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Abstract: Due to the advantages of zero-voltage-switching (ZVS) and zero-current-switching (ZCS),
LCLC resonant converters are universally applied in two-stage electronic power conditioners (EPCs)
of space travelling-wave tube amplifiers (TWTAs). In two-stage EPCs, as the output voltage is
regulated by the first stage, the main functions of LCLC resonant converters are to boost the input
voltage, provide galvanic isolation, and maintain high efficiency. However, the total power loss
of an LCLC resonant converter is very challenging because of the multiple resonant components
and their mutual couplings. In order to solve this problem, in this paper, a PSO (Particle Swarm
Optimization)-algorithm-based, efficiency-oriented optimal design method of an LCLC resonant
converter is proposed. Based on an analysis of working principles, the total power loss (with
consideration of all the power losses, including the driving loss and the conduction loss of the
main switches), transformer loss, and power loss of the rectifiers is calculated. After that, the total
power loss is appointed as the objective function of the PSO algorithm, where the optimal circuit
parameters are derived to minimize the total power loss. After the optimal circuit parameters are
obtained, an LCLC resonant converter with the desired parameters is built. Finally, the proposed
PSO-algorithm-based, efficiency-oriented optimal design method is validated by an example.

Keywords: space travelling-wave tube Amplifiers; LCLC resonant converter; PSO algorithm; optimal
design method; total power loss

1. Introduction

In an electronic power conditioner (EPC) of a space travelling-wave tube amplifier (TWTA),
the two-stage power converter structure, as illustrated in Figure 1a, is universally applied; the first
stage is a close-loop buck or boost converter, and the second stage is an open-loop LCLC resonant
converter, as shown in Figure 1b [1,2]. In the two-stage power converter structure, the output voltage
is controlled by the first stage, and the second stage is an unregulated converter whose functions are to
boost the input voltage and provide galvanic isolation while keeping high efficiency [1]. Therefore,
it is extremely necessary to operate under high efficiency for an LCLC resonant converter [2].

Previous research on LCLC resonant converters can be reviewed as close-loop [3-9] and
open-loop [2,10]. In [3], an extra capacitance was introduced into an LLC resonant tank to build
an LCLC resonant tank, and the traditional LLC control method was applied in an LCLC resonant
converter. In [4,5], a special closed loop was designed to regulate the voltage-gain of an LCLC resonant
converter. In [6], interleaved control was utilized to improve the performance of an LCLC resonant
converter at the overload condition. In [7], an LCLC resonant converter control was re-designed for
dual outputs. In [8], the closed loop control method of an LCLC resonant converter was investigated
for multi-level converters. In [9], a special control method of an LCLC resonant converter was
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proposed to regulate its input port impedances to realize the maximum power point tracking (MPPT)
of the solar panel. Compared to a close-loop LCLC resonant converter, research on the open-loop
LCLC resonant converter is rarely reported. Paper [10] investigated the zero-voltage-switching (ZVS)
conditions of an open-loop LCLC resonant converter. Paper [2] further analyzed both the ZVS and
zero-current-switching (ZCS) conditions of an open-loop LCLC resonant converter, and it also derived
analytical equations for an LCLC resonant converter.

Besides the papers reviewed above, there are also other publications on LCLC resonant
converters [11-16]. In [14], a resonant capacitor was in series with the magnetizing inductance,
which aimed at changing the impedance of the magnetizing inductance. However, it should be noted
that, although these LCLC resonant converters share the same ‘LCLC’” name, they hold totally different
topologies with Figure 1b.

Two-stage power converter structure in TWTA

Solar Stage 1: Stage 2: LCLC Travelling-
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A

Feedback
()
B +
© Dix +c,
im i idl r' s
P Lm : é NS Ro”\/o
N—eo
Transformer DA =C,

(b)

Figure 1. Typical power supply in a travelling-wave tube amplifier (TWTA): (a) Two-stage power
converter structure; (b) an LCLC resonant converter.

Most of these reviewed papers concentrated on the analysis of topologies [2,10] or the control
strategies of LCLC resonant converters [4,5,7-9], while rare papers focused on the power loss of an
LCLC resonant converter [2,10].

It is known that an open-loop LCLC resonant converter is the first option for the second stage
part of a high voltage DC/DC converter in space TWTA applications. As discussed before, most of
the existing research of the open-loop LCLC resonant converter were only focused on how to achieve
ZCS and ZVS to minimize switching loss [1,2]. However, switching loss is only one part of the total
power loss in an LCLC resonant converter. It should be noted that, apart from the switching loss,
its total power loss also includes the driving and conduction loss of the main switches, the power
loss of the high voltage rectifiers [17], the copper loss of the transformer [18], the core loss of the
transformer [19], and the dielectric loss of the transformer [20]. In other words, for an LCLC resonant
converter, ZCS and ZVS mean that the switching loss is minimized, but the total power loss of the
converter is not. As a result, in order to achieve high efficiency, the total power loss of the converter
needs to be further optimized. However, due to the multiple resonant components and their mutual
couplings, the optimization of the total power loss is very challenging. As a result, based on the above
review, analysis of the optimization of total power loss is rarely reported.

Therefore, aiming to minimizing the total power loss of an LCLC resonant converter,
a PSO-algorithm-based, efficiency-oriented optimal design method for an LCLC resonant converter is
proposed. In the optimal design method, all the power losses, including the driving and conduction
loss of the main switches, the copper loss, core loss, the rectifier loss, and, especially, the dielectric
loss of the transformer are considered. At first, the working principles of an LCLC resonant converter



Energies 2019, 12, 2444 3of16

are reviewed, and the equations of the main parameters are derived. Secondly, based on working
principles and the equations of the main parameters, the total power loss of an LCLC resonant converter
is calculated. Thirdly, the total power loss is assigned as the objective function of the PSO algorithm,
which then optimizes it. The optimal resonant components, including the leakage inductance (L;),
series resonant capacitance (Cs), parasitic capacitance of the transformer (C;), and the magnetizing
inductance (L;;) are derived. Finally, an LCLC resonant converter with the optimal parameters is built
to realize the optimal design.

The rest of this paper is arranged as follows. In Section 2, the working principles and the
calculations of the main parameters of an LCLC resonant converter are summarized. In Section 3,
the proposed PSO-algorithm-based, efficiency-oriented optimal design method is elaborated upon.
At first, based on the equations in Section 2, the total power loss of an LCLC resonant converter is
calculated. After that, the total power loss is appointed as the objective function of the PSO algorithm,
which then optimizes it. In Section 4, the proposed optimal design method is validated by an example.
Section 5 summarizes the whole paper.

2. Review of the Working Principles and the Circuit Analysis of an LCLC Resonant Converter for
Space TWTA Applications

2.1. WorkingPrinciples of an LCLC Resonant Converter for Space TWTA Applications

The typical waveforms of an LCLC resonant converter are shown in Figure 2. The main waveforms
of interest are listed as follows:

(@) The driving signals of the main switches—uvgs1(t), Ugsa(t), Vgs3(f), and vgs4(t);
(b) the resonant current, i.(f);

(c) the current of Ly, iy, (t);

(d) the voltage across the series capacitor (Cs), ves(t);

(e) the voltage across the parasitic capacitor of the transformer Cp, vey(t);

(f)  the voltage across the parasitic capacitor of Sy, v4s1(t)—same as vgs4(t);

(g) the voltage across the rectifier diode Dy, v41(t); and

(h) the current of the rectifier diode Dy, i1 (f).
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Figure 2. Typical waveforms of an LCLC resonant converter.

Half a period of an LCLC resonant converter can be divided into three modes, and the equivalent
circuit in each mode is shown in Figure 3.
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Figure 3. Equivalent circuit in each mode: (a) Mode 1; (b) Mode 2; (c) Mode 3.

Mode 1 (#1, t2): The waveforms of Mode 1 are shown in Figure 2, from t; to t;, and the equivalent
circuit of Mode 1 is illustrated in Figure 3a. Before Mode 1, the voltages of S; and S4 are zero while
the resonant current, 7,(t), is also zero. In addition, the voltage of D; is on, and C, is clamped by the
output voltage. As a result, when S; and Sy are turned on at t1, both the ZCS and ZVS of 51 and S, are
achieved. Similarly, at t1, as the voltage and current of D; are also zero, and both the ZCS and ZVS of
D; are achieved.

In Mode 1, the resonance begins between L, and Cs, and the power is transferred from the primary
side to the load. As C, is clamped, iy (t) increases linearly. When i,(t) is equal to i,,(t), Dy is turned
off naturally, Mode 1 ends. As the voltage and current of D; at ¢, reach zero, D; operates under ZCS
and ZVS.

Mode 2 (£, t3): The waveforms of Mode 2 are shown in Figure 2, from ¢, to t3, and the equivalent
circuit of Mode 2 is illustrated in Figure 3b. In Mode 2, because D; is off, Cy is not clamped by the
output voltage any more. The resonance begins among L;, Cs, Ly, and Cp. At t3, i,(t) decreases to zero,
and S; and Sy are turned off. As the voltage and current of S and Sy are zero, S; and S4 operate under
ZCS and ZVS.

When S; and Sy are turned off, Mode 2 ends.

Mode 3 (3, t4): The waveforms of Mode 3 are shown in Figure 2, from t3 to t4, and the equivalent
circuit of Mode 3 is illustrated in Figure 3c.

In Mode 3, as all the switches are off, a complex resonance begins among L, Cs, Ly, Cp, and all the
parasitic capacitances of the switches, including Cjs1, Cgsp, Cgs3, and Cygq. During Mode 3, the voltages
of S; and S, increase from zero to V;, while the voltages of S, and S; decrease from V;, to zero,
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accordingly. In addition, the voltage of Cp, reverse to —aV,/2 (a is the turns ratio of the transformer) and
be clamped again. The magnetizing current, i,,(t), keeps increasing before the voltage of C, decreases
to zero. When the voltage of Cp decreases to zero, the peak value of iy (t), I_pk, occurs.
When the voltages of Cj31 and Cys4 increase to V;,, Mode 3 ends and the other half period begins.
The second half of a period is similar to the first half period, with Mode 4 similar to Mode 1,
Mode 5 similar to Mode 2 and Mode 6 similar to Mode 3.

2.2. Derivations of the Eqauitions of the Main Paramters in an LCLC Resonant Converter

The equations of the main parameters are summarized in this part, and they include the voltage
gain, the RMS (Root-Mean-Square) value of i.(t), I; ys; the peak value of iy(t), I, ok the RMS value of
the current across Cp, Icp_rms; the time for Mode 3, T;; and the switching period, Ts.

The voltage gain of an LCLC resonant converter can be calculated by [2]:

Vo/Viy =2/a 1

where a is the turns ratio of the transformer.
The RMS value of i,(t) can be calculated by [2]:

I yms = (T(VO)/(aRO) frs/(zfs) 2

where R, is the load, f;s is the resonant frequency between L, and Cs, and f; is the switching frequency.
The time for Mode 3, T, can be calculated by [2]:

T, =1/(2n ﬂp){arcos[—( (nfip)/ (2 frs))_l] — arctan(nifyy)/ (2 ﬂs)} 3)

The peak value of i,(t) can be calculated by [2]:

g = Vin/ (2L) 1/ (4f2) + 1/ (r2£3) @)

where f;;, is the resonant frequency between L, and C,.
Based on (3), the corresponding peak magnetic flux density can be calculated by [1,2]:

By = Vin 1/(472) + 1/(r2£2) /(2N ) ©)

where N, is the number of turns in the primary winding and A, is the cross-sectional area of the core.
The RMS current of C,, which is used to calculate the dielectric power loss, can be calculated
by [1,2]:

T3
Iep_rms = Vin/Lm \/0.5 o/ (4% + m2f2) f sin®(27 fyt + @y )dt ©6)
0

where tangy, = 7tfrp/2f;s.
The switching period, Ts, can be calculated by [1,2]:

Ts =Ty +1 /(nf,p){arcos[—( ,/(nfrp)/ (2frs))_1] _ arctan(nfrp)/ (2fr5)} 7)

2.3. Conditions of ZCS and ZVS for LCLC Resonant Converters

As shown in Figure 2, in order to achieve ZVS, enough dead time (T,;), must be left for charging
Cys1 and Cyg4 while discharging Cys» and Cys3. Therefore,
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Ty> (Ts—Trs)/2 ®)

In addition, as the reverse conduction of the antibody diode of the main switch causes extra loss,
the circuit design should guarantee that the reverse conduction of the antibody diode of the main
switch is avoided. In order to investigate the criterion, Mode 2 was studied. The equivalent circuit of
Mode 2 in the s domain is shown in Figure 4.
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Figure 4. Equivalent circuit of Mode 2 in the s domain.

Based on Figure 4, the following equations can be derived:
[SLr + (CP + Cs)/(stCs)]Ir(S) + (—1 /SCP)Im (S) = [V,'n + SLyir(t)|t:t2 - ch(t)|t:tz - Ucp(t)lt:tz ]/S (9)
_1/(st)Ir(s) + [sLm + 1/(SCP)]Im (s) = [vcp (S)|t:tz + sLmim(t)|t:t2 ]/s

The resonant current in the time domain of Mode 2 is:

i) = =B~ a0l + Vs ) 0w cof )+ BVt (2 Bt sl ) 10)
The minimum value of (10) is utilized as the criterion of ZCS, which can be expressed as:
Lr_yms = min{i;(t)} = 0 (11)

In the following optimal design method, Equations (8) and (11) are used as the criterions of ZCS
and ZVS. However, it is worth noting that with ZCS and ZVS achieved in an LCLC resonant converter,
its total power loss (Py,¢) still includes the conduction loss of the rectifiers (Pp), the driving loss of the main
switch (Ps_g4;), the conduction loss of the main switch (Ps_o), the copper loss of the transformer (Pt ¢,),
the core loss of the transformer (Pt r.), and the dielectric loss of the transformer (P _p;.), which means
the total power loss needs further optimization. Therefore, a PSO-algorithm-based, efficiency-oriented
optimal design method is proposed, and it is elaborated upon in the following section.

3. Proposed PSO-Algorithm-Based, Efficiency-Oriented Optimal Design Method of an LCLC
Resonant Converter for Space TWTA Applications

In this section, a PSO-algorithm-based, efficiency-oriented optimal design method for LCLC
resonant converters is proposed. In the first part, based on the working principles and the equations in
the previous section, the total power loss of an LCLC resonant converter is calculated. In the second
part, the proposed optimal design method is elaborated upon. In the third part, the proposed optimal
design method is evaluated by an example.

3.1. Derivation of the Total Power Loss of an LCLC Resonant Converter

In this part, the power losses of an LCLC resonant converter, including the conduction loss of the
rectifiers (Pp), the driving loss of the main switch (P;_4,), the conduction loss of the main switch (Ps o),
the copper loss of the transformer (Pt ¢,), the core loss of the transformer (Pt ), and the dielectric
loss of the transformer (Pr pj.), are derived.



Energies 2019, 12, 2444 7 of 16

The conduction loss of the rectifiers can be calculated by:
Pp =2I,Vp (12)

where I, is the output current and Vp is forward voltage of the rectifier diode.
The driving loss of the main switch (P; 4) can be calculated by:

Ps_dr = 4Qngsfs (13)

where Vg is the driving voltage, f; is the switching frequency, and Q; is the gate charge.
Based on Equation (2), the conduction loss of the main switch (Ps_ o) can be calculated by:

Psfon = (nzvgfrsRsfon) ( 2szs) (14)

where V), is the output voltage and R; ,; is the conduction resistance of the switch.
Based on Equation (2), the copper loss of the transformer (Pt ) can be calculated by:

Prcu = (nngfrsRac)/QazR%fs) (15)

where R, is the AC resistance of the transformer.
Based on Equation (5), the core loss of the transformer (Pt r,) can be calculated by:

B
Pr_pe = kef [Vin/ (2NpA) 1/ (4f3) +1/ (2f3)] Ve (16)

where k., @, and f3, are the parameters of the magnetic material and V, is the volume of the core.
Based on Equation (6), the dielectric loss of the transformer (Pt p;,) is:

470 tan 6C, V2 £

2 2
4:rs‘~'712 rp

Pt pie =

Ty
i f sin[27¢ fy (£) + ¢)dt (17)
0

where 0 is power loss angle, T; is dead time, and ¢ is a constant.
Based on Equations (12)-(17), the total power loss of an LCLC resonant converter can be

calculated by:
2VpV, ﬂzvgfrsRs on a in 1 1 ‘3
Pror = T2 +4Qg Vs fo + —poe— T kefs (e it eg) Ve (18)

72V2 Ry 473 tan 6C, V2 frp
+ o + o sin? 27 )+ ¢
2a2R2f; Aff+mtff, f for(2) Jat

The above total power loss equation is utilized in the following proposed optimal design method
as the objective function.

3.2. Proposed PSO-Algorithm-Based Efficiency-Oriented Optimal Design of an LCLC Resonant Converter

In Equation (18), there are four resonant components to be optimized. In addition, these four
resonant components are internally coupled. Furthermore, the conditions of ZCS and ZVS must be
satisfied to reduce the switching loss. As a result, due to the above reasons, it may be concluded
that the optimal design of an LCLC resonant converter is very challenging. In order to solve this
problem, the AI (Artificial Intelligence) algorithm, PSO, is utilized for the optimal design of an LCLC
resonant converter.

Nowadays, the PSO algorithm is universally applied in the optimal design process because of
its internal capability in solving the complicated problems and parallelism [21-23]. Furthermore,
the population-based method has an excellent performance for global optimization and can deal with



Energies 2019, 12, 2444 8 of 16

objective functions which are linear or nonlinear and continuous or discontinuous. In this paper,
the PSO algorithm is used to deal with the difficulties caused by multiple variables and internal
couplings of an LCLC resonant converter. The flowchart of the proposed PSO-algorithm-based,
efficiency-oriented optimal design of an LCLC resonant converter is shown in Figure 5, and each

sequence is explained as follows:

Parameters of the converter, transformer, insulator, main
switches, rectifiers, Viy, Vo, f5, Roy Racs Vs ey 0, By Ogs Vs,
R, ,»and tang, Vp

¥

Total power loss optimization
based on the PSO algorithm

v

Optimized parasitic parameters: C,, L,, L,,, Cy, Pio

Design of the LCLC resonant converter
with optimized L,, C,, L,,and P,

End

Figure 5. Flowchart of the PSO-algorithm-based, efficiency-oriented optimal design of an LCLC
resonant converter.

At first, all the parameters—including the parameters of an LCLC resonant converter, V;,, V,, f;,
and R,; the parameters of the transformer, k., @, B, Ve, and R,; the parameter of the insulators for the
transformer, tand; the parameters of the main switches, Vs, Qg, and Rs_on; and the parameter of the
rectifiers, Vp—are input into the optimal design method.

After that, the total power loss, considering the conditions of ZCS and ZVS, is optimized by the
PSO algorithm, and the optimal parasitic parameters, Ly, Cs, L, Cp, and Py, are obtained. The details
of the PSO algorithm will be elaborated upon later.

Finally, an LCLC resonant converter with the optimal parameters is realized by proper design.

The PSO algorithm is elaborated upon in the following part.

3.3. PSO Algorithm for the Optimal Design Method

The flowchart of the PSO algorithm is shown in Figure 6 and elaborated on as follows:

Step 1: Initialization of the PSO algorithm

The parameters of the PSO algorithm, including Weight.start, Weight.end, kind, and Vel.max,
are initialized. The parameters of the number of the particles, Ny, is 20; the maximum iteration number
in PSO, Max.Iteration, is 100.

Each particle is assigned with random L, Cs, Ly, and Cp, within the given range. The parameters
of an LCLC resonant converter are input into PSO. The equation of the total power loss, Equation (18),
is assigned as the objective function of the PSO.

Step 2: Calculation of the total power loss (Pst)

In this step, the objective function of each particle, namely the total power loss, is calculated with
Equation (18), which is used to evaluate the fitness value of each particle.

Step 3: Update of global best value, personal best value, Weight and Vel

The global best value of all particles and the personal best value of each particle, Weight and Vel,
are updated based on the total power loss and the corresponding restrictions.

Step 4: Repeat of Step 2 and Step 3 until the ending condition is satisfied

In Step 4, if the average objective function value is stable or the Max.Iteration is reached, the recycling
process is terminated. Otherwise, Step 2 and Step 3 are repeated.
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Step 5: Output the optimal results, including optimal L;, Cs, Ly, Cp, Ptot

After the recycling process of Step 2 and Step 3 is finished, the optimal L;, Cs, Ly, Cp, and Py,
which are the outputs of the PSO algorithm, are obtained.

At this moment, the PSO algorithm comes to the end. After the total power loss is optimized
by the PSO algorithm, the optimal L, Cs, Ly, Cp, and Py are derived. An LCLC resonant converter
with optimal parameters could then be built to realize the optimal design results. In the following
part, the proposed PSO-algorithm-based, efficiency-oriented optimal design method is evaluated by
an example.

Start of PSO

Parameters Initialization:
Weight.start, Weight.end, kind, Vel.max

v

| Particles Initialization: L,, L, Cs, C, | Step 1
v

/—>{ Calculation of objeftlve function (Pror) | Step 2

Update the global best value of all particles Step 3

Update the personal best value of each particle
v
I Update Weight based on: Weight.start, Weight.end, k, kind

v

Update velocity, Vel with the restriction [-Vel.max, +Vel.max]
Update the position with the restriction [Positionmin,POSitionmay]

The average objective
function value is stable? Or,

reach max iteration? Step 4

Output: Ly, Ly, Cs, Cp, Prot Step 5

Figure 6. Flowchart of the PSO algorithm for an LCLC resonant converter.

3.4. Evaluation of the Proposed PSO-Algorithm-Based, Efficiency-Oriented Optimal Design Method

In this part, the proposed PSO-algorithm-based, efficiency-oriented optimal design method of
an LCLC resonant converter is evaluated by an example. The input voltage is 40 V, and the output
voltage is 4800 V. The switching frequency is 320 kHz, and the output power is 288 W. Based on
the switching frequency and power rating, the magnetic core, FEE 38/16/25 (with N87 from TDK),
is selected. In addition, the main switch, RJK 6505PBF, is chosen based on the input voltage and power
rating. The parameters of the converter, the magnetic core, and the main switches are listed in Table 1.

Table 1. The example LCLC resonant converter whose parameters need to be optimized for the test.

Parameters Value Parameters Value
V; 400V Ve 10,200 mm?
Vo 4800 V A, 190 mm?
f 320 kHz ke 3.716 x 1074
R, 80 kQ) a 4.823
P, 288 W B 5.521
Vs 10.0V Ron 45 mQO
Qg 40 nC Rac 20.0 mQ)

Coss 660 pF
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With the parameters shown in Table 1, the total power loss of an LCLC resonant converter is
optimized by the PSO algorithm, following the sequences in the previous part. The algorithm is
executed in MATLAB on a laptop, and the total execution time is 12.55 s. The variation of the total
power loss with the number of iterations is shown in Figure 7. It can be seen from Figure 7 that the total
output power becomes stable after several iterations. The final optimized total power loss is 8.9 W.

A

12
g
g 11
2
= 10
2 (44, 8.9)
g 9
e | .

0 10 20 30 40 50 60 70

Number of iteration

Figure 7. Variation of the total power loss with the number of iterations.

According to the proposed PSO algorithm, the optimal L;, Cs, Ly, Cp, and Py, can be obtained as
follows: L, = 0.09 uH, Cs = 1.0 uF, Ly, = 8.0 uH, C, = 13.2 nF, and Pyt = 8.9 W.

After the optimal design process is finished, an LCLC resonant converter with the optimal design
parameters can be designed to realize the optimal design results. In the following section, an optimal
LCLC resonant converter is built, and the proposed PSO-algorithm-based, efficiency-oriented optimal
design method is validated by the experiments.

4. Experimental Validation

In this section, an LCLC resonant converter with the optimal design parameters obtained in
Section 3 is built. An improved partially interleaved transformer structure proposed in [21] was
adopted to achieve the optimal leakage inductance, magnetizing inductance, and parasitic capacitance,
while an optimal series capacitor (Cs) was designed by selecting the proper capacitance value. After an
LCLC resonant converter was built, the effectiveness of the proposed optimal design method was
evaluated by changing magnetizing inductance and series capacitance. Finally, the proposed optimal
design method was further validated by testing its efficiency under different input voltages and
output power.

4.1. Prototype of an LCLC Resonant Converter with Optimal Parameters

With the optimal parameters obtained from the PSO algorithm, the prototype of an LCLC resonant
converter was built. Due to the advantages of low leakage inductance, low parasitic capacitance,
and low AC resistance, the improved partially interleaved transformer structure presented in [24] was
adopted, which is illustrated in Figure 8.
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Figure 8. The improved partially interleaved transformer structure for the optimized LCLC
resonant converter.

The dimensions of the transformer and the windings for the optimized LCLC resonant converter
are shown in Table 2.

Table 2. Dimensions of the transformer and the windings.

Parameters Description Values
dps The distance between primary and secondary winding 0.13 mm
dpt The thickness of the primary winding 0.2 mm
dst The thickness of the secondary winding 70 um
da The thickness of the air gap 63 pm
dpw The width of the primary winding 9.6 mm
dsw The width of the secondary winding 0.28 mm
dy; The thickness of the thicker insulation 1.6 mm
dy; The thickness of the normal insulation 0.3 mm

Using the dimensions of the transformer shown in Table 2, a 2-D model of the transformer was
built in Ansys Maxwell. Hybrid electromagnetic simulations were carried out to simulate the parasitic
parameters. The simulated leakage inductance, magnetizing inductance, and parasitic capacitance of
the transformer are listed in Table 3. In order to make a comparison, the desired values are listed in
Table 3 as well.

Table 3. Comparison between the simulated values and desired values.

Parameters Simulated Values Desired Values
L, 0.09 uH 0.09 uH
L 8.1 uH 8.0 uH
Cp 13.0 nF 13.2nF

It can be seen from Table 3 that the simulated values were in accordance with the desired values,
which means that the optimal L,, L,; and C, were achieved. For the optimal C;, since C; is a detached
component, a capacitor with the desired capacitance value was selected.

As a result, the LCLC resonant converter with the optimal parameters was built, and it is shown
in Figure 9. In the following part, the LCLC resonant converter is tested to evaluate the effectiveness of
the proposed optimal design method.
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Transformer  Voltage Multiplier

Figure 9. The prototype of the LCLC resonant converter with optimal parameters.

4.2. Evaluation of the Proposed PSO-Algorithm-Based, Efficiency-Oriented Optimal Design Method

The PSO-algorithm-based, efficiency-oriented optimal design method was evaluated with the
LCLC resonant converter shown in Figure 9.

The waveforms of the resonant current, i,(t); the voltage of Sy, v451(t); and the driving signals of Sy,
vgs1(t), are shown in Figure 10a, while the driving signal of S, vgs1(t); the voltage of Dy, v1(t); and the
current of Dy, iz (t), are shown in Figure 10b.

[v4s1(t),v451(1): 10V /div] [i,(1): 20A/div] [vgs1(1),v451(1):10V /div] [var(¢):200V /div]
O

Tw

3

[Vgs1 (1), 0g54(2): 10V /div] 500ns/div [i4:(t): 200mA /div] 500ns/div
(a) (b)

Figure 10. Experimental waveforms: (a) Sy; (b) D;.

It can be seen from Figure 10a that when S; was turned on, the voltage of Sq, v451(t), and the
current of Sy, ir(f), were zero. As a result, S; operated under the ZVS and ZCS (turn-on) condition.
In addition, when S; was turned off, the voltage of Sy, v451(t), and the current of Sy, i,(t), were zero.
As a result, S; operated under the ZVS and ZCS (turn-off) condition.

In addition, it can be seen from Figure 10b that when D; was turned on, the voltage of Dy, v41(¢),
and the current of Dy, iz (), were zero. As a result, D; operated under the ZVS and ZCS (turn-on)
condition. In addition, when D; was turned off, the voltage of Dy, v41(t), and the current of Dy, 51 (#),
were zero. As a result, D operated under the ZVS and ZCS (turn-off) condition.

Based on the above analysis, it can be concluded that both the main switches and the rectifiers
operated under the ZCS and ZVS condition.

In order to further evaluate the effectiveness of the proposed optimal design method, L, and C;
were changed to deviate from their corresponding optimal values.

The experimental waveforms with different L,, are shown in Figure 11a,b, while the comparison
of the efficiency is shown in Figure 11c.

It can be seen from Figure 11a that when L;, was higher than the optimal value, the ZVS of the
main switches was lost, which is shown in Figure 11a. In addition, it can be seen from Figure 11c that
the efficiency decreased from 96.8% to 95.0%.
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It can be seen from Figure 11b that when L, was lower than the optimal value, the advantages of
ZCS were lost, which are shown in Figure 11b. In addition, it can be seen from Figure 11c that the
efficiency decreased from 96.8% to 94.8%.

[vas1(1):10V /div] [z,(z‘) 10A /div]

%

[0461(£):10V /div] 500ns/div

[v451(1):10V /div]

[041(£):10V /div] 500ns/div

(b)

96.8%
95.0%
94.8%
29.3uH 8.0uH 4.0uH
Lm

(©)

Figure 11. Experimental results with different L;;: (a) L,; =29.3 uH and (b) L;;; = 4.0 uH. (c¢) Comparison
of the efficiency.

Based on the experiments with different L, it can be concluded that when L,; deviates from the
optimal design value, the advantage of ZCS or ZVS may be lost, and the efficiency may decrease as
well, which validates the effectiveness of the proposed method.

The experimental waveforms with different Cs are shown in Figure 12a,b, while the comparison
of the efficiency is shown in Figure 12c.

It can be seen from Figure 12a that when Cs was lower than the optimal value, the ZVS of the
main switches was lost, which is shown in Figure 12a. In addition, it can be seen from Figure 12¢ that
the efficiency decreased from 96.8% to 94.0%.

It can be seen from Figure 12b that when Cs was higher than the optimal value, the advantages of
ZCS were lost, which are shown in Figure 12b. In addition, it can be seen from Figure 12c that the
efficiency decreased from 96.8% to 95.2%.

Based on the experiments with different Cs, it can be concluded that when Cs deviates from the
optimal design value, the advantage of ZCS or ZVS may be lost, and the efficiency may decrease as
well, which validates the effectiveness of the proposed method.

Based on the above experiments, it can be concluded that with the PSO-algorithm-based,
efficiency-oriented optimal design method, the soft switching of the all the main switches and
rectifiers was achieved. In addition, compared with the unoptimized parameters, high efficiency was
also achieved.
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In space TWTA applications, since the input voltage and the load change, it is necessary to further
investigate the performance of the converter under different input voltages and loads.

[vasa (£):10V/div] ~ [4,(t): 10A/div]

(V451 (1):10V /div] " 500 ns/div
(@)
(V451 (1):10V /div] [4,(t): 10A /div]

=N\ /"
v [zf,,sl().l()\//(ln] l"—'kgo()gmf

(b)
96.8%
[E—
. -
94.0% -
j— | j— |
—— J— L
0.3 uF 1.0 puF 1.6 uF
Cs
(0)

Figure 12. Experimental results with different C,: (a) Cs = 0.3 pF and (b) Cs = 1.6 pF. (c) Comparison of
the efficiency.

4.3. Performance of the Optimal LCLC Resonant Converter under Different Input Voltages and Loads

The efficiency under different input voltages is shown in Figure 13a. It can be seen from Figure 13a
that at the rated input voltage (40 V), the total measured power loss of the LCLC resonant converter
was 9.22 W, while the efficiency was 96.8%. Compared with the result from the PSO-algorithm-based
optimal design method, the measured total power loss, which was 9.22 W, is in high accordance with
the optimal result of the optimal design methodology, which was 8.9 W.

A

100 4 100

98 —~ 98
& PPN R E\i
< 96 L = 9% : .
5 - 5
2 .
g M 2 o

m

&LEI 92 2

90 > 90 >

10 20 30 40 50 0 20 40 60 80 100
Input voltage (V) Load (%)
(@) (b)

Figure 13. Efficiency under different: (a) Input voltages; (b) loads.
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The efficiency under different loads is shown in Figure 13b. It can be seen from Figure 13b that
from 20% to the full load, the efficiency was always higher than 90%, which means high efficiency can
be achieved over wide load range.

5. Conclusions

In order to improve the efficiency of an LCLC resonant converter, a PSO-algorithm-based,
efficiency-oriented optimal design of an LCLC resonant converter has been proposed.

At first, the working principles of an LCLC resonant converter were reviewed and, based on
the working principles, the power losses of each part, including the driving loss, conduction loss,
copper loss, core loss, dielectric loss, and the conduction loss of the rectifiers were calculated. Based on
the calculated power losses, the total power loss of an LCLC resonant converter was derived. However,
due to multiple variables and their internal couplings, the optimization of the total power loss was
very challenging.

In this paper, the PSO algorithm was utilized to solve the difficulties caused by the multiple
variables, the internal couplings among the variables, and the complicated soft switching conditions.
With the total power loss as the objective function, the proposed optimal design method could calculate
the optimized total power loss and corresponding optimal parameters of LCLC resonant converters,
which can be used to design such a converter.

Finally, the proposed optimal design method was validated by a prototype. In addition,
the effectiveness of the optimal design method was been tested by changing the magnetizing inductance
and the resonant capacitance.
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