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Abstract: In modern aircraft designs, following the More Electrical Aircraft (MEA) philosophy, there
is a growing need for new high-power converters. In this context, innovative solutions to provide
high efficiency and power density are required. This paper proposes an unregulated LLC full-bridge
operating at resonant frequency to obtain a constant gain at all loads. The first harmonic approximation
(FHA) model is not accurate enough to estimate the voltage gain in converters with high parasitic
resistance. A modified FHA model is proposed for voltage gain analysis, and time-based models
are used to calculate the instantaneous current required for the ZVS transition analysis. A method
using charge instead of current is proposed and used for this ZVS analysis. Using this method,
an auxiliary circuit is proposed to achieve complete ZVS within the whole load range, avoiding a
gapped transformer design and increasing the efficiency and power density. A 28 Vdc output voltage
prototype, with 10 kW peak output power, has been developed to validate the theoretical analysis
and the proposed auxiliary circuit. The maximum efficiency (96.3%) is achieved at the nominal power
of 5 kW.

Keywords: aircraft power conversion; LLC resonant converters; high efficiency; ZVS auxiliary circuit

1. Introduction

In the field of the More Electrical Aircraft (MEA) philosophy, there is a tendency to substitute
mechanical, hydraulic and pneumatic systems with their electrical equivalents in order to increase
efficiency and reduce cost and fuel consumption [1-3]. As a result, the electrical power demand of
modern aircraft has increased and new power conversion solutions are needed.

Aircraft generators typically supply electrical power in AC at variable frequency (360 Hz/800 Hz;
see Figure 1); however, aircraft loads require 28 Vdc [4]. Traditional aircraft rectifiers are based on
passive solutions, with low-frequency transformers and diode rectifications. This approach is very
robust, but the power density is low and offers limited regulation capabilities. Following the MEA
philosophy, active rectifier solutions are being developed. These active solutions can be more efficient,
with an optimized volume and weight, and can also reduce the harmonic content in the AC grid,
which increases the lifecycle of the generators. Active aircraft rectifier systems are typically composed
of three stages, as shown in Figure 1: an EMI filter, AC/DC rectifier and isolated DC/DC converter.
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Figure 1. Aircraft active isolated rectifier architecture.

This article will focus on the DC/DC stage following the specifications in Table 1; a previous
publication on the design can be found in [5]. Additional information on the rectifier stage can be
found in [6]. The output voltage is fed and controlled by the rectifier, as depicted in Figure 1. Therefore,
the DC/DC converter needs a constant gain (K = 1/14) for all loads.

Table 1. Isolated DC/DC converter specification.

Input Voltage Output Voltage Output Power Output Current
400 V 28V 10 kW 360 A

For a high-power isolated converter, full-bridge based topologies are known to be the most
adequate solution in terms of volume and losses [7]. High-frequency operation is desirable to decrease
the magnetic component volume and weight; however, switching losses in the devices will increase.
That is why soft-switched topologies offer a good trade-off between efficiency and volume, such as
with LLC converters, which are widely used in different applications [8,9].

The topology selected for this application is the LLC full-bridge operating at resonant
frequency [10-12], at which the maximum efficiency is reached. However, this operation point
is at the crossroad between zero voltage switching (ZVS) and zero current switching (ZCS) for primary
devices. ZCS and ZVS are mutually exclusive soft switching techniques and, in high-current converters,
ZCS achieves a higher loss reduction than ZVS. However, aircraft noise standards are restrictive.
Therefore, ZVS operation must be achieved in high-voltage converters to avoid voltage spikes and
ensure robust operation and low emitted noise. The ZVS capabilities within the whole load range have
been analyzed extensively in the literature [13,14]. However, since operation at resonant frequency is
between the ZCS and ZVS regions, time-based (TB) simulations are needed to estimate the range of
ZVS depending on different LLC design parameters. Additionally, in LLC converters, the current is
not constant along the ZVS transition and must be analyzed in terms of charge rather than current
using time-based models. This is not considered in previous publications.

To achieve complete ZVS within the whole load range in unregulated LLC converters, the design
leads to high circulating currents and a gapped transformer. However, auxiliary circuits can be used to
increase the ZVS range in full-bridge converters; some are active [15] and others are passive [16-18],
and they consist typically of two inductive circuits connected to the middle point of each leg. This work
proposes a new configuration for the ZVS auxiliary circuit, specific to LLC full-bridge topology, with a
single inductor connected between both middle points, reducing the circuit to a single inductor.
With this circuit, ZVS can be achieved for the whole load range with an optimized transformer design
without gaps and with LLC parameters optimized to reduce circulating currents.

First harmonic approximation (FHA) is an analytical method to estimate the voltage gain in
resonant converters [19]. There are modifications of the FHA method in the literature, to account
for higher harmonics [20,21]. However, these methods do not consider load-dependent behavior.
In regulated LLC converters, the control loop can compensate for the error in gain. In unregulated
LLC converters, an accurate estimation of the voltage gain mismatch is required. The unregulated LLC
converter in this work has an external control loop to compensate the voltage gain error. However,
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an accurate voltage gain is required to estimate the components maximum voltage for the DC/DC and
AC/DC stages from Figure 1.

Two modified FHA methods for voltage gain estimation are proposed in this paper and compared
with their time-based equivalents. The first method includes a series resistance to account for the
load-dependent voltage drop and the second method includes the distributed impedance model of
the transformer.

Using the ZVS analysis and the modified FHA method, this work proposes an unregulated LLC
full-bridge operating at resonant frequency with an auxiliary circuit to achieve complete ZVS within
the whole load range. A 10 kW prototype is constructed to validate the topology and the models.

2. LLC Full-Bridge Topology: Operation Principle and Accurate Modeling

In this article, the considered topology is an unregulated LLC full-bridge with full-bridge rectifier,
as shown in Figure 2. The duty cycle is constant and close to 50%, allowing a constant dead-time to
achieve the ZVS transitions.

Figure 2. Isolated LLC full-bridge with full-bridge diode rectifier.

Normalization is performed with the parameters defined in Table 2.

Table 2. LLC converter normalized parameters.

Normalized frequency Inductance ratio
fo =% = 2mfiNL,C; m= Lt
Load quality factor Normalized voltage gain
1 L, _ nV,
Q=r\<T M= "7

In Table 2, f; is the switching frequency and f; is the resonant frequency of the series tank, and Rj,
is the reflected load AC-equivalent resistance for the output full-bridge rectifier. The rest of the
parameters are defined in Figure 2.

The analytical equation for the gain is derived from the equivalent circuit shown in Figure 3a
using the conventional first harmonic approximation (FHA) [19]:

M_&_H'VOUT: 1

)

A Vin \/(1+ﬁ(1_%))2+@(ﬁ1_%ﬂ)2

Figure 3b shows the gain (M) at different quality factors (Q) and inductance ratios (/) within a
range of normalized frequencies (0.5 < f, < 2).

Three different modes can be defined for the operation of the LLC converter: below resonance
(fn < 1), at resonance (f;, = 1) and above resonance (f, > 1). The current shapes of each mode are
shown in Figure 4 at two different inductance ratios (mm).
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Figure 3. (a) LLC equivalent circuit (simplified first harmonic approximation (FHA)), (b) LLC voltage
gain (M) at different inductance ratios (1) and quality factors (Q).
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Figure 4. LLC converter modes: (a) below resonance; (b) at resonant; (c) above resonance.

2.1. Unregulated LLC Optimum Design and Power Loss Model

In regulated LLC converters, the minimum and maximum operating frequencies are selected to
achieve the desired voltage gain. However, in unregulated LLC converters, to achieve a constant gain
at all loads, the frequency is kept constant. A constant gain is only possible when operating at resonant
frequency. Additionally, operation at resonant frequency achieves the best trade-off of power losses,
as depicted in Figure 5. The model used for the MOSFET power loss can be found in the Infineon
application note [22]. The conduction losses for a full-bridge configuration of MOSFET are calculated
with the following equation:

_ 4Rps0, (100 °C)
a Nmos

12

Pc RMS_M @

where Rpsy, (100 °C) is the drain-source resistance of the MOSFET with a junction temperature of
100 °C as a worst case, Npjos is the number of devices in parallel for a switch position, and Igps M is
the switch total RMS current:

tri +try tru -t
Ps = fsNmosVpsmax|Ipon >t Qrr + IporF ) 3)

where Vpgspax is Vin for primary-side and Vo for secondary-side devices, Ipon and Iporr are the
turn-on and turn-off drain currents, t,;,t furtru, tyi are the rise and fall times of current and voltage,
respectively, and finally Q,; is the reverse recovery charge.
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Figure 5. LLC converter total normalized power losses (P15 /Poyr) at 10 kW output power. Including
primary and secondary transistors and transformer. (a) for m = 10; (b) for m = 215.

To calculate the winding losses, the following equation is used:
Pwinding = RAC(loo kHZ) IIZQMST (4)

where Igys 7 is the transformer RMS current and Ry (100 kHz) is the AC resistance of the winding
estimated using FEA analysis, using Pemag-Maxwell.
Finally, the core losses are estimated using the improved generalized Steinmetz equation

(iGSE) [23]:
1 T
Pcore = T j(; ki

where B is the flux in the core, , § are the Steinmetz coefficients, and k; is the improved Steinmetz
coefficient. The components used can be found in Table 6 in Section 5. To summarize the total losses from
breakdown in Figures 5 and 6, the losses are merged into three main categories of conduction losses,

24

4B (AB)P~%dt (5)

dt

Pcong = Pc1+Pca + Pwinding + Ppayasitics, (6)

consisting of the sum of the transistor conduction losses from primary and secondary sources,
the winding losses of the transformer and the conduction losses of the parasitic resistances across the
converter. Then, the switching losses consist of the sum of primary and secondary transistor switching
losses, using Equation (3), and the core losses using Equation (5).

m =10, Pout =0.5kW m =215, Pout =0.5kW
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Figure 6. LLC converter total normalized power losses (Ppss/Poyr) at 500 W output power, including
primary and secondary transistors and a transformer; (a) for m = 10; (b) for m = 215.

In Figure 5, for high inductance ratios (1), minimum losses are not reached at f;, = 1 but at
fn = 1=ty fr, where complete ZCS is achieved. When comparing the behavior between high and low
inductance ratios with the LLC converter, we can see in Figure 5a,b that m = 215 has lower power
losses. This is caused by the high circulating currents and high turn-off currents of the m = 10 case.



Energies 2019, 12, 1850 6 of 20

These high circulating currents can be noticed at low load, as depicted in Figure 6, where the
conduction losses are negligible for m = 215 but are considerable for m = 10.

The voltage gain is M = 1, when neglecting the load-dependent voltage drop and the effects
of undesired parasitic elements. These effects are usually neglected in regulated LLC converters,
because the feedback loop adjusts the voltage gain to the desired value. However, in unregulated
LLC converters, the frequency is constant and the gain varies as a function of the load. In the system
depicted in Figure 1, the DC/DC stage input voltage will be adjusted by the AC/DC stage. However,
the input voltage range is required for the design of the AC/DC stage.

Because the converter is unregulated, the resonant frequency of the tank changes with the
component value drift. If the switching frequency is not changed to match the new resonant frequency,
the converter will not operate at the optimum efficiency. This issue can be solved by measuring the
input and output voltage and implementing an algorithm to search for the maximum gain, which will
also be the point of maximum efficiency. This is not a control loop, and it can be performed only once
during the startup process. As explained before, the voltage gain varies with the output load and the
conventional FHA does not consider this load influence and other parasitics. Therefore, more accurate
modified models are needed to design unregulated LLC converters.

The next sections describe two FHA models with modified circuits with different parasitic
elements added.

2.2. FHA and TB Models Considering the Series Resistance

As discussed previously, the effect of the load-dependent voltage drop cannot be neglected to
estimate the gain. To consider this effect, series resistance is added to the equivalent circuit in in
Figure 3a, as shown in Figure 7. The modified FHA model in Figure 7a is compared to the time-based
(TB) model of Figure 7b. The addition of the resistance dampens the series resonance of the LLC
tank, so higher harmonics are introduced in the current and non-linearities are no longer negligible.
Therefore, the conventional FHA circuit is not accurate when the harmonic content is high.

G L R G L R e
V.
- Y= T RS P P 1
(a) (b)

Figure 7. (a) Modified FHA LLC equivalent circuit with series resistance; (b) time-based (TB) LLC
circuit with series resistance.

The analytical equation for the gain is derived from the modified FHA circuit, as illustrated in
Figure 7a:

M= : = (7)
Y+ (- 2)- &) + (- b))

This equation is the same as Equation (1) with additional terms in bold. These terms contain a
new parameter, the quality factor of the series resonant tank, which is defined as follows:

1 [L
Qs = R_s\/cir ®)

This parameter includes the series resistance R, as depicted in Figure 7. It consists of all the
resistances in series between the primary and secondary voltage bridges, including the resistances of

the primary and secondary switches.
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A comparison between the modified FHA and the TB models is depicted in Figure 8. The effect of
the voltage drop is visible, as the gain at different power loads does not converge to one point at the
resonant frequency. There is a good match between the modified FHA and TB models within the range
of 0.75 < f, < 1. Outside this range, the harmonic content of the resonant current is high enough so
that the FHA approach is not valid, especially at high power. Therefore, outside this range, the TB
models should be used over the modified FHA for higher accuracy.

m =10 m =215
I . o606~
140 -¢-Time-based [ Poyr = 500W Y
; — Analytical @ Poyr = 5kW

@ Poyr = 10kW

® Poyr = 500W -¢&-Time-based 0@
® Poyr = 5kW — Analytical
@ Poyr = 10kW 0
‘ O S
1 1.5 2
f”

(b)

Figure 8. Comparison of the gain (M) for the modified FHA and TB models (with simulation) with
series resistance at different output powers (a) for m = 10; (b) for m = 215.

2.3. FHA and TB Models Considering Distributed Impedance Model

The use of magnetic integration is widespread in LLC converters in the literature [24-26].
With magnetic integration, the two inductors of the LLC converter can be integrated in the transformer
as a single magnetic component, where the magnetizing inductance operates as the parallel inductor
L, and the leakage inductance as the series resonant inductor L,. However, the equivalent circuit of
the transformer is more accurate with distributed leakage inductance if the inductance ratio (m) is low,
as depicted in Figure 9. Considering external connections, stray inductances and resistances from the
PCB and other parasitics, the equivalent model of the distributed LLC can be summarized as the circuit
depicted in Figures 10 and 11.

Lext] Rext]é le] Racl Rac2 leZg Reth Lext2

Ly R R, L,

Figure 10. Modified FHA LLC equivalent circuit with distributed inductances and resistances.

C}" L Ji R )i R 2 L 2 Full-bridge

Rectifier

V.
y-2 L, A

Figure 11. TB LLC circuit with distributed inductances and resistances.
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The values of the distributed inductors and resistances are as follows:
(@) Ri =pRs (b)Ro=(1-p)Rs (c) L1 =AL, (d) Ly = (1-A)L, )

where p and A are expressed as numbers between 0 and 1 that establish the distribution between the
primary and total series resistance and inductance. The analytical expression for the gain M can be
calculated as follows:

1
M= = (10

2
B (1+A1) _Q 5 _ (14By) L.
\/(”( >(1 ) Qs“‘z) +Q ((”B“f 7 (( m))

where the coefficients A1, Ay, B1 and B, are as follows:

@) Ar=(1-p) 5 (b)Azz%[p(l N+ (1-pAE - (1-2) y
()31 =4 (d) By = [(1 A)+p< —p _%] (11)

It can be observed that when p = 1 and A = 1, the equivalent circuit becomes that shown in
Figure 7, the coefficients Aj, A, By and B, are equal to 0, and Equation (9) yields the same results as
Equation (6). All of the coefficients in (10) depend on 1/(m — 1), except for Aj, because it is already
factorized in Equation (9). For this reason, the distributed model only affects the value of the gain for
low values of m. This can be observed in Figure 12a,b, where the gain for m = 215 is the same for both
models, while for m = 10, the gain increases by 10% at resonant frequency.

m =10 m =10

- Time-based’ O Poyr = 500W
— Analytical @ Poyr = 5kW
® Poyr = 10kW

-¢- Time-based [© Poyr = 5000
— Analytical @ Poyr = 5kW
@ Poyr = 10kW

O

® Poyr = 500W & Time-based @

(@ Poyr = 500W : ..,
0857 @Pur—shw O rmebaed g 0857  @Pur=skw | o e
@ Pour = 10kW Y <>,,_<> ® Pour = 10kW Qﬂ"{}
0.8 ‘ ‘ A 08! ‘ .
0.5 1 15 2 0.5 1 15 2
fa fa
(a) (b)

Figure 12. Comparison of the gain (M) for the series resistance model (Figure 5a) and distributed
model (Figure 5b) with the FHA model and time-based simulations: (a) series resistance model gain at
different powers and inductance ratios (Figure 6); (b) distributed model gain at different powers and
inductance ratios.

In conclusion, for high values of m, the distributed model is not necessary and the series resistance
model can be used as it gives a similar result. However, for low values of m, the distributed impedance
model should be used because it is more accurate.



Energies 2019, 12, 1850 9 of 20

2.4. Time-Based Models for Current Analysis

The FHA models are based on the first harmonic; as such, the currents are purely sinusoidal.
In the analysis of the ZVS transition, the instantaneous current is required and the FHA models are
not accurate enough. Time-based models (TB) are then required for an accurate estimation of the
instantaneous currents.

Two different TB models can be used, as explained in the previous two subsections: the series
resistance model and the distributed impedance model, presented in Figure 5. (a) Modified FHA
LLC equivalent circuit with series resistance; (b) time-based (IB) LLC circuit with series resistance.
Figures 5b and 9, respectively. The distributed impedance model is closer to reality and gives more
accurate results for low frequencies and low inductance ratios, as depicted in the next section in
Figure 11.

In the next section, the ZVS transition will be analyzed in detail. However, it is necessary to know
which of the two models is required for accurate modeling of the current during this transition.

3. ZVS Analysis for the Unregulated LLC Converter

The ZVS and ZCS regions of the LLC converter are depicted in Figure 13. ZVS and ZCS are
mutually exclusive, because a turn-off current is needed to achieve a complete ZVS.

10 ¢

0.01 | | |
001 0.1 ] 10 100

Jn

Figure 13. Zero voltage switching (ZVS) regions of the LLC converter.

The selected topology operates at the resonant frequency where the ZVS regions and the ZCS
region meet. In this region, if the turn-off current is small enough, ZCS is not achieved and the ZVS
transition will be incomplete (iZVS).

In power converters, ZVS is generally achieved using an inductive current to ensure the
charge/discharge transition of the transistor output capacitance (Cyss). In the literature [27], this transition
is assumed to be at a constant current if the energy stored in the inductor is much higher than the
energy in the capacitors:

1
5“2 > Goss_ Total (VIN)-VIN (12)

where qoss Tota1(Vin) is the total charge of the output capacitance of a switch. A switch may consist
of several transistors in parallel. To avoid confusion with the quality factors, which are traditionally
denoted with an uppercase Q, all the charges for the ZVS analysis are denoted with a lowercase q.
If the condition in Equation (11) holds, then the turn-off current i,¢¢(t) can be assumed to be constant
Iof and the charge delivered by the inductive current is the following, where {; is the dead-time:

ta
gi = fo fog (1) dt 13)
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The complete ZVS condition can be derived in terms of available inductive charge (g;) compared
to the stored charge s Tota1 Using the following equation:

di 2 Goss_Total- (14)

However, in LLC converters, the transition current is not constant, because multiple reactive
elements (L;, Ly, C;, ...) shape the turn-off current, as illustrated in Figure 14. To account for this,
a charge ratio k; can be introduced:

tg .
g J g ()t
1 Loffta Lofpta

(15)

e

=0 =N =0
- A e
pE -

0o T2 T T/2 T
. Time y Time
m =10, f, = 0.5 m =10, fp = 2
10 [ k =0.52 15
< k =0.62 < g
= 5l =10
§ ‘ Distributed model/ / :\S 5
0 ; Series resistance model
L L L 0 L s L L L
tqg = 300ns tq = 300ns tqg = 300ns
m =215, f, = 0.5 m =215, f, =1 m =215, f, =2
10 k =0.88 15 seen £ =0.35 40 senn £ =0.59
< k=088 | = I —k=035] = —k =0.61
= = ) =
= 5l I S0l ff = \
— o — =20
5| ol 55 3 Lops
0
‘ 0 0

tg = 300ns tqg = 300ns tg = 300ns

Figure 14. Time-based (TB) simulated currents of each mode and close-up of the dead-time transition
for different LLC converter operation modes.

With this charge ratio, the relation between the initial turn-off current (I,¢s) and the real charge
(9;) can be defined for a given dead-time (t;). When the turn-off transition occurs at constant current,
the charge ratio has a value of k; = 1. In LLC converters, when the turn-off current has a resonant
shape, the value of the charge ratio is kq < 1, as illustrated in Figure 14.

Complete ZVS transition is achieved when g; is higher than g, T, (see Equation (13)). For LLC
converters, this condition can be estimated using TB models, as depicted in Figure 15. For m = 215,
complete ZVS is achieved above resonance and depends on the output load. However, for m = 10,
the complete ZVS range is greatly improved in the range of 0.6 < f,; < 1.5 for the whole load range.

Using the information of Figure 15, it can be concluded that, for LLC converters, complete ZVS
can only be achieved for the whole load range at low inductance ratios (i = 10). The best operation
point is at resonant frequency, where k; ~ 1 for all loads and the switching losses will be reduced.
The low inductance ratio LLC converter can only achieve complete ZVS at heavy loads and operate
above resonance when the efficiency is not optimal.



Energies 2019, 12, 1850 11 of 20

10 m =10 o 5 m =215 5
© Poyr = 500W @02}’ @ Poyr = 500W o q@
© Pour = kW & 6 ® Poyr = 5kW 0 I
— @ Poyr = 10kW @ A ® Por = 10KW () 7V
Q 5 Q_....O @ <, & i
= 5006886001 4 = e AV Y
s 2 oY oo
&7 Tons iZVS &9 a izvs
0 . Y05 000000000088000000000 /0
0.5 1 1.5 2 0.5 1 1.5 2
f” fl’,
(a) (b)

Figure 15. Time-based model simulations: inductive charge (g;) and transistor output capacitor charge
(Goss_Total )» Where iZVS stands for incomplete ZVS. (a) for m = 10; (b) for m = 215.

4. Proposed Auxiliary Circuit

An auxiliary circuit is proposed to achieve complete ZVS for the full load range for a high
inductance ratio (m), where the design of the LLC achieves the highest efficiency and power density.
Auxiliary circuits are commonly used in full-bridge converters to improve their ZVS capabilities [16,28],
particularly in LLC converters [29].

The auxiliary circuit consists of an inductor directly connected to both middle points of the
primary full-bridge legs, as depicted in Figure 16. A small-series DC blocking capacitor (Cy) is added
to avoid the core saturation of Ly, since the inductor current is not controlled.

SfJg .1 L C

Vv, -

— L
= LG L

m

S JE] S, Jﬁ

Figure 16. Proposed auxiliary circuit.

The purpose of the auxiliary inductor is to provide a constant current during the ZVS
charge/discharge transition, avoiding the issues discussed in the previous section.
The equivalent circuit for FHA analysis is modified as illustrated in Figure 17.

C. L R,
|
|
] G ,
M I 4 L, R, S|V,

Figure 17. FHA equivalent circuit with auxiliary circuit.

Because the auxiliary circuit is in parallel with the input voltage source, the gain will not be
affected by this circuit. Additionally, the resonant frequency of the auxiliary circuit is designed to
be much lower than the series resonant tank frequency in order to not affect the series resonant tank
frequency. To analyze this circuit, two additional normalized parameters need to be introduced:
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e  The normalized auxiliary frequency:

f:cn = % = \, itg: (16)

Ly+ L
=T
T

e  The auxiliary inductance ratio m,:

(17)

For simplicity, these parameters are defined similarly to the normalized parameters of the
LLC converter.

4.1. Auxiliary Circuit Analysis and Design

Because the auxiliary circuit is designed to have an inductive behavior at the switching frequency
(fx < fs), the capacitor voltage ripple can be neglected and the auxiliary inductor voltage is equal to the
input bridge square voltage, as depicted in Figure 18.

Vin

Vin (t)

-

1 -1
0 2f I3 I \

Time
Figure 18. Auxiliary circuit current and voltage and auxiliary capacitor voltage ripple.
The triangular inductive peak current can be calculated as follows:

V]Nd - nngOUT

L = max(iy(t)) = 2Lefs  (mx—1)Z fuM’

(18)

where d is the duty cycle, and Z; is the equivalent impedance of the series resonant tank.

As explained in the previous section, Equation (13) must hold to achieve complete ZVS. However,
with the auxiliary circuit, the total charge is equal to the charge delivered by the LLC tank current and
the auxiliary circuit current.

9 = Gix + Gir = kgloprta = kg(Ix + I )tg. (19)

Using Equations (13), (17) and (18), the maximum value for the inductance ratio of the auxiliary
circuit my to ensure complete ZVS for a given t; can be calculated as follows:

my <14 —anVour

<14 —@nvour 20)
(- 1)z fu

As this auxiliary circuit can provide almost all of the charge to achieve complete ZVS, the LLC
can be designed with a high magnetizing inductance value to minimize the circulating currents and
optimize efficiency, as explained in the first section.

The maximum auxiliary inductance ratio from Equation (19) is plotted at different loads and
frequencies in Figure 19. The selected auxiliary inductance ratio for the final prototype is 12.5.
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Figure 19. Auxiliary circuit maximum inductance ratio (1) design criteria.

To avoid DC bias in the unregulated inductor, a DC blocking capacitor is added in series.
This creates a secondary resonant tank. As explained previously, the auxiliary circuit behavior is
inductive. At resonant frequency, where f; = f;, then fy, < 1.

The voltage in the capacitor is negligible compared to the input square waveform. However, the
maximum voltage value should be calculated for design purposes. The auxiliary capacitor voltage
shape is a parabola, as shown in Figure 18. The ripple in this capacitor can be calculated using the
capacitor equation and integrating the triangular current through the auxiliary circuit:

d ) Ix(l d) _ n)z-d(l d) fa nVour 1)
2fs 2Cxfs 2 M

For a value of fy,;, = 0.1, the equation yields V¢, = 0.02-Vy.

Ver = max(vi(t)) = vi(

4.2. Transformer Design and Comparison

Using the auxiliary circuit, complete ZVS at a full load range can be achieved without using the
magnetizing inductance of the transformer. Therefore, the inductance ratio of the LLC converter can
be as high as possible, reducing the circulating currents and improving the efficiency. To show the
advantages of a high inductance ratio transformer, two transformers designs are compared.

The comparison between the m = 10 transformer design, Figure 20, and the m = 215 transformer
with m, = 10, Figure 21, auxiliary inductor is shown in Table 3. The transformers are divided into two
components because a series/parallel configuration is used; this will be explained in the next section.

— -

Figure 20. Design II: gapped transformer for m = 10, with a custom core and the same winding

configuration and scale.

Figure 21. Design I: forward-type transformer for m = 215: planar E-core and 200 um copper foil.
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Table 3. Breakdown of losses, volume, and temperature of the two magnetic component designs.

Transformers 1 Auxiliary Inductor Total
Power Loss Power Loss Total Volume
A© Volume A© Volume  Losses ! 1
PCu Pre PCu Pre

Design] 9.8W 13W 61°C 0.18dm® 20W 22W  55°C  0.13dm® 498W 049 dm°®
Designll 255W 18W 101°C 0.37 dm?® - - - - 87W 074 dm?

1 There are two transformers in the design, as the final prototype uses a series parallel configuration. The total
volume and losses include the two transformers.

Transformers with low magnetizing inductance typically use gaps and therefore lead to higher
losses and reduced power density [25]. The window utilization of gapped transformers has to be low
to avoid the gap proximity effect [30]. The proposed auxiliary circuit increases the magnetic component
count but decreases the losses and volume. It can be concluded that the proposed auxiliary circuit
is an overall improvement to the power density of the converter and does not add any significant
complexity to the control scheme, as it is a passive solution.

5. Prototype

A prototype was built to validate the proposed solution for a 10 kW aircraft application with the
parameters shown in Tables 4 and 5.

Table 4. Normalized parameters of the prototype.

QGOOW) QGLKW) QUOKW) Qs m my f fen
0.02 0.18 0.36 7.5 215 12,5 0.99 0.023

Table 5. Parameters of the prototype.

L, C, Ly Ly Cy Rs f r f s
711 uH 349 nF 2 x 750 uH 74 uH 60 uF 602 mQ) 102 kHz 101 kHz

A modified LLC converter topology was used with two series parallel transformers and two
output bridges [31], as depicted in Figure 22. This modified structure does not affect the analysis
described in previous sections. However, the series inductor L, of the LLC topology consists on the
leakage inductances of both transformers in series (L,4 and L,p), while the parallel inductor L, consists
on the two transformers magnetizing inductances in series (L4 and L;,;5). Because the magnetizing
inductances of the two transformers are in series in the primary mode, the inductance ratio () is
further increased.

This modified structure is adequate for high-power applications since the two independent output
bridges can handle half the load and double the switching devices effectively in parallel. Synchronous
output bridges are used to further improve the efficiency. Current sharing in the secondary mode is
achieved because of the series connection of the two transformers. Therefore, current measurement
or a secondary resonant capacitor are not required. Because the difference in the impedance of
each secondary bridge is small, the mismatch in the current sharing will also be small. However,
secondary bridge synchronization is important to ensure a balance of DC bias in both transformers;
synchronization can occur naturally with higher dead-times and under diode turn-off [5].

The prototype is depicted in Figure 23 and consists of the input board, the transformers, and the
output board, as well as the control board, which provides all transistor signals as well as providing
hardware protection.
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Figure 22. LLC full-bridge with a series parallel transformer configuration and two output-synchronous
full-bridges.
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Figure 23. 10 kW prototype.

The components used in the prototype are shown in Table 6. Silicon MOSFET technology is used
because it is a robust technology. Because the converter operates with soft-switching, the use of an
Si devices does not detract from the efficiency. However, improvements in other types of devices,
such as high-voltage GaN technology, could be a candidate for future improvements on the prototype.
These devices will further reduce the volume of the auxiliary circuit as they have less output capacitance

charge and ZVS is achieved more easily.
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Table 6. Prototype components.

Component Reference Type Quantity
Input capacitor B32778G8606K Film 5
Primary transistors IPW65R037C6 Coolmos 8
Resonant capacitor gggiégggig?ggﬁggii Multilayer Ceramic g
Transformer core Planar E-core Ferrite 2
Transformer winding Copper foil 200 pm -
Secondary transistors IPP10004S2L-03 Optimos 32
Output capacitors B32774D4226]000 Film 12
Auxiliary inductor core E65/32/27 Ferrite 1

6. Experimental Results

16 of 20

Experimental waveforms at the nominal and overload power (5 kW and 10 kW) are depicted in
Figure 24. The secondary currents are measured with the inverted polarity of one measurement as
they fully overlap and would not otherwise be distinguishable. It can be seen that the current sharing
is validated, with a DC mismatch of less than 5% at 10 kW.

Tek Deten. TeKPres Pr
(33
@ =0V 2 J @ 0 2 J
@ 5004 20035 2506Ms @ 7 ) @ .02 2.00ps BEE W
& =0.04 7.00ps i 1M pts. 0.00¥ _JT7 w2018 ®D 100 A 2.00ps )L 1M pts. 000V J7 o 2018
Valor Medio Min. Max. Desu. est 2:55: 47 L Valor Medio Wi, Max. Desv. est ] 12:45:27
@ Frecuencia 101, 3kHe 4.023M 101.3k £33.3M 29.33M @ Frecuencia 101. 4kHz 16.25M 101.3k £33.3M 56.96M
(a) (b)

Figure 24. Experimental results: secondary transformer current (magenta and black), input resonant
current (cyan), input voltage bridge (blue); (a) at 5 kW of output power; (b) at 10 kW of output power.

The measurements are depicted in Figure 25a. The experimental results of the ZVS transition are
shown in Figure 25b at 500 W (light load), in Figure 26a at 5 kW (nominal load) and in Figure 26b at
10 kW (overload condition). The ZVS transition is achieved completely for all loads as the drain-source
voltage of S3 is zero when it is turned on. The charge ratio can be estimated integrating the current
between the cursors k; = 0.91/0.66/0.55 for 500 W, 5 kW and 10 kW, respectively.

1Trig'd

© -448.9ns
® -8.400ns
A440.5ns
dv/dt

3.034V
3.284V

A6.319V

14.34MV/s

@ 100V @ 100V

2.00A

)

(@)

@ 2004 200ns
€D

Min
A 1231 1185
4108V 410.1  4.453

1.15A 1124 10.80
-343.8mV ~806.6m_-3.547

Max
12.79
413.2
11.70
66.83

Std Dev
239.4m
11.45

232.7m
745.0m
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1000 points

(b)

$ Mar 2019
19:10:49

Figure 25. (a) Measurement setup including auxiliary circuit; (b) ZVS experimental results at 500 W.
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Figure 26. ZVS experimental results: (a) at 5 kW (b) at 10 kW.

To validate the improvement in efficiency provided by the auxiliary circuit, prototype tests
are carried out without the auxiliary circuit. In Figure 27, the resonant current, drain-source and
gate-source voltages are shown. ZVS is not achieved and voltages spikes appear in both voltages.
The resonant current is distorted by a parasitic resonance between the output capacitor of the MOSFET

and the series resonant inductor.

Tek Stop [

2.50G5/5 @ 5 32V
20M points

@ Max 440V 441 .00 443 2.88
@ Min

-28.0V_ -30.3 -72.0 —-8.00 2.05

@ 100V 25.0V € 5.00A ][1,00}15
Value Mean Min Max Std Dev

8 May 2019
09:51:56

Figure 27. Experimental results without auxiliary circuit at 5 kW.

The performance comparison between these two prototype set-ups is depicted in Figure 28a.
The efficiency is improved by the inclusion of the auxiliary circuit. Without the auxiliary circuit, ZVS is

not achieved and the switching losses are increased.

A close-up of the measured efficiency at different loads is depicted in Figure 28a. The measured
efficiency at nominal output power (5 kW) is 96.26% and at the overload power (10 kW) is 94.86%.
The estimated efficiency is calculated using the power loss model explained in Section 2. The results

show a good match with the estimated values.

The measured load-dependent voltage drop of the gain (M) is shown in Figure 28b and follows

the modified analytical equation (Equation (6)).
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Figure 28. Experimental results: (a) efficiency at different output powers with (blue and yellow) and
without (green and red) the auxiliary circuit, (b) close-up of the efficiency with the auxiliary circuit.

7. Conclusions

This article makes two main contributions: the first is related to the accurate modeling of LLC
converters. A series resistance FHA model and a distributed FHA model are proposed and compared
with time-based models and are an improvement over the traditional FHA approach. The first model
is accurate for high inductance ratio LLC converters, while the second model is more accurate for low
inductance ratios. The distributed FHA model has not been experimentally validated, and this can
be done as future work. A time-based ZVS analysis is performed using a method based on charge
and using time-based models. This analysis considers the variable current along the transition in LLC
converters. With this method, the ZVS range is analyzed for different LLC designs. As a conclusion,
the most suitable design to achieve ZVS in the whole load range is the low inductance ratio LLC
converter, although it is less efficient than the high inductance ratio converter.

As for the second contribution, an auxiliary circuit is proposed to achieve complete ZVS at the
whole load range in a high inductance ratio LLC converter. The circuit is analyzed using the charge
method proposed. This circuit is designed for an unregulated LLC converter operating at resonant
frequency. This solution has higher power density compared with the low inductance ratio LLC
converter as it avoids gapped transformer designs.

A 10 kW prototype is designed to validate the auxiliary circuit. The measured efficiency is 96.2%
at the 5 kW nominal power and 94.86% at the 10 kW overload power. Experimental results show that
complete ZVS is achieved with the auxiliary circuit, at a light load (500 W), nominal load (5 kW) and
peak load (10 kW). With the addition of the auxiliary circuit, the efficiency is improved from 93% to
96.2% at 5 kW.
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