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Abstract: This study presents the topology of a three-phase LLC resonant converter with matrix
transformers. The three-phase LLC resonant converter has the advantages of conventional LLC
resonant converters, including zero-voltage switching at the primary side, zero-current switching
at the secondary side, high-frequency feasibility, and high efficiency. Moreover, it has additional
advantages that differ from conventional LLC, including low output capacitor current ripple, natural
current sharing in three resonant currents, and a high power level. As a result of the above mentioned
characteristics, LLC topology has been used in many electric vehicle charging systems, server power
systems, and other high-power applications. However, as the power level becomes higher and higher,
the input voltage is usually too high to reduce conduction loss, and the output current also increases.
This situation makes transformer design more difficult. The increasing current means more core and
copper loss, and the heat dissipation of the transformer becomes more difficult. Matrix transformer
technology can improve this problem directly and simply. By utilizing matrix transformers, which are
primary series connected and secondary parallel connected, the primary voltage stress and secondary
current stress of the transformers can be reduced, and the output current can be distributed. The
analysis of the proposed converter in this study includes a circuit operation introduction, a time-
domain analysis, calculation of the transfer ratio curve in the frequency domain, and a loss analysis.
The theoretical analysis and performance of the proposed converter are verified. A three-phase LLC
resonant converter with matrix transformers prototype is built with a high input voltage of 800-VDC
and high output current of 200-A. The output voltage is 100-VDC. The waveform and efficiency data
will be shown in the experimental results.

Keywords: matrix transformers; three-phase Y-Y LLC; LLC converter

1. Introduction

LLC topology has developed rapidly in recent decades. The applications are becoming
increasingly extensive [1-5]. From the server power supply to the wireless charger to
the electric vehicle charger, the applications are pervasive. The applied power level has
increased from hundreds of watts to tens of kilowatts. Faced with increasing demand, LLC
topology is still developing. For example, interleaved LLC improves the power level, but
the problem of an unbalanced resonant current exists [6-8]. The three-phase LLC improves
power level further while still maintaining the benefits, such as zero-voltage switching
and high efficiency, and also improves disadvantages, such as a high output ripple current
and unbalanced current. In addition, different transformer connection methods can lead
to different circuit characteristics [9-11]. In general, the three-phase LLC has two types of
transformer connections: one is Y-connection, and the other is A-connection. Y-connection
such as Figure 1 is suitable for high-voltage applications, and A-connection is suitable for
high-current places [12].
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Figure 1. The conventional three-phase Y-Y connection LLC converter.

To increase the output power level further, this study proposes matrix transformer
technology. Matrix transformers with different connection methods can disperse the stress
of power components, improve heat dissipation problems, and increase the power level.
When working with two transformers, there are four types of different connections that
can improve different problems, such as series—series, series—parallel, parallel-parallel, and
parallel-series connections [13-16]. Where [13] and [14] use two transformers to improve
the power level, [15] uses a series—series connection to reduce the voltage stress of the
transformers and ensure the currents are balanced on the primary side. The authors of [16]
use a series—parallel connection to reduce the turns of the primary windings and current
stress on the secondary windings. In addition, the conduction loss of rectifier diodes is also
reduced. The authors of [17] use a parallel-series connection to achieve a very high step-up
ratio (up to 650) as well as high voltage operation (~2-kV). In [18,19], the authors use
parallel-series connections to improve performance by reducing the turns of primary wind-
ings, decreasing the loss of coils, and reducing cross-regulation problems. In addition to the
above voltage/current stress and power level effects, the matrix transformer can be used in
planar transformers to improve circuit performance. In papers [20,21], matrix transformers
were used to increase the possibilities of the circuit. With integrated transformer technology
and advances in high-frequency technology, these two studies not only achieve a high
step-down voltage and high efficiency, but also promote switching frequency to 1-MHz.
Moreover, the matrix transformer method can be applied to many topologies, for example,
the LLC converter [22], AC-DC inverter [23] and flyback converter [24]. The height of
double transformers can also be reduced to facilitate occasions with height restrictions. In
brief, a series/parallel connection can reduce the voltage/current stress of transformers,
and more importantly, matrix transformers can increase the possibilities of the circuit. This
study combines double-transformer technology and three-phase Y-Y LLC topology to
verify and realize the above advantages.

For the analysis of the three-phase LLC resonant converter with matrix transformers,
this paper will first introduce the composition of the proposed converter, then use a
frequency-domain analysis to derive the curve of the voltage transfer ratio of the proposed
converter. Next, it will introduce the operation principle, a time-domain analysis of different
operating states, and a control block diagram. In Section 3, it will provide the components
selection and a loss analysis. Finally, the experimental results of the three-phase LLC
resonant converter with matrix transformers prototype will be presented. The input
voltage is 800-VDC, the output voltage is 100-VDC, and the max output power is 20-kW.
The highest efficiency is 97.61%.

2. Three-Phase LLC Resonant Converter with Matrix Transformers

Figure 2 shows the schematic of the three-phase LLC resonant converter with matrix
transformers. The topology is composed of three sets of half-bridge LLC. Each half bridge
consists of a series resonant tank and a separate set of transformers (T14 and Tyg). Three
sets of transformers are connected to one another in a Y-type structure at the primary side.
Therefore, the voltage stress on the primary side of the transformer is reduced, given the
series voltage division, and the current stress on the secondary side is halved because of
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the parallel connection. Given the reduction of voltage and current stress, transformers and
rectifier diodes will have more flexible choices. The heat dissipation capacity is also good.
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Figure 2. Schematic of the proposed three-phase LLC resonant converter with matrix transformers.

The common point N of Y-connected matrix transformers should be floating. The
turns ratio of all transformers is n:1. Transformers TA and TB can be freely selected to be
connected in parallel or to output individually. The control method is pulse frequency
modulation. Each set of half-bridge signals is in 120° phase shift, and each duty cycle is
almost 50%.

This section will provide an analysis of the voltage transfer ratio by using a first
harmonic analysis (FHA) of the proposed converter and will introduce circuit operation
in different states (regions 1 and 2) and a time-domain analysis. Where Region 1 is the
region in which the switching frequency is higher than the first frequency fr;, Region 2 is
the region in which the switching frequency is lower than the first frequency fr;. Circuit
analysis is complicated, and thus simplifying the analysis is necessary. The following are
our assumptions:

1. The parasitic capacitance of the MOSFET is neglected.

2. Output capacitance C, is large enough so that the output voltage is a constant value.

3. All components are ideal such that the conduction losses of all switches and diodes
are neglected.

2.1. Calculation of Voltage Transfer Ratio Curve by FHA

This study uses the FHA method to derive the curve of the voltage transfer ratio. The
transfer ratio (G = ’{,‘j) can be derived by calculating the relationship between the voltage
and the current in the first harmonic type and the one cycle. Figure 3 is the single-phase

schematic of the proposed converter. The transfer ratio G can be redefined as (1).
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The separate calculation results of (1) are listed in Table 1. All results are presented
with the FHA coefficient.

Table 1. Design parameters of the experiment and simulation.

Separate Part Calculation Results
L on
Iy T
Iy m?
50 N 24n?R,
S |H (je)|
AN 2
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Figure 3. Single-phase schematic of the proposed converter.
All calculation results are multiplied to obtain the voltage transfer ratio G.
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The frequency response |H(jw)| can be depicted as Figures 4 and 5. The definitions of
all signs are as follows:

Frequency response |H(jw)| = \/[ (

-] +lels-)
Switching angular frequency w = 27t f

First resonant angular frequency wy = 27 frq
Second resonant angular frequency wy = 27t fr)

VL /G

Quality factor value Q = ¥ 77

Ratio of magnetizing inductance to resonant inductance K = Ii—’f

f is switching frequency
First resonant frequency fri = ﬁ

— 1
Second resonant frequency fry = e

H(w) 4 :
Region2 | Region1. 2
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: — 0=02 |
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Figure 4. Relationship between transfer ratio and Q value.
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Figure 5. Relationship between transfer ratio and K value.
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The condition of Figure 4 is the transfer ratio curve of different Q values under the
condition of fixed K = 5, and the condition of Figure 5 is the transfer ratio curve of different
K values under the condition of fixed Q = 0.3.

Figures 4 and 5 show that the operate condition depends on the switching frequency
and slope of the transfer ratio curve. If the circuit operates at the positive slope, it will be
inductive; otherwise, it will be capacitive. If the switching frequency operates at higher
than fr; (Region 1), the magnetizing inductor will be clamped in all conditions and will not
participate in resonance. If the switching frequency operates lower than the fr, (Region 2)
and positive slope, the magnetizing inductor will decouple in specific stages and participate
in resonance. The next section will introduce the operation principle of the two regions.

2.2. Operation Principle and Time Domain Analysis of the Three-Phase LLC Resonant Converter
with Matrix Transformers

The operation waveforms of the three-phase LLC resonant converter with matrix
transformers in Region 1 are shown in Figure 6. Among them, UgsM1~UgsM6 are control
signals of six MOSFETs M1~Mg. if,1, i1+2, and ir,3 are the resonant inductor current. iy,14,
irm24, and ip 34 are the magnetizing inductor current. i74, iz4, and i34 are the transformer
secondary current. ipja, ip2a, ip1, and ipyp are the rectifier diodes current. The above
waveforms definitions can be found in Figure 2. The operation stage in a cycle can be
divided into 12 parts (tp~t12). Given that the positive and negative cycles are symmetrical,
only the positive cycle will be explained.

Moreover, for the mathematical expression of the resonant tank, the following defini-
tions are required:

Zy =4/ é—i, Z, is the characteristic impedance.

The statement diagram of each stage is shown in Figure 6.

Stage 1 (tp—t1):

As shown in Figure 7a, switches M4 and M5 are turned on and switches M2, M3, and
M6 are turned off. Given the continuity of the resonant current iy,1, the body diode of
switch M1 is turned on. Voltage v 4y changes to %Vm from _%Vin and v,y is — %nVo. The
current value i1 4 drops quickly to 0, and then this stage ends. In Region 1, all transformers
transfer energy to the secondary side. The resonant inductor current ij,;, the resonant
capacitor voltage v¢,1, and the magnetizing inductor current iy ,,1 4 are shown as follows:

lVin + %”VO - 'UCr(tO)

i1 (t) = iny(fo) - cos[w(t — to)] + 3 7 sinfw(t — fo)] 3)

, . 1, .2 1., 2
ven (8) = Zo -ipe(fo) sinfw(t — t)] — ng + gﬂVo —vcr(to) | coslw(t —ty)] + gvm + gnVo 4)
iLma(t) = iuma(t) = 3 7 (t = o) ©)

Stage 2 (t1-t2):

In this stage, switches M4 and M5 keep turning on, and switches M2, M3, and M6 keep turning
off. Switch M1 will turn on after dead time. The current i;4 drops to 0 and turns to the positive
current of Stage 1. Voltage v,y changes to %nVo. The resonant inductor current ij,1, the resonant
capacitor voltage v¢,1, and the magnetizing inductor current iy, 4 are shown as follows:

3 in — %nVo —vcr(tr)

it (t) = iy (t) - cos[w(t — t1)] + 3 2 sin[w(t — t1)] (6)
ocn(t) = Zo-ie(in)sinfeo(t — 0)] — | 3 Vi — 31Vo — ey (1) | cosleo(t — 1)) + 3 Vi — 30V, (7)
itmia(t) = ipmia(t) + 20 (E— ) ®)
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Figure 6. Operation waveforms of the three-phase LLC resonant converter with matrix transformers
in Region 1.

Stage 3 (tz—tg,):

As shown in Figure 7c, switches M; and My are turned on, and switches M, M3, and M5 are
turned off. Given the continuity of the resonant current iy ,3, the body diode of switch Mg is turned
on. Voltage v, changes to %Vin from %Vin/ and V;n keeps %nVo. The current value i34 drops quickly
to 0, and this stage ends. The resonant inductor current iy,1, the resonant capacitor voltage v, and
the magnetizing inductor current iy ;1 4 are shown as follows:

2y, _ 2 _
irn(t) =ipe(t2) - cos|w(t — )] + s SHZO ver(t2) sin[w(t — tp)] 9)
. . 2 2 2 2
v (F) = Zo iy () sinfw(t — )] — §Vm - gnVO — vy ()| coslw(t— )] + gVin — gnVo (10)

. . 1 nV,
itma(t) =ipma(ty) + = —
3 Lua

(t—t) (11)
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Figure 7. Operation station of the three-phase LLC resonant converter with matrix transformers in
Region 1 at (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4, (e) Stage 5, and (f) Stage 6.

Stage 4 (t3—t4):

In Stage 4, switches M; and My keep turning on, and switches My, M3, and M5 keep turning off.
Switch M; turns on after dead time. The current value i34 drops to 0 at Stage 3 and turns to negative
current at this stage. Voltage v,y changes to %nVo. The resonant inductor current ij,, the resonant
capacitor voltage vc,1, and the magnetizing inductor current iy, 4 are as follows:

gVin - %HVO —vcr(t3)

i (t) = ip,(ts) - cos[w(t — t3)] + 2 Z, sinfw(t — t3)] (12)
oen (£) = Zo - it (t3) sinfw(t — t3)] — %v - %nVo oo (ts) | coslw(t —t3)] + %V _ %nVo (13)
A (t) = itma(ta) + 3 7 (1= 1) (14)

Stage 5 (t4—t5):

Following the same rule as in Stages 1 and 3, switches M; and Mg are turned on, and switches
M;, My, and M;5 are turned off. Given the continuity of the resonant current iy, the body diode of
switch M3 is turned on. Voltage v 4y changes to %Vm from %Vin, and voltage v, keeps %an. The
current value ip4 drops quickly to 0, and this stage ends. The resonant inductor current iy,;, the
resonant capacitor voltage v¢,1, and the magnetizing inductor current iy,,; 4 are as follows:

1 4
Vip — 31V — t
i (8) = i1 (t4) - cosfo(t — t)] + 2 —3"Ve—Per(ty)
0

sin[w(t — ty)] (15)
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. . 1 4 1 4
ver (t) = Zo - ip,(tg) sinfw(t — t4)] — §Vin - gnVO — vy (tg) | coslw(t —tg)] + gVin — gnVo (16)
. . 2 nV,
iLma(t) =ipma(ts) + 57— (t—ta) (17)
3 LmlA

Stage 6 (t5—f6)1

In Stage 6, switches M; and Mg keep turning on, and switches My, My, and M5 keep turning off.
Switch M3 turns on after dead time. The current value i, 4 drops to 0 at Stage 5 and turns to positive
current at this stage. Voltage v,n changes to %nVo. The resonant inductor current iy ,;, the resonant
capacitor voltage v¢,1, and the magnetizing inductor current iy, 4 are as follows:

1Vin - %I’ZVO —vcr(ts)

it (1) = i (ts) - coslw(t — t5)] + 2 Z sinfaw(t — t5)] (18)
0 (8) = Zo- i1y (t5) sinleo(t )] — | Viu — 21V — 0 (15) | cosleo(t )] + 5 Viy — 2nVo (19)
iLma(t) = iumalts) + 3 1 (£~ 1) (20)

Figure 8 shows the operation waveforms of the three-phase LLC resonant converter with matrix
transformers in Region 2. The definition of all symbols is the same as Region 1. vy is also the
transformer primary voltage similar to vy,,. The difference is that when the stage is 1, 3, and 5,
voltage vy, is related to output voltage. When the stage is 2, 4, and 6, the transformer is decoupled.
Thus, voltage vy, is a variable value.

Stage 1 (tp—t1):

As shown in Figure 9a, switches My and M5 are turned on, and switches My, M3, and Mg are
turned off. Given the continuity of the resonant current 71,1, the body diode of switch M; is turned on.
Voltage v 4 changes to %Vm from — % Vin, and voltage V, is — %nVo. The current value i1 4 rises from
0, and the current value i1p drops to 0; then, this stage ends. In this stage, all transformers transfer
energy to the secondary side. The resonant inductor current iy,;, the resonant capacitor voltage vc,1,
and the magnetizing inductor current i, 4 are as follows:

lVin + %”VO - vCr(tO)

i1 (t) = i, (to) - cos|w(t — to)] + 2 sinfw(t — tg)] (21)

Zo
. . 1 2 1 2
261 (6) = Zaitr (1) sinfo(t )] = [ 3Vin + 2070 —ver(i0)] cosfott ~ )]+ (Via + 202 @)
. . 1 nV,
itmia(t) =ipmal(to) — 5 ——(t — to) (23)
3 LmlA

Stage 2 (t1—t2):

In this stage, switches Mj, My, and M5 keep turning on, and switches M, M3, and Mg keep
turning off. The current value i34 keeps 0; thus, transformers T34 and T3p are decoupling. Given the
decoupling, the transformer voltage depends on the divided impedance between all resonance tanks
and the output load. Voltage v,y is defined as vy (t). The resonant inductor current if,q, the resonant
capacitor voltage v¢,1, and magnetizing inductor current iy, 4 are as follows:

lVin - vx(t) - vCr(tl)

it (8) = ip (b)) - cos[w(t — t1)] + 2 7, sinw(t — £)] (24)

. . 1 1
v (1) = Zait () sieo(t = )] = | 3Vin = 02(0) = s (1) | cosleot = 1))+ (3Vin—0a(0) 25)
ipma(t) =iLma(ty) + %zx(fj (t—t1) (26)

Stage 3 (t,—t3):

As shown in Figure 9¢, switches M; and My are turned on, and switches M;, M3, and M5 are
turned off. Given the continuity of the resonant current iy,3, the body diode of switch Mg is turned
on. Voltage v 4 changes to %Vm from %Vm, and voltage v,y changes to %nVo from vy. The current
value i34 rises from 0, and the current value ip4 drops to 0; then, this stage ends. In this stage, all
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transformers transfer energy to the secondary side. The resonant inductor current iy ,1, the resonant
capacitor voltage v¢,1, and the magnetizing inductor current iy, 4 are as follows:

2y 4 _
() = i lt2) -cosfeot — )] + 2= Gy @)
v (t) = Zo-in () sinfo(t — 2)] = | 3Vi = 3n¥% — o0y ()| coslett — )]+ 5vi— 501 ) 28)
iLma(t) =ipma(t2) + %an‘j: (t—t2) (29)

Vas M1

VasM2

VasM3

VgsM4

Vas M5

Vs M6

iLr2
I3

i | L—
\ [ I><T | T I><T |1 T I><T1
<
|
|
ILmiA
ILm24
I Lm3A :
. |
L4
124
134

| | | | |
| | | | | |
Ipia/Ipip Im Im |
| L1 L N L
| | | | |

Ip2a/ Ip2p ]

/N /N /N /N /N /A
to I tr t3 ty ts tg t7 tg lo Ll I

Figure 8. Operation waveforms of the three-phase LLC resonant converter with matrix transformers
in Region 2.
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Figure 9. Operation station of the three-phase LLC resonant converter with matrix transformers in
Region 2 at (a) Stage 1, (b) Stage 2, (c) Stage 3, (d) Stage 4, (e) Stage 5, and (f) Stage 6.

Stage 4 (t3—t4):

In this stage, switches Mj, My, and Mg keep turning on, and switches M, M3, and M5 keep
turning off. The current value iy 4 keeps 0; thus, transformer Ty and Tp are decoupling. Given the
decoupling, the transformer voltage depends on the divided impedance between all resonance tanks
and the output load. Voltage v,y is defined as vy (t). The resonant inductor current if,q, the resonant
capacitor voltage vc,1, and the magnetizing inductor current iy, 4 are as follows:

Vin — vx(t) — vcy (t3)

2
i (t) = ipr(t3) - coslw(t — t3)] + 2

z, sinfw(t — t3)] (30)
v (1) = Zo st sinleot = )] = | Vi = 0x(0) = v, (1) cosfolt —t2)] -+ (5Via = 02(0)) G1)
iontalt) = itmai) + 3250 (- 1 (32)

Stage 5 (t4—ts):

As shown in Figure 9e, switches M; and Mg are turned on, and switches My, My, and M5 are
turned off. Given the continuity of the resonant current ir,,, the body diode of switch M3 is turned
on. Voltage v 45 changes to %Vin from %V,-n, and voltage v,y changes to %nVo from v,. The current
value i 4 rises from 0, and the current value i;4 drops to 0; then, this stage ends. In this stage, all
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transformers transfer energy to the secondary side. The resonant inductor current ir,1, the resonant
capacitor voltage v¢,1, and the magnetizing inductor current iy, 4 are as follows:

3 in — %”VO —vcr(ts)

i (F) = i (ta) - cos[w(t — tg)] + 2= 2 sin[w(f — t4)] (33)
v (1) = Zai(t5)snfeo(t = )] = | 3Via = 2n¥o = v, ()] cosfott = )] + (5o - 510 ) (34)
i A(f) = ivma(ts) + 3 an‘j: (t—ta) (35)

Stage 6 (t5—tg):

In this stage, switches M, M3, and Mg keep turning on, and switches My, My, and M5 keep
turning off. The current value i; 4 keeps 0; thus, transformers T15 and Tip are decoupling. Given
the decoupling, the transformer voltage depends on the divided impedance between all resonance
tanks and the output load. The voltage v,y is defined as v, (¢). The resonant inductor current iy, the
resonant capacitor voltage v¢,1, and the magnetizing inductor current iy,,; 4 are shown as follows:

LV — ve(t) — vy (15)

i1 (8) = i1 lts) - cosfo(t — ) + =220 sinfe(t —t5)] (36)
v (1) = Zoity (1) sinle(t = 19)] = | 3Vin = 02(0) = s 1) cosfeo(t = 1))+ (3Vin =000 37)
iontalt) = itmais) + 3250 (- 1) (38)

2.3. Control Block Diagram

A control block diagram of the three-phase LLC resonant converter with matrix transformers is
shown in Figure 10. The control function includes an error amplifier of the PI controller and voltage
control oscillator (VCO) for regulated output voltage, and uses the driver IC to isolate the primary
and secondary sides.
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M;~Mg <— Driver VCO PI Compensator 4& ref
UCC5350

Figure 10. Control block diagram.

3. Components Selection and Loss Analysis

Before implementing the experimental circuit, a component selection and loss analysis are
necessary. Table 2 is the prototype specification of the three-phase LLC resonant converter with
matrix transformers. All component designs and selection are as follows:



Energies 2022, 15,1315 12 of 18

Table 2. Prototype specification.

Item Value

Input voltage V;, 800 V

Output voltage V, 100 V

Output current I, 200 A

Output power P, 20 kW
Switching frequency 40~250 kHz

The results of the voltage transfer ratio show that the proposed converter and traditional LLC
are the same. Therefore, the circuit design and component selection are also similar. Differences
are the voltage waveform of the transformers and the utilization of matrix transformers to replace
the single transformer. The matrix transformers are series at the primary side and parallel at the
secondary side. This kind of composition exists and gains 0.5 times in the circuit. Efficiency is better
when operating at the resonance frequency. Thus, the transformer turns ratio can be calculated

as follows:
Vin 800

"Tav, T 2100
Figure 11 is the voltage waveform of matrix transformers at the secondary side. Derived from
Faraday’s formula, the maximum magnetic flux density B,y can be expressed as Equation (39).

1 2 1 1
<§Vo+3Vo+§Vv)6Ts v,

_ 4 _1 4
Bax = 24N 10%(Tesla) = 5 Aestl() (Tesla) (39)
V
+ | | | |
2/3Vyr| | | | l
| | | |
1/3V, I I
| | | |
| I t
L0 R !
N SRR SO S S l
=213V, | | | [

Figure 11. Voltage stress of matrix transformers at secondary side.

After arranging the Equation (39) and plugging the magnetic material data, the minimum
secondary turns N; are presented as follows:

_ 100 V- 104
" 9.53cm-40kHz-0.32T

N; = 1.638 (40)

According to the minimum turns required to be an integer, the number of turns at the secondary
side is 2. Therefore, the number of turns at the primary side is 8.

Through simulation, stress analysis loss, analysis, and choice of voltage transfer ratio curve, the
component selection results are shown in Table 3. Table 4 provides the voltage/current stress relation
formula of the MOSFET and diode. The simulation value is shown in Table 5. The calculation method
of loss analysis is shown in Table 6, and the loss ratio distribution diagram is shown in Figure 11.
The power components loss analysis includes the MOSFET, diode, transformer, and inductor. The
symbols used in the calculation method and material data are described in Table 7.

Figure 12 shows the power loss of the conventional three-phase Y-Y LLC and the three-phase Y-
Y LLC with matrix transformers at 50% and 100% load, respectively. The estimation of component loss
only includes the MOSFET, diode, transformer, and inductor. The converter with matrix transformer’s
total losses at 50% and 100% load are 220-W and 442-W. The estimated efficiency is 97.9% and 97.8%.
Results show that the main power loss is the conduction loss of the rectifier diode. The power
loss of each rectifier diode and transformer at 100% load is about 24.4-W and 9.1-W. Compare this
to the general three-phase Y-Y LLC resonant converter: the power loss of each rectifier diode and
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transformer at 100% load would be up to about 56.8-W and 22.9-W. This means the matrix transformer
method improves efficiency and makes component selection easier.

Table 3. Components list.

Item Value
MOSFET FF23MR12W1M1_B11
Diode DSS2x101-02A
Transformer turns ratio 4:1
Magnetizing inductor 50 uH
Resonant inductor 20 uH
Magnetic material 3C95

Table 4. Relation formula of MOSFET and diode stress.

Item Relation Formula
MOSFET Voltage stress Xil
Current Igumg 52
Voltage stress V.
Diode A & L
verage current €

Table 5. Voltage/current stress simulation result of MOSFET and diode.

Item 50% Load 100% Load
Voltage stress 800V 800V
MOSFET Current Igps 10.09 A 15.10 A
Diod Voltage stress 100 V 100 V
rode Average current 1720 A 3220 A
Table 6. Calculation method of loss analysis.
Component Loss Type Calculation Method
MOSEET Conduction loss ByosreT RMs - RDS_ON
Switching loss Eofr- f
Diode Conduction loss V¢ - IDiode_avc
N Core loss Pey - Vi
Magnetizing inductor o e
& & Copper loss I%r_pri_RMS ’ RP’i + I%r_sec_RMS “Rsec
. Core loss Py -V,
Resonant inductor Copper loss I%y s - Rir

Loss distribution at 50%

and 100% load

Convention at 50% Load I |
Matrix at 50% Load I |

Convention at 100% Load I 1
Matrix at 100% Load I 1
0 100 200 300 400 500
mMOSFET mDiode = Transformer mInductor Power Loss (W)

Figure 12. Loss ratio distribution at 50% and 100% load.
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Table 7. Symbol description.

Item

Description

IMoSFET_RMS
Rps_on
Eofy
cv
Ve
Ae
N
ITv_pri_rMS
ITr_sec_RMS
Iy rRMS
Rpri
RSCC
RLr

RMS current flow across the MOSFET
Resistance between the drain and source in MOSFET
Turn-off energy loss per pulse
Core loss volume density
Effective core volume
Effective cross-sectional area
Number of turns
RMS current flow across the transformer primary side
RMS current flow across the transformer secondary side
RMS current flow across the resonant inductor
Copper resistance of transformer primary side
Copper resistance of transformer secondary side
Copper resistance of resonant inductor

4. Experimental Results

To verify the feasibility of dual-transformer technology, a 20-kW, input voltage 800-V and output
voltage 100-V prototype is built and tested in this study. Figure 13 shows the MOSFET waveform of
each low-side signal of the three-phase LLC resonant converter with matrix transformers.

120° ¢ N
120°
Voo 207
gsM2 | = TS S .
Vosis e e e L e e |
Vg.s'M()
VVVVVVVVVVV o, — M — > Shn — 1
. /X R y N Y
Lr3 ‘ / \! Y 4\ / \\ /
\ PR . — ‘.\ "\ . —
. / \_ . / AN ,//
N hg N
A

-

Figure 13. MOSFET waveform of the proposed converter (Time: 5 us/div; Vgsmz: 10 V/div; vggpa:
10 V/div; vgspme: 10 V/div; ip,5: 10 A/div).

In Figure 13, the phases of each MOSFET are 120° apart from each other. The following data
show the waveform from 25% load to 100% load in Figures 14-17.

Vg.\ M6

Y
4

s

Figure 14. Operation waveform of the proposed converter at 25% load (Time: 2 ps/div; vgspe:
10 V/diV} iL71: 10 A/diV; iL72Z 10 A/diV; iLV3: 10 A/le)
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Figure 15. Operation waveform of the proposed converter at 50% load (Time: 2 pus/div; vgspe:
10 V/div; ip,.: 10 A/div; ip,0: 10 A/div; ip,3: 10 A/div).
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Figure 16. Operation waveform of the proposed converter at 75% load (Time: 2 pus/div; vgspme:
10 V/diV; iLrl: 10 A/diV; iLy2: 10 A/diV,’ iLrS: 10 A/le)
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Figure 17. Operation waveform of the proposed converter at 100% load (Time: 2 ps/div; vgspe:
10 V/div; ip,1: 10 A/div; ip0: 10 A/div; i3 10 A/div).

Figure 18 shows the zero voltage turn-on waveform at 25% load. The statement of MOSFET
is zero-voltage switching. Figure 19 shows the wave form of the output voltage ripple at 100%
load. The output voltage ripple is composed of two parts; one waveform is close to the switching
frequency, whereas the other one is a higher frequency, which is caused by MOSFET switching noise.
In Figure 19, the peak—peak value of the lower frequency voltage ripple v, is approximately 1 V.

Given that the output transfer ratio is designed at the resonant point, the switching frequency
almost does not change from light load to full load. The amplitudes of the three resonant currents are
also closed, which means no unbalanced current problem occurs. Figure 20 shows the efficiency of
the three-phase LLC resonant converter with matrix transformers. The highest efficiency is 97.61% at
110 A. Full load efficiency is 97.18%. Compared with the prior loss analysis, the experimental results
are close to the loss analysis (96.2% at half load and 97.2% at full load). Figure 21 shows the prototype
of the proposed converter, and Figure 22 shows the height of the proposed prototype.
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Figure 18. Operation waveform of zero-voltage turn on at 25% load (Time: 2.2 ps/div; vgsp3:
10 V/div; vgep3: 200 V/div; ip,3: 10 A/div).
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Figure 19. Operation waveform of output voltage ripple at 100% load (Time: 2.2 ps/div; vgspm3:
10 V/div; vgsp3: 200 V/div; i3 50 A/div; v yippret 2 V/div).
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Figure 20. Efficiency of the three-phase LLC resonant converter with matrix transformers.
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Figure 22. Height of the three-phase LLC resonant converter with matrix transformers.

5. Conclusions

. : >.’:t
rlverig

To increase the output power level of the three-phase LLC resonant converter with matrix
transformers, this study proposes dual transformers to replace the original transformer and achieve
this purpose. Circuit topology, operation mode, operation principle, time-domain analysis, and
frequency analysis are all discussed in the article. It is proposed that this method can reduce
transformer voltage/current stress and increase output power while maintaining the advantages of
the original topology. Finally, a 20-kW prototype three-phase LLC resonant converter with matrix
transformers is built, the experimental results verify the above analysis, and efficiency performance

is high.
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