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Abstract

Highly reliable LLC resonant converters
operating even under fault conditions are
important in aerospace, data center, and

electrolyzer applications that require continuous
and stable power supply. Therefore, analyzing the
operating characteristics and researching methods
for maintaining output voltage is essential. Thus,
this paper analyzes the operation mode and
resonant characteristics of a three-phase delta-
delta LLC resonant converter after faults, focusing
on open-circuit faults. Based on the analysis,
equivalent circuits and voltage gain curves after
the faults are derived and compared with those
before the faults. The decreased output voltage due
to the faults are recovered through PFM(Pulse
Frequency Modulation). Consequently, the output
voltage is recovered without additional
components, and it is intuitively interpreted that
the operating frequency is adjusted to achieve
voltage gain as the resonant frequency changes
after the faults. The analysis results are verified by
PLECS simulation.

Introduction

With the spread of renewable energy sources
and the electrification of transportation, isolated
DC/DC converters that stably convert power
between high and low voltages are playing an

important role. Among them, LLC resonant
converters are widely used due to their features
such as soft switching, high efficiency, and high
power density[1]-[4]. In particular, applications
such as aerospace, data centers and electrolyzers
require highly reliable power conversion devices
that supply continuous and stable dc power[5]-[8].

However, power converters often fail while
converting and transferring energy. These faults
are caused by components that make up power
electronic ~ converters such as  power
semiconductors and resonant capacitors[9]. In
various fault types, switch failure is the most
common fault in the power electronic
converter[10]. The major causes of the switch
failure are overvoltage, overcurrent, and
overheating, with possible fault types including
open-circuit faults and short-circuit faults[10]-
[12]. In general, most faults result in open-circuit
faults[10],[11]. If an open-circuit fault occurs in a
switch of a leg, the voltage and current stress on
the remaining components may become more
severe, potentially causing abnormal operation of
the healthy switches[11]. This leads to another
switch failure, resulting in the leg open fault.

Due to these faults, the power converter cannot
maintain the output voltage. This causes power
supply interruption and leads to many
consequences such as safety issues and increased
operating costs. Therefore, it is essential to
analyze the operation of LLC resonant converters
and research methods for maintaining output
voltage when faults occur. Accordingly, research
on LLC resonant converters operating with faults
has been actively conducted[13]-[15].

Based on previous research, unlike single-phase
LLC resonant converters, multiphase LLC
resonant converters continue operating even under
fault conditions by reconfiguring the topology and
employing PFM(Pulse Frequency Modulation)
without additional components. Moreover,
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multiphase LLC resonant converters exhibit low
output current ripple, which allows for decreased
output capacitor size and prevents efficiency
degradation in the load devices[16],[17].

Among the multiphase LLC resonant
converters, the three-phase LLC resonant
converter is mainly adopted because it is relatively
cost-effective[18]. The three-phase LLC resonant
converter is divided into wye-type and delta-type
according to the transformer connection. The
delta-type connection has an advantage in
realizing high power density due to low
transformer losses[18],[19]. This feature applies
even when a switch fault occurs on one leg.
Structurally, in the delta-type connection, current
flows through all phases of the transformer after
leg-open faults. Whereas, in the wye-type
connection, current flows only through the
transformer connected to the healthy leg after the
leg-open  faults. Consequently, there is
considerably less current flowing in the
transformer of a three-phase delta-type LLC
resonant converter after a leg-open fault. In this
circuit, to maintain the output voltage under faulty
operating conditions, it is necessary to analyze the
operation mode after the fault. However, there is
not enough research on three-phase delta-delta
LLC resonant converters after leg-open fault.

Therefore, this paper analyzes the operating
mode and resonant tank characteristics of a three-
phase delta-delta LLC resonant converter after the
leg-open fault. In addition, PFM is utilized to
recover the decreased output voltage due to the
faults.

As a result, the decreased output voltage on the
output side is recovered without additional
components. Also, the analysis provides a basis
for an intuitive interpretation of the PFM by
analyzing the operation mode and identifying the
resonant frequency and Q factor after the faults.
Finally, the analysis results are verified through
PLECS simulation and confirmed the operation
mode and resonant characteristics after the fault.

Circuit Description

The three-phase delta-delta LLC resonant
converter consists of primary switches S; ~Sg,
resonant tanks, transformers T,~T, and secondary
diodes D;~Dg, as shown in Fig. 1. The upper and
lower switches on the same leg operate
complementary. The upper switches S;, Ssand Ss
have 120° phase shift. Similarly, the lower
switches S,, S,and S, have 120 phase shift. The
resonant tanks are composed of resonant
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Fig. 1 Three-phase delta-delta LLC resonant
converter.

N,

capacitances C,4 ~ C,c , resonant inductances
L,4~L,¢, and magnetizing inductances L., 4~Lyc-
The resonant currents are i;,4 ~ i, and the
magnetizing currents are i, 4~irmc- The resonant
tanks input voltages are v y~vcy-

The primary and secondary sides are connected
to transformer with a delta-type connection. The
phase voltages of the primary transformer are
Vima~Vimc and the secondary phase voltages are
Vgpr Upe @Nd v,,. The phase currents flowing in
the primary transformer are iyg, igc and ic4. The
secondary phase currents are i,y , iy, and i.,
respectively. The primary line currents, which are
also the capacitor currents, are i4, ig, and ic. The
secondary line currents are i, i, and ..

Operation Mode Analysis

The main waveforms of the three-phase LLC
delta-delta resonant converter before and after the
leg-open fault are presented and each mode of
operation is explained in this section. In particular,
after the fault, the circuit is no longer balanced, so
the waveforms for each phase are depicted
separately. The key waveforms are shown with the
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Fig. 2 Key waveforms of pre-fault operation.



primary line current, phase voltage, resonant
current, magnetizing current, and secondary phase
current.

A. Pre-Fault Operation Mode

The main waveforms of the three-phase delta-
delta LLC resonant converter before the leg-open
fault are shown in Fig. 2. Before the faults, the
switching frequency is equal to the resonant
frequency. If the three-phase circuit is balanced,
one phase is identical to the other two phases with
phases shifted by 120° each other. In a three-phase
converter, the phase voltage of the transformer is
three levels, which is applied to the magnetizing
inductance. In the resonant tank, ;4 iS
increasing while a positive voltage is applied to the
magnetizing inductance and i;,,4 iS decreasing
while a negative voltage is applied to the
magnetizing inductance. In the interval where the
Vima IS Z€T0, i;m4 IS CONStant as depicted in Fig.
2. When the i;,., goes from zero to positive, v;,,4
becomes positive. Likewise, i;,., goes from zero
to negative, v, 4 becomes negative.

B. After Leg-Open Fault Operation Mode

The key waveforms after the leg-open fault are
shown in Fig.3 and Fig.4. Fig.3 shows the key
waveforms of the current flowing though T, ,
while Fig.4 illustrates the key waveforms of the
current flowing through Tz and T, . The key
waveforms are divided into six modes. When the
open fault occurs in leg C, i no longer flows in
the circuit and i, becomes equal to ig. This means
that since the i, does not flow, i, flows through
the transformer, and that current directly comes
out as ig.

However, phase current, resonant current, and
magnetizing current still flow through all phases
inside the transformer. Compared to pre-fault
operation, i,y increases, while iy, i., decrease.
As i does not flow due to the fault in C leg, the
current distribution within delta transformer is
also changed. Consequently, v and vy are
connected in series, so the current flowing through
vyp also flows identically through v4c. Also, half
of the current flowing through v, flows through
vrp and vpc with phase shifted by 180°. As
shown in Fig. 3 and Fig. 4, v,,,4 decreases and
changes to two levels. At tg to tg, the resonant
current and the magnetizing current become equal.
During this interval, transformers are stopped
transmitting energy from the primary side to the
secondary side. This indicates that, after the faults,
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Fig. 3 Key waveforms in T, after Leg-Open fault
operation.
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Fig. 4 Key waveforms in Tz and T, after Leg-
Open fault operation.

the switching frequency is lower than the resonant
frequency. The operating characteristics of the
current flowing in the resonant tank are the same
as the phase current. That is, i;,4, and i 4
flowing in T, are twice the current flowing in Tg
and T, with phase shifted by 180°.

Since the operating characteristics of the
primary side are also applied to the secondary side,
i cannot flow through the diode of leg c. As a
result, the after-fault circuit is not balanced.
Therefore, operation mode analysis for each phase
is required. In order to analyze the operation mode
in detail, as shown in Fig. 4, the subcircuits for
each operation mode are presented.

(1) Model [ty < t <t4]
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Fig. 4 Subcircuits for each operation mode. (a) model [ty <t < t;], (b) mode2 [t; <t < t,], (C)
mode3 [t, <t < t3], (d) moded [t; <t < t,], (€) mode5 [t, <t < ts], (f) modeb [t <t < tg).

S, is turned off at t, and S, remains on. The
leakage inductance resonates with resonant
capacitance. During the dead time, negative
current i, flows before S; turns on, achieving soft
switching condition. At the end of the dead time,
iy still flows in the negative direction through S;.
The operation for model is shown in Fig.4(a).

(2) Mode2 [t; <t <t,]

S, remains on and S; achieves ZVS-on(Zero
Voltage Switching-on). At t;, iy and i;,, are
changed from negative to positive. The primary
phase currents flow to the secondary side through
transformers transmitting energy, as shown in
Fig.4(b).

(3) Mode3 [t, <t <t3]

S; and S, remain on. At t,, the i;,,,4 is changed
from negative to positive. The current flowing in
the resonant tank of T, is gradually increased. At
t;, the S, is turned off. The operation for mode3 is
shown in Fig.4(c).

(4) Mode4 [t; <t <t,]

S, turns off at t; and S; remains on. During
mode4, i, and i;,., flow has the largest current
magnitude among the six modes. During mode4,
power is transferred to the secondary through a
transformer as shown in Fig. 4(d).

(5) Mode5 [t, <t <ts]

S; and S3 remain on. During mode5, i, and
i;ra are gradually decreased. Accordingly, i, is
also decreased. The operation for mode5 is shown
in Fig.4(e).

(6) Mode6 [t5 < t <tg]

The switch state remains the same as in modeb5.
The magnetizing inductance participates in the
resonance at to. As a result, the i;,.4 and i; ;4
becomes equal. The transformers stop transmitting
energy to the secondary side as shown in Fig.4(f).

Analysis of Voltage Gain

The voltage gain is a parameter that reflects the
output characteristics of the LLC resonant
converter. To analyze wvoltage gain, the
FHA(Fundamental Harmonic Approximation)
equivalent circuit is obtained, and the gain
equation is derived.

A. FHA Equivalent Circuit

To express the three-phase delta-delta LLC
resonant converter, the delta-wye transformation
is used. Thus, the delta connection of the primary
side is replaced with a wye connection to represent



Fig. 5 Three-phase equivalent circuit of delta-
delta LLC Resonant converter.

Van

Fig. 6 Single-phase FHA equivalent circuit.

a three-phase LLC resonant converter equivalent
circuit as shown in Fig.5. If the three-phase circuit
is balanced, a single-phase FHA equivalent circuit
is extracted separately as shown in Fig. 6.

The input voltage v,y of the resonant tank is
equal to (1) by applying FHA. wq is the switching
frequency.

Vay = %sin(wst) Q).

To represent the secondary equivalent load
resistance R, s, the secondary phase voltage v,
output current i, , line current i, , and phase
current iy, are obtained by (2)-(5), respectively.

Vap = ?Vosin ((ust+g) ).
2n
6w (3 T (3).
I, = znﬁ% Iasm((ust+g)
_T (4).
la= 3l
r (5).
Iy = —=1,
ab 3\/':)? o

Consequently, R., s is expressed by (6), and
considering the transformer turns ratio n = % the

secondary equivalent load resistance with respect
to the primary R, ,, is expressed by (7).

Vap 18V, 18

Reas =1, ~n2l, ~ w2t (6).
N, 18n?
Req,p = (Vi)zReq,s = ?RL (7)
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Fig. 8 After leg-open fault FHA equivalent circuit.

By applying the delta-wye transformation, L,., C,,
L., and R, for single phase are expressed as (8)
to (11).

G =Cea (8)
_Lra (9).
L, = 3
_ Lma (10).
Ly = 3
R. 6n’ .
Req = ;_p = :2 Ry (1)

The three-phase equivalent circuit after the leg-

open fault is shown in Fig.7. Since the three-phase
circuit is unbalanced, FHA is applied to the
voltage and current of each phase.
The input voltage v,, on the primary side is equal
to (1). According to the operation mode analysis,
Req p2 and R,q 3 are the same, and the current
and voltage flowing through Tg and T, are also
the same. Therefore, only the current and voltage
flowing in Ty, T are expressed. The secondary
phase voltage and output current are obtained by
(13)-(15). The line current and phase current of the
secondary side are obtained by (16)-(18)
respectively.

2v3

Vap = %_Vosin (wst + %) (13).
3

Vpe = gVosin (wst + g) (14).



I, = = f?la sin(wst + %) (15).
I, = =i, (16).
2
Iop = §Ia (17)
1
Ipc = §1a (18)

Consequently, Req 15 and R o5 are expressed
to (19) and (20). The secondary equivalent load
resistances for the primary Req 1, Req p2 are

equal to (21) and (22), considering the transformer
turn ratio.

_ Vap  3V3V, 33 19
Req_ls = E = 72, = ?RL ( )
_Vpe 3V3V, 33 20
Reqos =7— ="z =77z Ru (20).
N, 3v/3n2
Req_pl = (Fp)zReq_ls = TRL (21)
s
N 3v3n?
Req,pz = (Fp)zReq,ZS = TRL (22)
S

Through the (19)-(22), the secondary equivalent
resistance is the same for each phase after the leg-
open fault occurs and is obtained as (23).

3v/3n?

eaf = 2 Ry

(23).

After the leg-open fault, all three phases of the
transformer are activated, so the inductance is the
same as before the fault. Equivalent inductance
L, ¢ is equal to (24). Resonant capacitances C,q
and C,, are connected in series, so the equivalent
resonant capacitance C,  is equal to (25).
Equivalent magnetizing inductance is equal to
(26).

Lr_f = %LTA (24)

Cr_f = %CrA (25)
1

b = i (26).

As a result, the equivalent circuit of a three-
phase delta-delta LLC resonant converter after a
leg-open fault is obtained as depicted in Fig. 8.

B. Voltage Gain Curve

The voltage gain equation is expressed by the
equivalent circuit. Based on the FHA equivalent
circuit shown in Fig. 6, the voltage gain equation
of the pre-fault three-phase delta-delta LLC
resonant converter is expressed as (27). By

rearranging (27), the voltage gain is finally
obtained as (28).
M(jw,) = | JwsLm|[Req (27).

, . 1
|]wsLm| |Req + jwsL, + m

Where @ is the quality factor, w, is the
normalized frequency, ws is the switching
frequency, w, is the resonant frequency and m is
the ratio of the magnetizing inductance to the
resonant inductance.

M(jws)a-a
3 wZ(m—1) (28).
V(mo? = 1)? + Q2w (wf — 1)?(m — 1)
1 L, 1 1 [L,
eq r eq 3 CrA
o, = (30).
Wo
P S, £ (31).
LrCr vV LrAC‘rA
m= Ly :er (32).

In the same way, according to the FHA
equivalent circuit shown in Fig. 8, the voltage gain
after a leg-open fault is obtained as (33).

Where, Q_f is quality factor, w, f is the
normalized frequency, w,  is the resonant
frequency and m, is the ratio of the magnetizing
inductance to the resonant inductance after the
faults, respectively.

M(jws)A—A,
_ wx A f - 1) (33).
Jn_fo, (2 =12+ Q_f2w, 2wy f* = D2(m_f = 1)?
Qf = 1 by 1 E Lra (34).
h Req_f Cr_f Req_f V3G
w,
(L)x?f = wosf (35)
vy 6 (36).
\/Lr,f Cr,f \/LrA CrA
e = Lry+Lm, (37).
f Lr,f

As shown in (28) and (33), the voltage gain is
determined by the transformer turns ratio,
inductance ratio, normalized frequency, and Q.
Therefore, the voltage gain after the faults
decreases as the @ increases as shown in (29) and
(34). The resonant frequency after the faults
changes and becomes +/2 times larger than the
resonant frequency in pre-fault operation. This is
also presented in Fig. 9. Comparing the resonant



ZCS region

ZVS region

Table |: Three-Phase Delta-Delta LLC
Resonant Converter Parameters

ST
= Symbol Parameter Value
Tt TN Rfsosat o v; Input voltage 400 V
W g T ., A
. % A Output voltage 48 V
Z] 48 60 (.‘;/%&4 96 108 120 KHz Po Output power 2 kW
(a) J Switching frequency 120 kHz
| 2w Qi E¥e e £ Resonant frequency 120 kHz
s3 i L, Magnetizing inductance 240 uH
I
< T L, Leakage inductance 60 uH
b : Resonant frequency .
= : /e C, Resonant capacitance 87.3nF
, -
o i T T T T iz .
o | = et
(b) §

Fig. 9 Voltage gain curves. (a)pre-fault operation,
(b) after leg-open fault.
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Fig. 10 Enlarged voltage gain curves after leg-
open fault.

frequency on the gain curve before the fault in Fig.
9(a) with the resonant frequency on the gain curve
after the fault in Fig. 9(b) reveals that the resonant
frequency increases after the fault occurs.
Therefore, the pre-fault resonant frequency is
included in the below resonance region, which
indicates by the black point as shown in Fig. 9(b).
This is because the inductance of the transformer
remains the same and the capacitance becomes
smaller after the faults due to the delta connection.
This relationship of the resonant frequency before
and after the faults also are expressed by (31) and
(36). In both Fig. 9(a) and Fig. 9(b), the voltage
gain at the resonant frequency is unity.

However, as mentioned above, the resonant
frequency increases and the output voltage drops
during the leg-open fault. Accordingly, compared
with the voltage gain of the pre-fault operation,
after a leg-open fault, the voltage gain at resonant
frequency decreases.

Therefore, the switching frequency must be
adjusted in order to maintain the output voltage
before the faults. Fig. 10 is an enlarged area
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" 19.1508 19.1510 x 1e~2

Time/s

(©)
Fig. 11 Simulation results for pre-fault operation
(a) resonant currernt and magnetizing current
flowing in T4, (b) resonant currernt and
magnetizing current flowing in Ty () resonant
currernt and magnetizing current flowing in T,

marked with a box in Fig. 9(b). In Fig. 10, the
black point is the pre-fault resonant frequency.
From the black point, the switching frequency is
moved to the red point to maintain the output
voltage. Therefore, after the open-circuit fault, the
three-phase delta-delta LLC resonant converter

19.1506

19.1502



= ipa[A]
= iyma [A]

99,908
Time/s

99904

~799:900 99912 xle ?

(@)

3.5
99.900 99.904 99.908 99.912 x le2
Time/s
(b)
3.59 j ;
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Fig. 12 Simulation results after the fault operation
(a) resonant currernt and magnetizing current
flowing in T, (b) resonant currernt and
magnetizing current flowing in Ty (C) resonant
currernt and magnetizing current flowing in T,

99.912

operates at switching frequency lower than the
resonant frequecy after the fault.

Simulation Results

The simulation parameters for verifying the
analysis of the three-phase delta-delta LLC
resonant converter are shown in Table |. Before
the faults occurred, the converter operates at the
resonant frequency 120 kHz.

Fig. 11 shows the waveforms for the resonant
and magnetizing currents of a resonant circuit
flowing in each phase. The currents in each phase
are flowing with phase shifted by 120° and
switching frequency operates at the resonant
frequency. The magnetizing current is constant in
the interval where the voltage across the magnetic
inductance is zero.

After leg-open fault occurs, the converter
operates at the below resonant frequency as shown
in Fig. 12. Fig. 12(a) is the resonant and

52
. = 1, [v]
50 | == Vyef [V}
48
46 M
44
028 030 032 034 036 038 040
Time/s
@
x 1e3
111 = M
109
107
105
\l
103 LS
028 030 032 034 036 038 040
Time/s
(b)

Fig. 13 Simulation results (a) output voltage, (b)
switching frequency

magnetizing currents flowing in T,. Fig. 12(b)
and Fig. 12(c) are the resonant and magnetizing
currents flowing in Ty and T, respectively, and
are in phase with each other. However, they are
180° phase shift with the resonant and
magnetizing currents flowing in T,. Moreover, the
resonant current and magnetizing current flowing
through T and T is half of the current flowing
through Ty.

Fig. 13 shows the recovered output voltage
achieved by adjusting the swtiching frequency
using PFM after the leg-open fault. the voltage and
frequency. As shown in Fig. 13(a), At 0.3s, a leg-
open fault occurs and the output voltage drops to
44 V. At this point, the switching frequency
decrease to 103 kHz so that the output voltage is
48 1 as shown in Fig. 13(b). It was confirmed that
the resonant frequency after the faults is higher
than pre-fault. This also means that the switching
frequency after the faults is lower than the
resonant frequency.

Conclusion

In this paper, when a leg-open fault occurs, the
operation mode and resonance characteristics of a
three-phase delta-delta LLC resonant converter
are analyzed. After the leg-open faults, no current
flows through the faulty leg, however, current
flows through all phases of the transformer.
Additionally, before the fault occurs, the



switching frequency operates at the resonant
frequency, whereas after the fault, it operates
below resonant frequency. Consequently, it is
confirmed that the resonant frequency and Q
change after the leg-open fault occurs. Resonant
frequency during a leg-open fault becomes higher
than that before the fault. This is also the same for
Q factor. To verify the analysis results, a
simulation is conducted using PLECS. As a result,
output voltage drops after the fault because the
operation characteristics change. However, by
decreasing the switching frequency to match the
altered resonant frequency, the output voltage is
recovered to its pre-fault level.
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