the third harmonic
component, the frequency of the second band-pass filter (f;) must be three times higher
than the first band-pass frequency (f;). In consequence, Q, and Qs must satisfy the
following relations:

16

Qz—g

(3.337)

Q, - g (3.338)

If the converter is designed according to Eq. (3.337) and Eq. (3.338), and is operated in
the ZVS region between the first parallel and series resonance frequencies, low energy
storage and low power losses are achieved. In addition, the output voltage can be
regulated in a wide range. Moreover, the converter can operate in the NRF for providing
soft star-up and for protecting it against output side short circuits.

2.4 Summary

In this chapter, several switch mode and resonant mode DC-DC converter topologies
have been thoroughly analysed and modelled.

In the first part of this chapter, 17 different switch mode DC-DC converters have been
discussed, found among them, converters with or without galvanic isolation capability,
and complex or simple (composed of few elements) converters. High reliability and cost
reduction can be achieved by using simple converters. However, depending on the input
and output voltage, power ranges of the application, etc. more complex converter
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topologies must be considered. In a similar way, depending on the secondary side voltage
level and galvanic isolation requirements, the use of a converter with a medium frequency
transformer that provides galvanic isolation must be assumed. For all switch mode DC-
DC converters, design and efficiency evaluation tools are discussed, i.e. analitycal
equations for passive element sizing and semiconductor power loss estimation
expressions are shown. Furthermore, by means of the semiconductor utilization factor
expression, the optimal design point of the converters is calculated.

In the second part of this chapter, 10 different resonant mode DC-DC converters have
been studied. All of them provide galvanic isolation by means of a medium frequency
transformer. Furthermore, the structure of the analysed converters is the same, a H-bridge
at the input side followed by a medium frequency transformer and a diode rectifier at the
output side. Thus, the resonant-tank topology is the only differece between the discussed
converters. By analysing the transfer function of these resonant-tanks, the DC voltage
gain expression of each resonant mode DC-DC converter topology is estimated.
Additionally, switching frequency dependent operational regions of the converters are
identified, i.e. zero voltage switching and zero current switching regions. Based on the
reduction of the semiconductor power losses in these regions, optimal converter design
regions are adviced.

All in all, it can be said that this chapter provides the basic tools to select the appropriate
DC-DC converter for a given application.
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Medium frequency
transformer

The medium frequency transformer is a key component of some of the DC-DC converters
analysed in the previous chapter. Generally, although the behaviour of these converters
can be understood considering an ideal transformer, the leakage and the magnetizing
inductances affect the behaviour of the real converters. So, these parameters must be
carefully designed. In addition, the thermal behaviour and the space requirements of the
transformers must be considered during the design process. The design of the medium
frequency transformer is challenging due to the operation at high frequency and with
non-sinusoidal current and voltage waveforms. Therefore, this chapter details the design
of the medium frequency transformer.

3.1 Introduction

The transformer is an electrical device that magnetically couples two or more electrical
circuits that, generally, have different voltage levels. The design of low frequency
transformers is an addressed process [32], however, when the operating frequency
increases, the design of the transformer becomes challenging [33]. At high frequencies,
the influence of the skin and the proximity effects in the windings is more noticeable.
These effects increase the resistance of the conductors and in consequence, the power
losses and the temperature of the transformer are increased. The operation at high
temperature increases even more the windings resistance. On the other hand, core power
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losses also increase along with the frequency. So, it can be concluded that the thermal
stability of the medium frequency transformer is a challenging design issue.

The standard transformer design criteria considers sinusoidal current and voltage
waveforms. However, the medium frequency transformers (MFTs) in the analysed DC-
DC converters (cf. Chapter 3) operate with non-sinusoidal waveforms. This makes invalid
the standard design criteria and demands more advanced calculation methods [34].
Hence, this chapter analyses the design of the MFT. The selection of the transformer
geometry (core and winding geometry) is discussed and appropriate conductor and core
materials are introduced. Furthermore, methods for the calculation of the leakage
inductance, the magnetizing inductance and the power losses are described. Finally, a
design procedure for the MFT is presented, which, for given technical specifications
(nominal power, operational frequency, isolation requirement, etc.), outputs the optimum
transformer design.

3.2 Geometry of the transformer

Generally speaking, the geometry of the transformer depends on the operational
specifications, the core shape and the selected core materials, insulators and conductors.

3.2.1 Core

So far, the constructed MFT prototypes are mainly based on four core materials
(amorphous alloys, nanocrystallines, ferrites and silicon-steel materials) and three
different transformer geometries (coaxial-type, shell-type and core-type) [35-36]. On the
one hand, the use of core materials with high saturation flux minimizes the core cross
sectional area (Score) compared to that required by the materials with a low saturation flux,
see Eq. (4.12). This leads to a higher power density transformer design. Generally
speaking, the saturation flux of amorphous alloys, nanocrystallines and silicon-steel based
materials are above 1.1T while that of ferrites is about 0.45T [37]. However, it must be
highlighted that due to their demanding manufacturing process, the cost of these materials
is higher than the cost of ferrites [36].

On the other hand, coaxial-type transformers (Fig 4.1a) are built through ring shaped core
structures while shell-type (Fig 4.1b) and core-type (Fig 4.1c) transformers are built
through C-shaped core structures. Due to their orbital shaped geometry, coaxial-type
transformers are appropriate for high power applications [34]. Nonetheless, even though
they achieve high isolation levels, the difficulty of independently selecting the number of
primary and secondary turns due to the coaxial cable they use limits their design
flexibility [36]. Therefore, this type transformers are discarded in this book.
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3.2. Geometry of the transformer

Core

Core

a) b) ©)
Fig 4.1. a)Typical coaxial-type transformer. b) Typical shell-type transformer.
c) Typical core-type transformer.

An advantage of shell-type and core-type transformers is that the use of C-shaped core
structures is very common in industrial applications and therefore, its availability is very
high. Compared to core-type transformers, shell-type transformers make easier the design
of the MFT to achieve a desired leakage inductance. In turn, when the windings in the
core-type transformer are placed in different legs, the minimization of the leakage
inductance is a very difficult task. In [33] it is stated that for the same volume, a shell-
type transformer requires 15% more core material and 36% less winding material than a
core-type transformer. As discussed in [35], this suggests that shell-type transformers are
more suitable for high voltage applications than core-type transformers. All in all, in the
present book only shell-type transformers are considered (cf. Fig 4.2a).

The volume of a shell-type core depends on the required window area (W,), the core cross
sectional area (Acore) and the depth of the core (z). As it can be noticed in Fig 4.2b, the
window area depends on the diameter of the winding cables, their number of turns, the
number of layers and the required amount of insulating material. Therefore, the window
area can be expressed as:

W, =1-h=(m,-dg +m,-dg, +dipg; +df, +dy, ) @.1)

where m; and m, are respectively the number of layers of the primary and the secondary
windings, d¢; and dg, are the diameters of the cables in the primary and the secondary
windings, di is the insulation distance between the primary and the secondary windings,
dry is the insulation distance between the primary winding and the core, di, is the
insulation distance between the secondary winding and the core and h is the height of the

window.

The window height must be large enough to shelter the primary and secondary windings.
Since both windings are different, the winding with the larger window height requirement
determines the window height (note that the last turn of the ending loop in each winding
must be taken into account):

h= max(hx’mm ) (4.2)
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n

My min = (—]+ IJ Ao +2-dy, (4.3)
m
n

h2,min = [—2—1- IJ dy +2-d¢, (4.4)
m,

where h i, is the minimum height of the primary winding, h; i, is the minimum height
of the secondary winding and n; and n, are respectively the primary and the secondary
turn numbers.

Windings
L
\
Core
a)
ma ms
o N et
dcz!\ : : :,rd” Primary Core
Secondary P | , winding /
wmdlng\ | : / / N

|

|

-

|
Insulator \ |
materlal\

| ) I
\§ / P 1 Acore
N D D\ — h
o pet
|
|
|

dins o 771 7

[

 N— — 4
:: :'l ' ' al2
! ,

|-

b)
Fig 4.2. a)Typical shell-type transformer's frontal and upper views. b) Detailed
illustration of the considered shell-type transformer.

Vertical isolation distances iy, and dinss are given by the winding that determines the
maximum height. Therefore, if the maximum height is determined by the primary
winding (N min), dinsz and dinss Will be respectively expressed as in Eq. (4.5) and Eq. (4.6).
Whereas, if the maximum height is determined by the secondary winding (N, min), ins2 and
dinss will be respectively expressed as in Eq. (4.7) and Eq. (4.8).

ingy =0y 4.5
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3.2. Geometry of the transformer

(hl,min - h2,min )

dinsB =d f2 t 5 (46)
h min h min

dinsz =, +¥ 47

ing3 = 15 (4.8)

The isolation distances inside the window depend on the required isolation level (voltages
in the primary and the secondary sides) and the used insulation material. Dry-type soft
potted insulators as EPOXY or Micares are attractive insulator materials due to their
flexible mechanical characteristics and their high dielectric strengths, 16 kV/mm and 8-24
kV/mm respectively [38]. Thus, isolation distances can be expressed as follows:

V.

d. = pri

0= (4.9)
v

d,, =—*° 4.10

f2 V’EinS ( )
Ve =V,

ipsy =0 ) 4.11)

where Vi and V, are the voltages in the primary and the secondary windings
respectively, Ejs is the dielectric strength of the used insulator material and v is the safety
margin considered for the isolation distances.

For given technical specifications, the core cross sectional area (Agr) depends on the
maximum saturation flux (Bgy) of the selected core material:

Vpri,avg AT
2'nl '(l_f)' Bsat

where Vpriayg is the average voltage applied to the primary side winding in a AT time

Acore = (4 12)

period and ¢ is the safety margin considered for the saturation flux (typically 0.1-0.2
[38]).
The width of the central leg of the core (a) depends on the depth of the core itself (z):

a2 Peore. (4.13)
YA

Considering that the transformer is made up by four C-shaped cores, it can be said that
the width of the central leg is two times that of the lateral legs as it has been illustrated in
Fig 4.2b. Thus, the core volume of the discussed shell-type MFT can be expressed as:

Veore = Acore - (2-a+2-1+h) (4.14)

3.2.2 Windings

In the design process the medium frequency transformer, the skin and proximity effects
must be taken into account. The skin effect is a non-uniform current distribution through
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the cable caused by the magnetic field created by the AC current circulating in the cable.
This magnetic field induces opposite currents, known as eddy currents, that increase the
current density in the outer surface area and reduce it in the inner area (cf. Fig 4.3a). The
penetration of these currents is known as the skin depth:

1
6—‘/—”.]‘.#.0 (4.15)

where f is the frequency of the current, z is the permeability of the material (=1.256-10°°
turns/A” for copper) and o is the conductivity of the material (=5.688-10" S/m for copper).

Similarly, the proximity effect is a non-uniform current distribution through the cable
caused by the magnetic field created by the AC current circulating in the adjacent cables.
The use of stranded, insulated and twisted cables reduces the influence of the skin and
proximity effects. The reduced surface area of each strand reduces the skin effect (the
skin depth is equal or smaller than the cable radius) while the proximity effect is reduced
twisting the strands [35]. The twisted and stranded conductors are known as Litz-cables
(cf. Fig 4.3b). Consequently, these cables are usually preferred for MFT applications [36].

5 Cable cross sectional area ¢ Oeable ,
| |
| |
| |
| |

—
dstrand
a) b)

Fig 4.3. a) Graphical representation of the skin effect. b) Cross sectional illustration of
a Litz-cable.

In [33] a procedure to calculate the optimal strand diameter is presented, however,
manufacturers tend to provide standard strand diameters (Osyang) for certain operation
frequencies [39]. For this reason, the strand diameters considered in this book are the
ones provided by the manufacturers. The number of strands required by the cable depends
on the assumed current density and the copper area required by the current circulating
through the cable. For naturally cooled transformers, the maximum allowable current
density in the cables (J) is about 1.7-2 A/mm’ [33]. Hence, for a specific rms current
circulating through the cable (l;ns), the required copper area is given by:

Agen == (416

From a given copper area, the number of strands can be derived from:
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3.2. Geometry of the transformer

_ Aideal -4
= —d >

n (4.17)

S

strand 7

The diameter of the Litz-cable (degpe) is determined by the number of strands and the
thickness of the insulator material. As a first approach, it can be assumed that the
insulator material is distributed in the outer side of the cable as illustrated in Fig 4.4.

dcable

F'copp
0.5 dins,cable

Fig 4.4. Simplified approach of the required copper and insulator in a Litz-cable.

The thickness of the insulator material depends on its dielectric strength and the winding
process, which determines the voltage isolation requirements.

[ [

a) b)
Fig 4.5. Graphical representation of different coil winding processes where the
direction of the winding process is pointed by the arrow. a) The horizontal layers are
coiled first. b) The vertical layers are coiled first.

If the winding process is the one illustrated in Fig 4.5a (where the layers are coiled first),
the required insulation thickness can be estimated by Eq. (4.18). This winding process
leads to a good distribution of the parasitic capacitances between the cables and is a good
solution if few layers are required. Conversely, if the winding process is the one
illustrated in Fig 4.5b, the required insulation thickness can be estimated by Eq. (4.19).
This winding process is a good solution if high number of layers are required. However,
this second solution leads to a non-uniform parasitic capacitances distribution.

V. m

d. = X . X
ins,cable V. Eins,cable 7. nx (4 1 8)
V
d. = X
ins,cable V. Eins,cable -m, (419)
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where V is the voltage applied to the winding, n, and my are respectively the number of
turns and the number of layers, Ejnscaple 1S the dielectric strength of the selected insulator
material and v is the safety margin considered for the isolation distances. A commonly
used insulator material in Litz-cables is nylon [39], whose dielectric strength is about
14kV/mm.

Therefore, the cable diameter can be approached as:

O eaple =2 Feopp T d ins,cable (4.20)

I'eopp 18 the equivalent copper radius given by Eq. (4.21), where the distances between each
strand as well as the thickness of the isolator material of each strand have been neglected.

d
Foopp =22 g (4.21)

Once the cable diameter is known, the packing factor (i.e. the relation between the area of
the cable and the area of each strand) of the cables is calculated with:

q 2
pf =n, (Stf_andJ (4.22)
dcable

On the other hand, the volume required by the windings can be calculated from Fig 4.2,
which gives:

Vy, =1-h-[2-(a+2)+1-7] (4.23)

3.2.3 Magnetizing and leakage inductances

Transformers can be ideally represented by a magnetizing inductance (Lp), the leakage
inductance of each winding (L,; and L,;) and their equivalent series resistances (cf. Fig
4.6). Since the leakage and the magnetizing inductances affect the behaviour of the
converters analysed in section 3.3, these parameters must be carefully designed.

Ra'l I—al nl . n2 La'2 Ra'Z
anT LmER;% g‘ ‘é TVnZ

Fig 4.6. Equivalent circuit of a transformer.

3.2.3.1 Magnetizing inductance

The magnetizing inductance of the transformer can be estimated in a relatively easy way
through the equivalent magnetic circuit of the transformer. The magnetic circuit of the
shell-type transformer can be drawn as in Fig 4.7a under the assumption of uniform
magnetic flux distribution in the core and considering the leakage flux is negligible
comparing to the magnetizing flux.
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a) b)

Fig 4.7. a) Equivalent magnetic circuit of the shell-type transformer. b) Equivalent
magnetic circuit of the shell-type transformer with an air gap.

From Ampere's law, the magnetomotive force (F) in Fig 4.7a can be defined as:

F:ﬁﬁ-df:Zl—T-l:N.i: N -i=¢-Reore (424)

where ¢ is the magnetic flux through the core, n; represents the number of turns in the
primary winding and R is the core reluctance, which depend on the core cross sectional
area (Acore) and its length (leore):

ICOI’E

Acore - Hr core " Ho

R

(4.25)

core —

where fi; core is the relative permeability of the core material (generally between 10* and
10° for nanocrystalline materials [40]) and uo is the vacuum permeability (4m-107
turns/A%).

Hence, the magnetizing inductance can be expressed as:

2 2 2 2
N n _ n 'Acore “Hrcore Mo N - Acore “Hr core " Ho
R

L. =

m

- - = (4.26)
Rcore Icore 2. (I +h+ a)

If an air gap is introduced in the core (Fig 4.7b), the magnetizing inductance becomes

very dependent on the air gap length (lgsp). Thus, the desired magnetizing value can be

accomplished with a good accuracy:

2 2 P
L =N—2: M “Acore “ Ho _ Ny Acore * Mo
TR R oo 2.(1+h+a)-lg, (4.27)
@t g +
r.eore Hr core

3.2.3.2 Leakage inductance

The flux that leaks from the core and returns through the air is represented by the leakage
inductance. Neglecting the skin and proximity effects and assuming a constant current
density in the windings, this phenomena can be represented as in Fig 4.8a. As it can be
noticed, the magnetic field in the core window increases linearly until the maximum
value is achieved in the region between the primary and the secondary windings. Then,
the magnetic field decreases linearly until the field value reaches to zero (after the last
layer of the secondary winding). From this magnetic field distribution, the energy stored
in the core window and in consequence, in the leakage inductance, can be estimated
through Eq. (4.28).
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where h is the height of the window and MTL is the mean turn length of the windings
illustrated in Fig 4.8b.
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;i l}' Windings
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/e Il 12

/ /U N
Primary A ~d,, Mean turn length (MTL)
winding = MmNy
%/ _— max= h
21 /N
e
§ Length (x)
a) b)

Fig 4.8. Schematics for the leakage inductance calculation. a) Magnetic field

distribution and leakage flux representation. b) Representation of the mean turn length
of the windings.

The value of the MTL can be easily calculated from Fig 4.8 as follows:

MTL=2-(a+2)+7-(I-d{, +dy,) (4.29)

Furthermore, the energy stored by the leakage inductance can also be expressed as

follows:

" :%- L, -i2 (4.30)
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3.3. Power losses estimation

Thus, introducing Eq. (4.28) into Eq. (4.30), the leakage inductance of the transformer
referenced on the primary is approached by:

L

_Ho -n?-MTL (m, -dg
7 h 3

+dinsl +m2 ;Sdch (431)
As it can be observed, the value of the leakage inductance highly depends on the number
of turns, the number of layers in the windings and the insulation distance. Nonetheless,
the value of the leakage inductance can be reduced by increasing the height of the core

window.

It must be highlighted that if the primary and secondary windings are interleaved, the
maximum magnetic field in the window is reduced, thereby considerably reducing the
value of the leakage inductance [33], Eq. (4.32). However, this increases the difficulty of
the transformer construction and makes more complex the estimation of the winding

power losses.

2
n o -MTL (m, -d m, -d
L“mt:[]fj Ho : .( 13 L tpdig + 23 = (4.32)

where p represents the number of times that the windings are interleaved.

3.3 Power losses estimation

The power losses of a transformer are divided into core power losses and winding power

losses.

3.3.1 Core power losses

Generally, core power losses are calculated using the Steinmetz equation, which gives the
volumetric power losses for a given material (w/dm’). This equation, Eq. (4.33), is an
improved version of the empirical equation proposed in 1892 by C.P. Steinmetz.

P,=K-f*.B_" (4.33)

where K and a represents the dependency of the losses in a given material, B, is the
peak flux density value and g is the maximum flux density. Generally, K, a and /8
parameters are known as the Steinmetz parameters.

Although this expression provides good results for sinusoidal excitations, it is not valid
for the typical non-sinusoidal waveforms in DC-DC converters [34]. In order to address
this issue, different empirical expression have been introduced so far [33]. Among them,
the improved generalized Steinmetz equation (IGSE) introduced in [41] is generally
accepted as the estimation method that most accurate results provides [34] and the
method that better copes with a variety of excitation waveforms [42]. Furthermore, IGSE

187
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results in Steinmetz equation for sinusoidal excitation waveforms [33, 43]. The IGSE is

expressed as follows:

a

1% |dB(t »
Pvz?-jki-‘% e (434)
0

k; = K

2.
(2-z)*" I |cos 9|a 2772 dg (4.35)
0
where K, a and f are the Steinmetz parameters, AB is the peak to peak flux density value

and 0 is the phase angle of the sinusoidal waveform.

As discussed in Eq. (4.12), the magnetic induction is proportional to the voltage applied
to the transformer. DC-DC converters apply square wave voltages in the MFTs (see
Chapter 3) and in consequence, the magnetic inductions in the MFTs required by
different DC-DC converters can be depicted as in Fig 4.9.
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O N o N
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S R | g & e 5
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) L 1B QOO0 2
g L I = < L =
~ O O - g Q

—_— = —_—
=} -Vpn ————— T g[) =] 'Vpri - EI)
> @ > 7
0 Ton T/2 S 0 Ton T >

Time (t) Time (t)
a) b)

Fig 4.9. Typical voltage and magnetic induction waveforms in a) bidirectionally
magnetized MFTs and b) unidirectionally magnetized MFTs.

From these waveforms, piecewise linear (PWL) models of the magnetic induction can be
calculated [42]. Thus, in order to provide an easy to use equation, the expression in Eq.
(4.34) can be simplified. For bidirectionally magnetized transformers (cf. Fig 4.9a), the
PWL model of the magnetic induction is given by:

2:t-Tg,

0<t<T
Ton o
1 Ton <t<I
B)=Bnw {7 _4T-2t T T (4.36)
- —<t<| =+Tg,
Ton 2
-1 [%+Tonj<t<T

where T is the period of the square wave voltage applied to the MFT, T,, is the time
interval at which the DC bus voltage (Vin) is applied to the primary winding and B, is
the maximum magnetic induction in the core given by Eq. (4.37).
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_ Vin 'Ton
e 2 n - Acore

where A 1s the cross sectional area of the core and n; represents the number of turns of

(4.37)

the primary winding.

Introducing the PWL model of Eq. (4.36) into Eq. (4.34), a straightforward expression for
the calculation of the core power losses in bidirectionally magnetized transformers is
obtained:

P, =2k f.B "6 (4.38)
where ¢ is the duty cycle of the converter (Tn/T).

Furthermore, according to [41], the calculation of k; can be simplified as follows when
PWL models are used:

K

ki:

2B+ el .(0‘2761+1.7061J (4.39)

a+1.354

On the other hand, for unidirectionally magnetized transformers (cf. Fig 4.9b), the PWL
model of the magnetic induction is given by:

0<t<T,,

t
Ton
B(t)= B 1 1 (4.40)
Ton <t<T
T-T,,

Introducing this PWL model into Eq. (4.34), core power losses in unidirectionally
magnetized transformers are provided by:

P, =ki- % Buu’” .(5‘*“ +(1- 5)1‘“) (4.41)
where ¢ is the duty cycle of the converter (Tn/T).
All in all, the total power losses in the core are obtained by means of:

I:’core =R, 'Vcore (4.42)

where Vo 18 the total core volume.

3.3.2 Winding power losses
The power losses in a conductor where a DC current is flowing can be expressed as:

Poc = 1% -Rpe (4.43)

where Rpc is the DC resistance of the conductor and | is the value of the current through
the conductor.
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Chapter 3. Medium frequency transformer

Analogously, it can be said that the power losses in a conductor with a purely sinusoidal
AC current flowing through it are given by:

2
I
where | is the maximum amplitude of the current and R is the resistance of the conductor.

In medium frequency applications, the skin and proximity effects are considerable (see
section 4.2.2). Thus, these effects must be taken into account when calculating the
resistance of the conductors. The expression modelling the resistance of the foil
conductors in transformer windings was introduced by P.L. Dowell in [44]:

R=Roc -F (4.45)

where F; is a resistance factor (known as Dowell's resistance factor) given by:

F, :A-[S +§-(m2—1)-P} (4.46)

sinh(2 - A)+sin )
- COShEZ ; (( AA) (447)

(4.48)

smh(A) s1n( )
(

~ cosh A)+ cos(A)
A~ eave V7w 7 (4.49)
o 2

where S and P are the expressions that gives the skin and proximity effects respectively,
m is the number of layers of the winding, deapie is the diameter of the conductor, J is the
skin depth (see Eq. (4.15)) and 7y is the porosity factor, which relates the round or
rectangular conductors with their equivalent whole window foil conductors.

For the round Litz-cables considered in this book, Dowell's resistance factor can be
rewritten as follows [33]:

4 2

y© {1 pfong.x 2 24
F o=l+i—|—+—2 " |16-m? —1+— 4.50
T2 |:6 4 ( 7;2)] *29

dstrand

V=
52
where dsyang is the diameter of each Litz strand, ns represents the number of strands (see
Eq. (4.17)) and pf is the packing factor of the Litz-cable (see Eq. (4.22)). As it can be

noticed, an increase in the strand diameter as well as in the number of layers leads to

4.51)

higher resistance factors and in consequence, to higher power losses.
On the other hand, the DC resistance of each winding can be estimated by means of:

4-n, -MTL
Rpc = - — (4.52)

Ng 'G'ﬂ-'dstrand
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3.3. Power losses estimation

where o is the conductivity of the material, n, represents the number of turns of each
winding and MTL, is the mean turn length of each winding. For the shell-type
transformer's geometry (cf. Fig 4.2b), the MTLs of the primary and the secondary
windings are expressed respectively as:

MTL, =2-(a+z)+7z-(m, -dg +2-d¢,) (4.53)
MTL, =2-(a+2)+2 7" Mo er | 1yidy, +dy, +d
2 = 2 1 cl f1 insl (454)

The current through the MFTs in the DC-DC converters is generally a non-sinusoidal
current. Hence, the current circulating through the windings is composed of several
harmonics. As Dowell's resistance factor varies for each current harmonic (the skin depth
varies depending on the frequency), the expression of the power losses in Eq. (4.44) must
be rewritten in order to take into account the losses due to each current harmonic. Thus,

power losses in each winding can be expressed as:

2
.
P, = —L | ‘Rpe -F,: (4.55)
w ;[\/Ej DC ri

where |; is the amplitude of each current harmonic and F; is the resistance factor of each
current harmonic.

3.3.3 Thermal behaviour

Core and winding power losses discussed in previous sections generate heat, which leads
to an increase of the transformer temperature. In order to keep this temperature within
allowable levels, the thermal behaviour of the transformer must be modelled. In [34, 38,
45-47] detailed thermal models are discussed. Whereas in [48], a more simple method is
proposed.

Assuming that the transformer is naturally cooled and avoiding the use of heat sinks,
complicated nodal models can be avoided (these models usually require detailed heat sink
specifications) and in consequence, the approach proposed in [48] is suitable for
estimating the thermal performance of the transformer. Considering the thermal energy is
dissipated uniformly through the surface area of the transformer, the temperature raise of
the transformer is expressed as:

0.833
AT = PCOI’E + PW] + PW2 (456)
10 * ST

where St is the total surface area of the transformer, P,, and P, are respectively the
power losses in the primary and the secondary windings and Py are the core power
losses.
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Chapter 3. Medium frequency transformer

3.4 Optimization procedure

The optimized design of a MFT is given by the definition of its best dimensions.
However, the transformer designs for certain specifications can be infinite. Therefore,
optimization procedures must be used in order to find an optimum MFT design. The
flowchart of the design optimization procedure presented in this book is shown by Fig
4.10.

Operational specifications | | Properties of the selected materials
ipri(t), Vpri(), Vse, T, N, Line, Loe Bsat, Steinmetz parameters, Eins, Litz strand
diameter

e L] |/ l
Definition of the core geometry

Inductances calculation

L]

Power losses estimation

v

Thermal calculation

Optimization
process

Optimization

" /
L]
| Optimized MFT design |

Fig 4.10. Flowchart of the design optimization procedure.

As it can be observed, the procedure has few steps. First, insulator material as well as
core and windings materials must be selected and their properties must be introduced in
the optimization program. Furthermore, operational specifications must be defined. These
specifications, imposed by the application and the converter topology, can be listed as
follows: the voltages to be isolated in the primary and the secondary windings, the
required transformer turn ratio, the operational frequency, the voltage and current
waveforms in the conductors and the expected leakage and magnetizing inductances.

Then, the geometry of the core is defined and the values of the inductances derived from
that geometry are calculated (as discussed in section 4.2).

Next, the power losses are estimated and the temperature raise due to these losses is
calculated (as discussed in section 4.3).

Finally, the optimal designs are found by means of an iterative process based on the multi
objective genetic algorithm provided by MATLAB simulation platform. The use of a
genetic algorithm requires to define objectives, optimization variables and constraints. As
the desired MFT design is that which fulfils high efficiency and low volume
requirements, the cost functions or objectives to optimize by the genetic algorithm are the
total power losses of the transformer (P)os5) and the total volume of it (Vio):
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min f,(x)= min| Ploss (X)
X X

(4.57)
min f,(x)= min[\/tot (xl

To achieve this objectives, optimization variables must be defined. Through the different
values given to these variables, different optimal designs will be provided. In this

optimization procedure, the optimization variables are the following ones:

e The depth of the core (2).

e The number of turns in the primary winding (n;).

e The number of layers in the primary winding (m;).

e The number of layers in the secondary winding (my).

e The current density in the windings (J).

e The margin of the maximum magnetic induction in the core (¢).

e In the cases where small magnetizing inductance values are demanded, an air gap
is required in the core. In consequence, the length of the air gap (lgsp) is treated as

an optimization variable.

Furthermore, so as to penalize the undesired designs, the design constraints have to be
defined. Two constraints have been defined in this design procedure. On the one hand, the
integration of the magnetic elements within the transformer provides higher power
density to the DC-DC converters. Thus, the error between the desired inductances and the
inductances derived from the design is treated as a constraint. In switch mode DC-DC
converters a high magnetizing inductance is required whereas in resonant mode DC-DC
converters an specific magnetizing inductance value is required. Thus, the constraint for
the latter is given by Eq. (4.59) while the constraint of the switch mode converters is
given by Eq. (4.60). The leakage inductance is treated equally for both type of DC-DC
converters, Eq. (4.58).

0.95- Ly <L, <1.05- L4 (4.58)
0.95-Ly <L, <1.05-L,4 (4.59)
0.95-L,4 <Ly, (4.60)

where L,, and Ly are respectively the desired leakage and magnetizing inductance

values.

On the other hand, the temperature of the transformer must be kept within allowable
levels, which makes the maximum surface temperature of the transformer the second
design constraint. Following the results of [33], the maximum surface temperature could
be limited to 100°C as a first approach.

The genetic algorithm will output a curve containing the best solutions with minimum
power losses and volume. This curve is known as the Pareto front, from which, the
designer can select the design that better suits with the requirements of the application
with the security of knowing that all the results are optimal.
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3.5 Summary

Medium frequency transformers provide galvanic isolation and adapt the voltage levels
between the input and the output of DC-DC converters. The design of these medium
frequency transformers is challenging due to the frequency at which they operate and the
non-sinusoidal current and voltage waveforms applied to them. At high frequencies, the
skin and proximity effects in the windings are considerable. Those effects, increase the
winding power losses thereby reducing the efficiency of the transformer. In turn, the non-
sinusoidal voltages that excite these transformers require the use of more complex core
power losses estimation methods than that used for the transformers excited with
sinusoidal voltages. Furthermore, the current harmonics of the non-sinusoidal waveforms
increase the power losses in the windings.

In order to achieve high power densities, the volume of the transformer must be reduced.
To do so, appropriate core materials with high magnetic induction saturation levels must
be selected (e.g. nanocrystalline), which reduce the core volume and in consequence, the
volume of the transformer. The selection of insulator materials with high dielectric
strength also reduces the total volume of the transformer. Moreover, selecting appropriate
conductor material as Litz-cables, skin and proximity effects are minimized, thereby
diminishing the power losses in the windings and increasing the efficiency of the
transformer.

In this chapter, the design of the medium frequency transformers required by the isolated
DC-DC converters has been discussed. Among coaxial-type, core-type and shell-type
transformers, the latter results the more attractive for the MFTs for high voltage
applications. Thus, detailed design equations for naturally cooled shell-type transformers
are presented. Furthermore, the calculation of the leakage and magnetizing inductances of
the transformer is discussed. It is deduced that an increase in the number of turns, number
of layers in the windings and insulation distance leads to high leakage inductances,
whereas an increase of the core window height reduces the leakage inductance value. In
turn, adding an air gap, the value of the magnetizing inductance is reduced. Moreover, the
power losses in the windings increase with a high number of layers. Straightforward and
easy to implement piecewise linear models for the estimation of the core power losses in
unidirectionally and bidirectionally magnetized transformers have been presented
together with a design optimization procedure. This optimization procedure outputs a
Pareto front that determines which are the optimum transformer designs for certain
operational specifications.
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Appendix A

Validation of switch
mode DC-DC converter
models

The simulations for validating the models of switch mode DC-DC converters have been
carried out through Synopsys/SABER. A constant input DC bus voltage has been
considered. Since a resistive load has been assumed, in the converters with an output LC
filter, some deviations in the capacitor rms currents can be observed. Furthermore, the
simulations have been carried out without any output voltage control strategy. Hence,
there are small differences between the estimated and simulated stored energy values.
Additionally, the lack of an average voltage control applied to the MFT leads to
deviations in the stored energy and rms currents in the magnetizing inductance.

The converters have been designed with the voltages, rated power and switching
frequency summarized in Table B.1.

TABLE B.1
VALIDATION SCENARIO

Design characteristics

P 555.555 kW
Vin 1833V
Vout 2780 V
fou 1 kHz
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B.1 Boost

TABLE B.2
PASSIVE ELEMENTS

Boost converter

Ly 20.601 mH

TABLE B.3
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—l Cout

Simulation rms current 8.82 A 304.1 A 1444 A

Maximum stored energy 34721 1.043 kJ 1.043 kJ
e menm e e s
estimation
Maximum voltage stress 1833 V 1833 V 2919V
Estimation error [%] rms current 0.91 0.29 055
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TABLE B.4
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS
Transistor S; Diode D,
Analytical . . Estimation Analytical . . Estimation
L Simulation A Simulation
estimation error [%] estimation error [%]

rms current

(o) 176.9 A 177.8 A 0.50 2462 A 246.7 A 0.20
rms,

Turn-on
switched 2879 A 288.1 A 0.06 - - -
current (ion)

Maximum

2919V 2918 V 0.03 2919V 2912V 0.24
voltage (Vimax) _
Turn-off
switched 2641V 2635V 0.22 2919V 2912V 0.24
voltage (Vorr)
B.2 Zeta
TABLE B.5
PASSIVE ELEMENTS

Zeta converter

Ly 36.446 mH

C; 43321 uF

I
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TABLE B.6
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—1 Cl L2 Cout

Simulation rms current 246.5A 3029A 2459A 1993A 31A

Maximum stored energy  1.103kJ 1.845kJ 1.845kJ] 1.216kJ] 3828]J
e meamm A wan meln 99n sh
estimation

Maximum voltage stress 1833V~ 2919V~ 2919V 2919V 2919V

Estimation error [%] rms current 0.08 0.09 0.08 0.30 46.18

TABLE B.7
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Transistor S;

Diode Dl

Analytical

L Simulation
estimation

Estimation
error [%]

Analytical
estimation

) . Estimation
Simulation
error [%]

rms current

3905 A
(lrms)

388.6 A 0.48 317.1 A 3182 A 0.34

Turn-on

switched 47717 A 476.6 A 0.23 - - -

current (ion)

Maximum

4752V
voltage (Vmax)

4745V 0.14 4752V 4738 V 0.29

Turn-off

switched 4474V 4465 V 0.20 4752V 4738 V 0.29

voltage (Vorr)
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B.3 Sepic

TABLE B.8
PASSIVE ELEMENTS

Sepic converter

Ly 36.446 mH

C, 657.024 uF

TABLE B.9
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin L1 Cl I—2 Cout

Simulation rms current 893 A 3079A 2453A 193 A 2452 A

Maximum stored energy 34.72J 1.845kJ] 1.216kJ] 1.216k] 1.845k]

estimation
Maximum voltage stress 1833 V. 3010 V 1924V 2919V 2919V
Estimation error [%] rms current 2.17 1.55 0.33 3.45 0.37
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TABLE B.10
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS
Transistor S; Diode D,
Analytical . . Estimation Analytical . . Estimation
L Simulation L Simulation
estimation error [%] estimation error [%]

rms current

3905 A 388.8 A 0.44 317.1 A 3158 A 0.41
(lrms)

Turn-on
switched 4717 A 4754 A 0.48 - - -
current (ion)

Maximum ;
4843 V 4919 vV 1.55 4843 V 4912V 1.40
voltage (Vimax)

Turn-off
switched 4382V 4370 V 0.27 4843 V 4912V 1.40
voltage (Vorr)

B4 Isolated-sepic

TABLE B.11
PASSIVE ELEMENTS

Isolated-sepic converter

Ly 30.239 mH

C, 826.746 uF

n,/ ng 1.5166

VI
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TABLE B.12
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—1 Cl I—m Cout

Simulation rms current 11.48A 303 A  303.1A 3028A 199.7A

Maximum stored energy  34.72J  1.531kJ 1.531kJ 1.531kJ] 1.531kJ
o mam A A A w28 98
estimation

Maximum voltage stress 1833 V. 1924V 1924V 1924V 2919V

Estimation error [%] rms current 31.35 0.07 0.03 0.13 0.05

TABLE B.13
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Transistor S;

Diode Dl

Analytical

L Simulation
estimation

Estimation
error [%]

Analytical
estimation

. . Estimation
Simulation
error [%]

rms current

428.8 A
(lrms)

4285 A 0.07 282.7 A 2823 A 0.14

Turn-on

switched 575.8 A 5743 A 0.26 - - -

current (ion)

Maximum

3849V
voltage (Vmax)

3938V 2.26 5838V 5963 V 2.10

Turn-off

switched 3482V 3535V 1.50 5838V 5963 V 2.10

voltage (Vorr)

vil
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B.5 Cuk

TABLE B.14
PASSIVE ELEMENTS

Cuk converter

Ly 36.446 mH

C; 261.072 uF

TABLE B.15
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin L]_ Cl I—2 Cout

Simulation rms current 873 A 303 A 246 A 1993 A 3.68A

Maximum stored energy 34.72J 1.845kJ] 3.062kJ] 1.216kJ 38.28J

estimation
Maximum voltage stress 1833V~ 3010V 4843V~ 2919V 2919V
Estimation error [%] rms current 0.11 0.07 0.04 0.30 36.11

VI
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TABLE B.16
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS
Transistor S; Diode D,
Analytical . . Estimation Analytical . . Estimation
L Simulation A Simulation
estimation error [%] estimation error [%]

rms current

(o) 3905 A 390.1 A 0.10 317.1 A 316.4 A 0.22
rms,

Turn-on
switched 4717 A 4769 A 0.17 - - -
current (ion)

Maximum ;
4843 V 4837V 0.12 4843 V 4829 V 0.29
voltage (Vimax)

Turn-off
switched 4382V 4374V 0.18 4843 V 4829 V 0.29
voltage (Vo)

B.6 Isolated-¢éuk

TABLE B.17
PASSIVE ELEMENTS

Isolated-¢uk converter

Ly 30.239 mH

C, 826.746 uF

C, 359.424 pF

n,/ ng 1.5166
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TABLE B.18
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—1 Cl I—m C2 I—2 Cout

Simulation rms current 874 A 3043A 3039A 13.6A 2003A 1998A 3.64A
Maximum
stored cner 3472) 1.531kJ 1.531k] 347]J 1.531kJ  1.531kJ] 3828]J
Analytical 24
estimation _

Maximum

1833V
voltage stress

2016 V. 1924V 1924V 2919V 2919V 2919V

Estimation error [%]  rms current 0 0.36 0.30 55.61 0.25 0.05 36.81

TABLE B.19
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Transistor S;

Diode D,

Analytical
estimation

Simulation

Estimation
error [%]

Analytical
estimation

. . Estimation
Simulation
error [%]

rms current

(lrms)

429 A 428.7 A

0.07

2828 A

284 A 0.42

Turn-on

switched 560.7 A 569.9 A

current (ion)

Maximum
3849 V

voltage (Vimax)

Turn-off

switched 3482V 3475V

voltage (Vofr)

0.20

5838V

5838V

5828 V

5828V 0.17




References

B.7  Flyback

TABLE B.20
PASSIVE ELEMENTS

Flyback converter

Ly 15.119 mH

n,/ny 1.5166

TABLE B.21
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—m Cout

Simulation rms current 3029A 6059A 1998 A

Maximum stored energy  1.388kJ 3.062kJ 1.531kJ

e men o e e
estimation
Maximum voltage stress 1833 V 1924V 2919V
Estimation error [%] rms current 0.13 0.08 0

XI
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TABLE B.22
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS
Transistor S; Diode D,
Analytical . . Estimation Analytical . . Estimation
L Simulation L Simulation
estimation error [%] estimation error [%]

rms current

(o) 4288 A 428.6 A 0.05 282.7 A 2823 A 0.14
rms,

Turn-on
switched 575.8 A 5751 A 0.12 - - -
current (ion)

Maximum ;
3757V 3754V 0.08 5699 V 5683 V 0.28
voltage (Vimax)

Turn-off
switched 3574V 3570 vV 0.11 5699 V 5683 V 0.28
voltage (Vorr)

B.8 Forward

TABLE B.23
PASSIVE ELEMENTS

Forward converter

Ly 11.895 mH

Cout 8.985 uF

ns/ny 3.4197
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TABLE B.24
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—m I—1 Cout

Simulation rms current 3692 A 3920A 1988 A 3.64A

Maximum stored energy  1.878kJ  27.77J 1.840kJ 38.28]J
o meamm s A A son
estimation

Maximum voltage stress 1833 V 1833 V. 3488V 2919V

Estimation error [%] rms current 147 0.63 0.55 36.81

TABLE B.25
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE INPUT SIDE SEMICONDUCTORS

Transistor S;

Diode Dl

Analytical

L Simulation
estimation

Estimation
error [%]

Analytical
estimation

. . Estimation
Simulation
error [%]

rms current

4785 A
(lrms)

4759 A 0.55 2345 A 2327 A 0.77

Turn-on

switched 6492 A 6453 A 0.60 - - -

current (ion)

Maximum

3293V
voltage (Vmax)

3295V 0.06 4133 V 4126 V 0.17

Turn-off

switched 3293V 3293V 0 4133 V 4126 V 0.17

voltage (Vorr)
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TABLE B.26
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE OUTPUT SIDE SEMICONDUCTORS
Diode D, Diode Ds
Analytical . . Estimation Analytical . . Estimation
L Simulation L Simulation
estimation error [%] estimation error [%]

rms current

133.1 A 1324 A 0.53 149.1 A 1483 A 0.54
(lrms)

Turn-off
switched 209.8 A 2089 A 0.43 189.8 A 188.7 A 0.58
current (ioff)

Turn-off
switched 4995V 4997V 0.04 6268 V 6249 V 0.30
voltage (Voff)

B.9 Two-transistor forward

TABLE B.27
PASSIVE ELEMENTS

Two-transistor forward converter

L 14.520 mH

Cout 8.985 uF

XIv



References

TABLE B.28
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—m I—1 Cout

Simulation rms current 3392A 3519A 1989A 362A

Maximum stored energy  1.555kJ  27.77J 1.561kJ] 38.28J
o mamm wesn ssisA A son
estimation

Maximum voltage stress 1833V 1833V~ 2893V 2919V

Estimation error [%] rms current 0.41 0.50 37.15

TABLE B.29
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE INPUT SIDE SEMICONDUCTORS

Transistor S;-S,

Diode Dl- Dz

Analytical

L Simulation
estimation

Estimation
error [%]

Analytical
estimation

. . Estimation
Simulation
error [%]

rms current

4553 A
(lrms)

453.8 A

0.33

2499 A

2482 A 0.68

Turn-on

switched 587.6 A 5845 A

current (ion)

Maximum

1833 V
voltage (Vmax)

1833 V

1833 V

1833 V 0

Turn-off

switched 1833 V 1833 V

voltage (Vorr)

916 V

916 V 0

XV
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TABLE B.30

EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE OUTPUT SIDE SEMICONDUCTORS

Diode D3

Diode D4

Analytical
estimation

Simulation

Estimation
error [%]

Analytical
estimation

. . Estimation
Simulation
error [%]

rms current

1399 A
(lrms)

139.49 A 0.29 142.7 A 1419 A 0.56

Turn-off

switched 209.8 A 208.9 A 0.43 189.8 A 1889 A 0.48

current (ioff)

Turn-off
switched 5673V 5679 V 0.11 5673V 5643 V 0.53
voltage (Voff)
B.10 Push-pull
TABLE B.31
PASSIVE ELEMENTS

Push-pull converter

Ly 24.493 mH

Cout 4.492 F

ns/ny 1.6851
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TABLE B.32
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—m I—1 Cout

Simulation rms current 101.3A 1066 A 199.6A 420A

Maximum stored energy ~ 138.8 J 347)  153.12) 19.14)
S T
estimation

Maximum voltage stress 1833 V 1833 V. 2919V 2919V

Estimation error [%] rms current 1.29 0.19 0.15 27.08

TABLE B.33
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Transistors S;-S, Diodes D;-D,-D3-D,

Analytical

L Simulation
estimation

Estimation
error [%]

Analytical
estimation

. . Estimation
Simulation
error [%]

rms current

2262 A
(lrms)

226.8 A 0.26 137.7 A 137.6 A 0.07

Turn-on

switched 303 A 3023 A 0.23 - - -

current (ion)

Maximum

3666 V
voltage (Vmax)

3663 V 0.08 3088 V 3082V 0.19

Turn-off

switched 1833 V 1833 V 0 3088 V 3082V 0.19

voltage (Vorr)
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B.11 Push-pull isolated-boost

TABLE B.34
PASSIVE ELEMENTS

Push-pull isolated-boost converter

Ly 37.798 mH

Cout 71.884 uF

ns/ny 1.2133

TABLE B.35
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—m I—l Cout

Simulation rms current 893 A 830A 3029A 1008 A

Maximum stored energy  17.36J  2.77J  3062J 306.21J
Analytical

estimation
Maximum voltage stress 1833 V. 2405V 1833V 2919V

Estimation error [%] rms current 2.17 0.24 0.10 0.90
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TABLE B.36
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS
Transistors S;-S, Diodes D;-D,-D3-D,
Analytical . . Estimation Analytical . . Estimation
L Simulation A Simulation
estimation error [%] estimation error [%]

rms current

2034 A 203.1 A 0.15 1582 A 158 A 0.13
(lrms)

Turn-on
switched 1379 A 137.1 A 0.58 - - -
current (ion)

Maximum ;
4811V 4770 V 0.86 2919V 2890 V 1
voltage (Vimax)

Turn-off
switched 4353V 4311V 0.97 1459 v 1435V 1.67
voltage (Vorr)

B.12 Half-bridge

TABLE B.37
PASSIVE ELEMENTS

Half-bridge converter

Cinz 1.818 mF

L, 6.955 mH

n,/ ng 3.3703
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TABLE B.38
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cinl Lm I—1 Cout

Simulation rms current 331.7A  2417A 199.1] 427A

Maximum stored energy ~ 763.8J 347) 153.1]  19.44)
e menmea wmA A s
estimation

Maximum voltage stress 1833 V 916 V.. 2919V 2919V

Estimation error [%] rms current 1.28 13.53 0.40 25.87

TABLE B.39
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS

Transistors S;-S, Diodes D;-D,-D3-D,

Analytical

L Simulation
estimation

Estimation
error [%]

Analytical
estimation

) . Estimation
Simulation
error [%]

rms current

4525 A
(lrms)

4469 A 1.25 137.7 A 137.1 A 0.44

Turn-on

switched 606.1 A 1.30 - - -

current (ion)

Maximum

1833V
voltage (Vmax)

1835V 0.11 3088 V 3145V 1.81

Turn-off

switched 916 V 917V 0.11 3088 V 3145V 1.81

voltage (Vorr)
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B.13 Half-bridge isolated-boost

TABLE B.40
PASSIVE ELEMENTS

Half-bridge isolated-boost converter

Ly 134.395 mH

L, 66.525 mH

n,/ ng 0.6824

TABLE B.41
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin I—m I—l Cout

Simulation rms current 0.81A 3.65A 1493A 66.16 A

Maximum stored energy ~ 1.57J 3.12) 84211 153.11J

estimation
Maximum voltage stress 1833 V. 4277V~ 2444V 2919V
Estimation error [%] rms current 2.53 1531 1.52 1.94
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TABLE B.42
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS
Transistors S;-S, Diodes D;-D,-D3-D,
Analytical . . Estimation Analytical . . Estimation
L Simulation L Simulation
estimation error [%] estimation error [%]

rms current

(o) 208.8 A 206.8 A 0.97 149.1 A 1482 A 0.61
rms,

Turn-on
switched 137.1 A 135.7A 1.03 - - -
current (ion)

Maximum ;
4277V 4169 V 2.59 2919V 2842V 2.71
voltage (Vimax)

Turn-off
switched 3869 V 3775V 2.49 1459 vV 1417V 2.96
voltage (Vorr)

B.14 Full-bridge

TABLE B.43
PASSIVE ELEMENTS

Full-bridge converter

L, 217.720 pH

Cout 4492 yF
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TABLE B.44
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin L, Ly Cout

Maximum stored energy  293.6J  16.92J 3009J] 18.361J
Simulation rms current 1796 A 3538 A 198.6A 379A

Maximum voltage stress 1833V~ 1839V 2862V 2859 V

Maximum stored energy  293.6J  17.22]  3062J 19.14)J

Analytical
rms current 183 A 3558A 1999A S576A
estimation
Maximum voltage stress 1833V~ 1833V~ 2919V 2919V
Maximum stored energy 0 1.74 1.73 4.08
Estimation error [%] rms current 1.86 0.56 0.65 34.20
Maximum voltage stress 0 0.33 1.95 2.06
TABLE B.45
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE TRANSISTORS
Transistors S;-S, Transistors S,-S3
Analytical . . Estimation Analytical . . Estimation
. . Simulation . . Simulation
estimation error [%] estimation error [%]
Average
167.1 A 162.5 A 2.83 1592 A 1595 A 0.19
current (lave)
rms current
246.7 A 2454 A 0.53 2435 A 243 A 0.21
(hrms)
Maximum
. 397.7 A 3943 A 0.86 397.7 A 3945 A 0.81
current (imax)
Turn-off
switched 3942 A 392.6 A 0.41 397.7 A 3945 A 0.81
current (ioff)
Maximum
1833 V 1836 V 0.16 1833 V 1836 V 0.16
voltage (Vimax)
Turn-off
switched 1833V 1836 V 0.16 1833V 1836 V 0.16
voltage (Voff)
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TABLE B.46
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE FREEWHEEL DIODES
Freewheel diodes Dg;-Dg, Freewheel diodes Ds>-Ds3
Analytical . . Estimation Analytical . . Estimation
. . Simulation . . Simulation
estimation error [%] estimation error [ %]
Average
9.27 A 9.05 A 2.43 13.2 A 12 A 10
current (lave)
t
rms curren 493 A 48.5A 1.65 63.8 A 593 A 7.59
(hems)
Maximum
. 3942 A 392.6 A 0.41 397.7 A 3945 A 0.81
current (imax)
Maxi
aximum 1833 V 1836 V 0.16 1833 V 1836 V 0.16
voltage (Vmax)
TABLE B.47

EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE DIODES

Diodes Dl-DZ'D3' D4

Analytical estimation Simulation Estimation error

Average current (lave) 90.9 A 99.2 A 8.37
rms current (Iyms) 131.1 A 1362 A 3.74
Maximum current (imax) 209.8 A 208 A 0.87
Maximum voltage (Vimax) 3474V 3420V 1.58
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B.15 Full-bridge isolated-boost

TABLE B.48
PASSIVE ELEMENTS

Full-bridge isolated-boost converter

Ly 37.798 mH

Cout 71.884 uF

TABLE B.49
EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin L Ly Cout

Simulation rms current 892A 830A 302.7A 100.7 A

Maximum stored energy  17.36J  2.77J  3062J 306.21J

estimation
Maximum voltage stress 1833 V. 2405V 1833V 2919V
Estimation error [%] rms current 2.06 0.24 0.16 0.80
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TABLE B.50
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE SEMICONDUCTORS
Transistors S;-S,-S3-S, Diodes D;-D,-D3-D,
Analytical . . Estimation Analytical . . Estimation
L Simulation L Simulation
estimation error [%] estimation error [%]

rms current

2034 A 203 A 0.20 1582 A 1579 A 0.19
(lrms)

Turn-on
switched 1379 A 137 A 0.66 - - -
current (ion)

Maximum ;
2405V 2384V 0.88 2919V 2890 V 1.00
voltage (Vimax)

Turn-off
switched 2176 V 2154V 1.02 1459 vV 1441V 1.25
voltage (Vorr)

B.16 Single-active-bridge

TABLE B.51
PASSIVE ELEMENTS

Single-active-bridge converter

L, 217.720 pH

n,/ ng 1.8957
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TABLE B.52

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin Lo’ Cout

Maximum stored energy  562.5J  61.67]  396.7J
Simulation rms current 3185A 443 A  1198A

Maximum voltage stress 1833V~ 3409V 2971V

Maximum stored energy  562.5J  62.49]  382.81]

Analytical
rms current 3154A 4374A 1153 A
estimation
Maximum voltage stress 1833V~ 3299V~ 2919V
Maximum stored energy 0 1.31 3.63
Estimation error [%] rms current 0.98 1.28 3.90
Maximum voltage stress 0 333 1.78
TABLE B.53
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE INPUT SIDE SEMICONDUCTORS
Transistors S;-S,-S3-S, Freewheel diodes Dg;-Dgy-Ds3-Dsy
Analytical . . Estimation Analytical . . Estimation
. . Simulation . . Simulation
estimation error [%] estimation error [%]
Average
1704 A 1719 A 0.87 189 A 18 A 5
current (lave)
rms current
2934 A 2984 A 1.68 97.8 A 95.1 A 2.84
(hrms)
Maximum
. 757.7 A 752.6 A 0.68 757.7 A 7482 A 1.27
current (imax)
Turn-off
switched 757.7 A 752.6 A 0.68 0A 0A 0
current (ioff)
Maximum
1833 V 1837V 0.22 1833 V 1837V 0.22
voltage (Vimax)
Turn-off
switched 1833V 1837V 0.22 oV oV 0
voltage (Voff)
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TABLE B.54
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE OUTPUT SIDE SEMICONDUCTORS

Diodes Dl- Dz' D3' D4

Analytical estimation Simulation Estimation error

rms current (Iyms) 163.1 A 1652 A 1.27

Turn-off switched current (io) 0A 0A 0

Turn-off switched voltage (Vofr) 2919V 2973 V 1.82

B.17 Dual-active-bridge

TABLE B.55
PASSIVE ELEMENTS

Dual-active-bridge converter

L, 680.377 pH

n,/ ng 1.6851
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TABLE B.56

EXPRESSIONS OF THE RMS CURRENTS CIRCULATING THROUGH THE PASSIVE ELEMENTS, THEIR MAXIMUM VOLTAGE STRESS
AND THE ENERGY THEY STORE

Cin Lo’ Cout
Maximum stored energy  853.8J  156.8J  680.5J
Simulation rms current 4282 A 531A 2416 A
Maximum voltage stress 1833V~ 3592V 2951V
Maximum stored energy  853.8J  1543J  677.31]
Analytical
rms current 4124 A 5231 A 2375A
estimation
Maximum voltage stress 1833V 3482V 2044V
Maximum stored energy 0 1.62 0.47
Estimation error [%] rms current 3.83 1.51 1.73
Maximum voltage stress 0 3.16 0.24

TABLE B.57
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE INPUT SIDE SEMICONDUCTORS
Transistors S;-S,-S3-S, Freewheel diodes Dg;-Dsy-Dg3-Dgy
Analytical . . Estimation Analytical . . Estimation
. . Simulation . . Simulation
estimation error [%] estimation error [%]
Average
195.8 A 200.8 A 2.49 443 A 432 A 2.55
current (lave)
rms current
3419 A 349.1 A 2.06 141 A 139.6 A 1.00
(hems)
Maximum
. 673.5 A 678.9 A 0.80 673.5 A 674.6 A 0.16
current (imax)
Turn-off
switched 673.5 A 6789 A 0.80 0A 0A 0
current (ioff)
Maximum
1833 V 1837V 0.22 1833 V 1837V 0.22
voltage (Vimax)
Turn-off
switched 1833V 1837V 0.22 oV oV 0
voltage (Voff)
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TABLE B.58
EXPRESSIONS OF THE VOLTAGES/CURRENTS IN THE OUTPUT SIDE SEMICONDUCTORS
Transistors Ss-Sg-S;-Sg Freewheel diodes Dgs-Dgg-Ds7-Dsg
Analytical A . Estimation Analytical . A Estimation
. . Simulation . . Simulation
estimation error [%] estimation error [%]
Average
21.2 A 21.7 A 2.30 1212 A 123.1 A 1.54
current (lave)
rms current
T71.4 A 725 A 1.52 207.5 A 211 A 1.66
(Ims)
Maximum
. 359.7 A 361.5 A 0.50 399.6 A 4029 A 0.82
current (imax)
Turn-off
switched 359.7 A 361.5 A 0.50 0A 0A 0
current (ioff)
Maximum
2944 V 2953 V 0.30 2944 V 2953 V 0.30
voltage (Vimax)
Turn-off
switched 2615V 2615V 0 ov ov 0
voltage (Voff)
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