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Abstract: In this paper, a new auxiliary power supply system of magnetic levitation based on the LLC
DC-DC converter is proposed. The switches of the DC-DC converter are SiC MOSFET, which enables
high frequency, high temperature, and high power density. For further improving the efficiency
of the system and realizing the stability of the output voltage under different load conditions, the
digital synchronous rectification (DSR) based on the phase shift control strategy is proposed. The
prototype of the LLC DC-DC converter based on SiC MOSFET is implemented, which can realize
zero voltage switching (ZVS) and zero current switching (ZCS). Then, the thermal image of DSR is
presented, which proves that the power loss of SiC MOSFET with DSR is relatively low. Additionally,
the system efficiency among the Si IGBT, SiC MOSFET, and SiC MOSFET with DSR is analyzed and
the prototype demonstrates 98% peak efficiency. Finally, simulations, experiments, and data analysis
prove the superiority of the proposed DSR strategy for the new auxiliary power supply system of
magnetic levitation.

Keywords: digital synchronous rectification; LLC DC-DC converter; SiC MOSFET; phase shift control;
auxiliary power supply system

1. Introduction

With the rapid development of China’s economy, the urban railway system has earned worldwide
plaudits for its efficiency, reliability, and portability. The magnetic levitation train is an important part
of the urban railway system, which has been widely studied and applied in recent years [1,2]. The
existing magnetic levitation power supply system is illustrated in Figure 1, including the auxiliary
power supply system, traction converter module, and suspension control module. The DC traction
network is the input of the magnetic levitation train power supply system. Under stable states, the
input voltage of the DC traction network is 1500 V. However, the maximum input voltage may be over
1800 V and the minimum input voltage may be less than 1000 V in operation. The auxiliary power
supply system is the key power supply equipment for the magnetic levitation train, which provides
power for air conditioning, lighting, and ventilation. Whereas, the existing auxiliary power supply
system in the magnetic levitation train has the disadvantage of being bulky and inefficient. How to
improve the efficiency of the system and how to reduce the volume and weight of the auxiliary power
supply system have been a major design challenge [3,4].
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Figure 1. Existing magnetic levitation power supply system.

At present, the auxiliary power supply system of the magnetic levitation train is composed of the
60 kW DC-DC converter and the 60 kW DC-AC converter. 5i IGBT is the most widely used switching
device in the existing magnetic levitation power supply system. However, the converters with Si IGBTs
have difficulties acquiring the high efficiency and power density, due to the voltage withstanding
and frequency-tolerance characteristics of Si IGBTs [5,6]. Switching losses will account for more than
20% of the auxiliary power supply system. With the research of the third-generation wide bandgap
semiconductor devices, SiC MOSFET is widely used in power electronics converters. The outstanding
performance of SiC MOSFET modules on low-power applications is verified with the energy losses
and the thermal models [7-10]. However, SiC MOSFET is rarely used in high-power applications,
especially in rail vehicles.

Although SiC MOSFET already has good efficiency performance, to further reduce switching
losses, several switching techniques have been proposed to achieve soft switching in the DC-DC
converter [11-25]. In these techniques, the semiconductor devices turn ON or OFF when the voltage is
zero, presenting zero voltage switching (ZVS), or when the current is zero, presenting zero current
switching (ZCS) [11-13]. Switching losses can be greatly reduced by ZVS and ZCS, which can be
achieved by control strategies and resonant circuits. The resonant circuits can be classified into the series
resonant converter (SRC), parallel resonant converter (PRC), and serial-parallel resonant converter [14].
In Reference [15], a half-bridge resonant DC-DC converter is proposed for modern computing systems,
which implements the ZVS. However, the proposed series resonant converter cannot acquire ZVS in
the entire power range. Additionally, the controller suffers the wide range of switching frequency
and the output voltage cannot be regulated at no load. In Reference [16], a PRC is researched for
high-voltage applications to extend the ZVS range. However, the relatively large power losses under
the light load condition are not changed. A LLC DC-DC converter is a typical series-parallel converter
which is composed of two inductive components and one capacitive component. To improve the
performance of SRC and PRC, an asymmetric LLC DC-DC converter is proposed in Reference [17].
The converter operates at a constant frequency and adjusts the duty cycle to regulate the voltage gain
with a wide range. However, the transformer with a center tap is inconvenient for bidirectional power
transmission. In Reference [18], the proposed LLC DC-DC converter has a wide input range and
could realize the soft switching under all conditions. In addition, with the property of ZVS and ZCS,
electromagnetic interference can be reduced by the LLC DC-DC converters. Consequently, the LLC
DC-DC converter is popular for its high efficiency, high reliability, and low loss [17-20]. Benefiting
from the advantages mentioned above, a magnetic levitation power supply system based on the LLC
DC-DC converter is proposed in this paper.
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In order to further improve the efficiency of the LLC DC-DC converter, synchronous rectification
(SR) is a popular method to reduce the secondary conduction loss [21-23]. The definition of SR
is replacing the original secondary diode by low resistance switches and realizing the control of
synchronous switching. However, due to the discrepancy between the primary driving signal and
the SR driving signal, the SR driving solution is quite a challenge, especially under high voltage.
Nowadays, most of the SR driving schemes are based on SR chips, which are suitable for low-voltage
and low-power applications [23]; whereas, the SR chip cannot apply to high-voltage and high-power
applications, such as the magnetic levitation power supply system. In Reference [24], many SR
switches are utilized in parallel to reduce the conduction loss in the secondary sides. However, the
parasitic capacitance will be larger and it results in complex designs of the resonant tank and a severe
regulation problem of the LLC DC-DC converter. Thus, a new digital synchronous rectification (DSR)
strategy is defined in Reference [25], which controls the SR switches by digital logic without any
additional component. The new strategy achieves the output voltage regulation and high efficiency in
the light-load condition. However, the method is only suitable for a special asymmetric serial-parallel
resonant converter with a center tap transformer. Moreover, there are few studies on the DSR strategy
in high-power applications. Therefore, it is necessary to further study the DSR strategy for the LLC
DC-DC converter [26-33].

In this paper, a new auxiliary power supply system of magnetic levitation based on the LLC
DC-DC converter is presented. Compared with the previous system, the new auxiliary power supply
system has higher efficiency and smaller volume. The DSR strategy is proposed to reduce the switching
loss, whereas the SiC MOSEFET is utilized to reduce the volume of magnetic components and radiators.
The rest of this paper is organized as follows. In Section 2, the structure and the working state of
the LLC DC-DC converter are analyzed. In Section 3, a mathematical model of the LLC DC-DC
converter is established by fundamental harmonic approximation (FHA). The DC gain function with
four parameters is derived and the DC gain curve is drawn with different parameters. In Section 4, the
SR technique and PWM (Pulse width modulation) control strategy are designed. On the basis of the
theoretical analysis, the experimental results are given to validate the proposed new auxiliary power
supply system in Section 5. The conclusion is summarized in Section 6.

2. System Configurations

2.1. Structure of the LLC DC-DC Converter

Figure 2 shows the topological structure of the LLC DC-DC converter, which is used in an auxiliary
power supply system of magnetic levitation. The LLC DC-DC converter is considered to be composed
of four parts, including switching network, resonant tank, ideal transformer, and rectifying network.
The input voltage is V;, and the output voltage is V.
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Figure 2. Topology of the LLC DC-DC converter.

The resonant tank is the most important part to realize ZVS and ZCS, which is composed of a
resonant capacitor C,, a series resonant inductor L,, and a parallel resonant inductor L. The first
resonant frequency f, and the second resonant frequency f;, are defined as:
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In order to achieve soft switching, the normal operating frequency range of the LLC DC-DC

converter is actually in the range of f;, < fow < fr, Wwhere fs, is the working frequency.

2.2. Operation Principle

Six working states of the LLC DC-DC converter are illustrated in Figure 3. The working waveforms
of the LLC DC-DC converter are shown in Figure 4, which is corresponding to the six working states.
g14 and gp 3 are the driving signals of the S, S, S3, and S4. Vi is the voltage between point a and
point b. i, and i, are the current of the L, and L,. ig1, is the current of the Q1 and Q,. V1, is the
voltage of the C; and C;. The operation principles are analyzed as follows.
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At tg, the g1 4 is at a high level and the switch signals of S and S4 are on. Due to the fact that ir,,
cannot be abrupt, there will be part of the primary current flowing through the transformer, which will
make the secondary side produce an induced current. Then, the switch signal of Q; is on, the C; is
charged, and the C; is not charged. The load is supplied by the power of C; and C,. ir, is in a linear
rising phase. At this time, L,, does not participate in resonance, and the components participating in
the resonance are L, and C, until time #;.

e Working state II (t;—tp).

At ty, the gj 4 is at a high level and the switch S; and Sy are still working. The i, decrease to the
ir and then keep this state until £,. The current flow through the transformer is equal to zero so that
the primary and secondary sides of the transformer are isolated. The load is supplied by the power of
C1 and C,. In this state, Ly, Ly, and C; participate in resonance.

e Working state III (t,—t3).

At ty, the g1 4 and g, 3 are at low levels and none of the switches are working. The if, is gradually
reduced to zero so that the resonant network and the input power are isolated. In this state, the voltage
drops of the parasitic capacitances for primary-side switches are different, which is propitious to
the realization of ZVS and ZCS. Part of the primary current flows through the transformer, and the
corresponding current is induced at the secondary side. Then, the Q5 is on, the C; is charged, and the
C; is not charged.

Working state IV (t3—t4), working state V (f4—t5), and working state VI (f5—t¢) are similar to the
working state I-1II except for the current direction. The results can be obtained by a similar deduction.

3. Mathematical Model

3.1. Mathematical Model of the LLC DC-DC Converter

The first step of modeling the resonant DC-DC converter is assuming that,

1.  The mid-frequency transformer, switches (IGBT or MOSFET), rectify diodes, inductors, and
capacitors, are all ideal devices.

2. The parasitic capacitor is not included in the resonant tank when the working frequency is low.

3.  The output voltage ripple is very small, so the output voltage can be considered as DC voltage.

4.  Ignore the harmonic of switching frequency.

There are two sets of switches in the full-bridge type and each set of two switches are alternately
turned on at a duty cycle of 50%. Therefore, the input voltage v,;, of the resonant network is a square
wave with an amplitude of +V},. The input voltage vy, of the resonant tank of the full-bridge LLC
DC-DC converter can be expanded in Fourier form [26].

4 Z sin(2n7 fopt)

Uab(t) = ;Vin "

, @

n=1,3,5

where Vi, is the value of the input voltage, n is the multiple of Fourier form, and fs, is the
switching frequency.
The fundamental component of Uy, is 4 (rHA) (1 = 1, the same direction as the original square wave).

4 .
Vap(rHA) (1) = Evin sin (271 fowt) 3)
The root mean square (RMS) of vgprra) is Vap(rHaA)-

2\/§V

Vib(FHA) = ins 4
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i, is the primary current, which is a sinusoidal variation. Assuming that the RMS of i, is I, the
difference between the phase of the current and voltage of the cavity is 0.

i(t) = V21, sin(27 fyt — 0), (5)

The current lags or leads the input voltage, which depends on the operating frequency of the
resonant tank. Consequently, it causes the circuit to be in an inductive or capacitive state. In any case,
the wave of i, (t) can be thought of as a superposition of two different waves. The phase of the first
wave is in the same direction as the wave of input voltage v,,, and the phase of the second wave is
within £90° on the basis of the first wave. The idea of superposition promotes the establishment of
equivalent circuit and mathematical model. I;, is the input current of the DC power supply system,
which is present during the half cycle of the upper half of the bridge arm.

Tsw
2 (7. 22

Iip = — t)dt = —1 0, 6
n =T, ir(t) ——1rcos (6)
where Ty, is the switching period.
In this paper, Pj, is the input power of the resonant tank, which can be calculated by v,; and i;.
According to Figure 4, the fundamental wave of voltage and the wave of input current are sinusoidal.
As a result, the input power P;, can be described as Equation (6).

Tsw
2

P, = f Uab(t) . ir(t)dt = Vab(FHA)Ii’ cos 9, (7)

_Tsw
2

U4 is the input voltage of the rectifying network. In the secondary side circuit of the transformer,
the rectifier diode is driven by the flowing current. When the current is zero, the voltage is reversed.
Therefore, v,y is an alternating square wave of which the value of the amplitude is +V,/2. The phase of
U4 is the same as the current phase of the rectifier circuit. v, is obtained by Fourier series expansion,
which is shown in Equation (7).

ol = 2v, Y EZY), ®

n
n=13>5...

where 1) is the phase difference between the secondary voltage of the transformer v.; and the input
voltage of the resonant tank v,. V, is the output voltage of the LLC DC-DC converter.

The fundamental component of v is vy rHA) (1 = 1, the same direction as the original square
wave).

Ved(rHA) (1) = %Vo sin(27 fowt — ¢), )

Ved(rHa) is the RMS value of vgy(rp4), which is shown in Equation (9).

V2
Veiera) = ——Vo, (10)

is is the secondary side current of the transform. I; is the RMS value of the is. is can be represented

by Equation (10).
is(t) = V2Issin(2n7 fuot — ), (11)
In this paper, i, is the output current of the load. According to the analysis above, the amplitude

value of i, is the same as is. The direction of i, is not changed, which can be expressed as i, = [is|.
Therefore, the mean value of i, is shown in Equation (11).
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T
Zfz. 4 n V,
I, == i(H)|dt = —I, = — =, (12)
’ T0|S()| 2v2 " 22 R

where R, is the value of the load resistance.

From the previous analysis, it can be seen that i and vy are in the same direction. Thereby, the
secondary side rectifier circuit can be regarded as an equivalent resistance. The value of the equivalent
resistance is Ro(eq), which is shown in Equation (12).

14 H Vv ?
_ Vaena)®)  Vernay 4 VP2 4 R, (13)

R -
o(eq) is (t) I, w2 P, 2

where [, is the mean value of the output current.
The load is equivalent to the primary side of the transformer. The value of the load R, can be
defined as Equation (13).
4k

Reg = szo(eq) = ?RU, (14)

where k is the ratio of the isolated transformer.

Figure 5 is the AC equivalent model of the LLC DC-DC converter. Rs, Ry, Ry, Regs, and R, are
the parasitic resistance of the resonant tank and switches, which have negligible impacts on the FHA
model and power transmission. Cs is the parasitic capacitance of the primary switches, which can
usually be ignored [27]. According to the analysis above, the equivalent cavity system and its transfer
function can be calculated by Equation (14).

H(S) . kVo(PHA) (S) . Req//SLm (15)
Vinkra)(8) & 4 5Ly + Reg/ /5L ’
R g, S T T
| | L R, ' |
I Do
i f I
1 Lcay b
) 14CQ) Rinll 32, |
e 7! A
| | | —= |
e Re L
Figure 5. AC equivalent model of the LLC converter.
M is the voltage gain, which can be expressed as Equation (15).
nV
cd(FHA)
Vo 2 Zvcd(FHA)
M=—= 7 = , (16)
Vin  ™inHa)  ViyeHa)
22

To simplify the voltage gain expression, the definition is made as follows:
Zy is the characteristic impedance, which is illustrated in Equation (16).

/L, 1
7n= | =L =20¢fL, = —— 17
0 ) Tlfr r anrcr, ( )

Q is the quality factor, which is shown in Equation (17).

O

_ %

Q= (18)
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A is the inductor coefficient, which is shown in Equation (18).

L

- = 1
A L’ (19)
fn is the normalized frequency, which is shown in Equation (19).
fow
== 20
fn 'fr ( )
According to Equations (15) to (19), M can be simplified as Equation (20).
M =g
_ L‘ 1
201/ ) +ilfa-1/ f)Q (21)
=%

VA A-1/ 2) 4 a1/ Q2

Ignoring the transformer ratio n (when n = 1), it can be known that there are three variables
in Equation (20), which are A, f,;, and Q. In Figures 6 and 7, the x axis is the normalized frequency
fn, and the y axis is the voltage gain M. M changes when quality factor Q and inductor coefficient A
change, respectively.

1.6

14}
1.2_..4

sosf
046_..4
0.4_..4

042_..

Figure 6. LLC DC-DC converter gain characteristic (n =1, A = 0.02).

14

2=0.8

12F s
2=0.6

1 1.5

Figure 7. LLC DC-DC converter gain characteristic (n =1, Q = 0.1).
3.2. Voltage Gain Analysis

In Figure 6, the curve of M changes gently with quality, Q, increasing. In the same switching
frequency, M is decreasing during the load changed, which is the process of the light load to heavy
load. With the increase of normalized frequency, the wave of DC gain has a maxima point. The
corresponding frequency of the turning point is determined by the quality, Q, as shown in Figure 6.

The operating characteristics of the converter with different switching frequencies are various,
as it is a series resonant system. When f, = 1, the resonant tank is inductive, which ensures the
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implementation of primary ZVS. When f, > 1, the resonant tank is still inductive. When f,, < 1, the
characteristic of the resonant tank is determined by switching frequency and load. When f, is smaller
than the frequency of the maxima point, the characteristic of the resonant tank turns to conductive,
which leads to the increasing loss of primary switches and the risk of control failure.

With the increase of the inductor coefficient A, the dc voltage gain curve becomes steep. The
choice of resonant inductance determines the range of switching frequency and the range of output
voltage. If the inductor coefficient is too low, the converter may face the risk of overvoltage. If the
inductor coefficient is too high, the voltage gain cannot meet the regulation of output voltage, which
leads to very low switching frequency or control failure. Therefore, the practical request should be
considered when choosing the inductor coefficient A.

4. Digital Synchronous Rectification and Phase Width Modulation

4.1. Digital Synchronous Rectification (DSR)

The secondary synchronous rectifier circuit is illustrated in Figure 8. The MOSFET is turned on
when the anti-paralleled diode current is increasing. Then, the current flows through MOSFET. When
the current is below a turn-off threshold, the MOSFET is turned off.

I T
| High

| frequency | o1 : +

| transform I 1— Cl1

I

I >>*_" Vo
l pd I

I 2 ____

I

L - > Vv

Figure 8. Synchronous rectifier circuit.

The waveform of current and voltage is illustrated in Figure 9. At the beginning of a period, the
drain to source voltage Vs is equal to the turn-on voltage drop of the anti-parallel diode. The V4
drops to the turn-on voltage drop of MOSFET when SR is working. As a result, the V45 of MOSFET is
obviously less than the V4 of the anti-parallel diode. The power loss in this process is caused by the
current flow through the MOSFET, rather than the diode.

A

Vs I

oL
7]
>

ls

1

o
q(;

Figure 9. The working waveform of synchronous rectification.
4.2. Phase Width Modulation Strategy

Figure 10 shows the control block diagram of the phase width modulation (PhWM) strategy. In
respect to the traditional control method, the switching frequency is the control parameter according to
the main circuit parameters [28]. However, the PhWM strategy used in the H-bridge DC-DC converter
also applies to the LLC DC-DC converter. The output voltage can be regulated by the PhWM strategy,
which realizes the voltage regulation by changing the duty cycle. When the switching frequency is the
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second resonant frequency fr, the increase of duty cycle is equivalent to the decrease of frequency. The
ZVS can be achieved without adding other auxiliary devices.

Figure 10. Control block diagram of phase width modulation (PhWM).

The comparison between PhWM and phase frequency modulation (PFM) is shown in Figure 11.
On the basis of the normal control, the PAWM strategy can reduce the input power energy, which can
stabilize the output voltage. By adding the status when Sy, S3 and S, S4 turn on simultaneously, the
resonant network constitutes a short circuit state, so that the input voltage and the resonant network
are isolated. The load energy can be reduced.

f

Vin Vir

A

\

Urslm

Y

A

inin A4

to: t) tz: :13 i :t5
(b) PhAWM

Figure 11. Comparison between P\ WM and PFM. (a) The principle of PEM; (b) The principle of PhAWM.

Based on engineering experience, there may be the input overvoltage and output overvoltage
when the converter is in operation. In general, input overvoltage can be avoided by increasing the
capacitance on the input side [29]. However, the output voltage would be overvoltage when the load
changed, which would damage SiC MOSFET. Some control methods can be used to avoid output
overvoltage [30-32]. In this paper, a variable duty cycle modulation is designed in Figure 12. The
duty cycle is increased slowly to normal working conditions, which can effectively reduce overvoltage
during the start-up process. In addition, the driver and hardware protection circuits can also protect
SiC MOSFET from the damage of the short circuit.

o O I AL
- | .

AN /\ JANAN
vV NV

Variable duty cycle Normal duty cycle

\ ]

-

Figure 12. Variable duty cycle modulation.
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5. Simulation and Experiment

5.1. The Simulation of the LLC DC-DC Converter

For verifying the correctness of the proposed system and control strategy, a simulation model is
established in MATLAB/Simulink. The simulation parameters are listed in Table 1, and are calculated
by a mathmetical model of the LLC DC-DC converter. The input voltage, output voltage, and rated
power correspond with the actual engineering parameters.

Table 1. Simulation parameters of the converter.

Parameter Value
Input Voltage 1000 V-1800 V
Output Voltage 560 V
Rated Power 60 kw
Magnetizing Inductance 3mH
Leakage Inductance 742.4 yH
Resonant Capacitance 3.8 uF
Switch Frequency 3000 Hz

The simulation waveforms of transformer and resonant tanks are shown in Figure 13. By
comparing the position of the voltage and current zero crossing points, the ZVS of primary switches is
realized in Figure 13a and the ZCS of secondary switches is achieved in Figure 13b.

Current of primary MOSFET

_400F- - - - IR Q-

P P T i IO TP PRI . REEREEE IREREEE
0.2488 0.2491 494 0.2497 0.25 0.2494 0.2497
Current of primary side Current of secondary side

(a) (b)

Figure 13. The waveforms of the LLC DC-DC converter. (a) the ZVS of primary switches. (b) the ZCS
of secondary switches.

In order to further verify the validly of dynamic performance, the simulation is completed with
different output power and input voltage. Every 0.25 s, the output power is changed generally between
50% and 100%. From 0 s to 1.5 s, the input voltage fluctuates from 1500 V to 1000 V and 1800 V. As
is shown in Figure 14, the output voltage can be regulated to the rated value and the well-dynamic
performance is derived.

5.2. The Experiment of the LLC DC-DC Converter

The circuit parameters are listed in Table 2. The controller of the system is FPGA EP4CE10F17,
which provides switching signals to all SiC MOSFETs. The experimental waveforms of voltage and
resonant current are shown in Figure 15, where the input voltage is 50 V and the output current is 2 A.
The converter completes the conditions of the primary ZVS and the secondary ZCS. In Figure 15b, the
DC output voltage of the LLC DC-DC converter is twice as large as the input voltage.
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2000 T j
1800 : A
1500

Input voltage

1000 b L
: : k Output Véoltage
550 | T T R ............... =
: : Output current
0 i i i i i
0 0.25 0.5 0.75 1 1.25 1.5
Figure 14. Dynamic performance of output voltage.
Table 2. Circuit parameters of the converter.
Parameter Value
SiC MOSFET CREE C3M0065090
Controller FPGA EP4CE10F17
Input Voltage 50V
Transformer Turns 1:1
Magnetizing Inductance 1.2mH
Leakage Inductance 98 uH
Resonant Capacitance 10 uF
Switch Frequency 3000 Hz
Experimental Temperature 20°C
Tek i @ Stop M Pos: 43.39ms Tek i @ Stop M Pos: 43,39ms
+ +
CH2: Primary CH2 . CH2: Output
Voltage vy, Voltage v,
50 V/div CHI1 50 V/div
CH3: Primary \ CHI1: Primary
Current i, 2% Voltage vy,
2 A/div 20 V/div

CHI1: Secondary

Voltage vey
50 V/div
CH4: Secondary
Current i
2 A/div
CH2#50.0Y M 100us CH3 .~
CH3+2004  CHA 2004 26-Mar-17 22153 =10Hz
(a)

CH3: Primary
Current i,
2 A/div

CH3. CH4 CH4: Secondary
Current i,
2 A/div
CH2 50.0% rA 100 05 CH3 7
CH3+2.004  CH4 2004 285-Mar-17 2245 =10Hz
(b)

Figure 15. LLC DC-DC converter with fixed frequency: (a) CH1: Primary voltage, v,,, CH2: Secondary
voltage, vy, CH3: Primary current, i,, and CH4: Secondary current, is. (b) CH1: Primary voltage, v,
CH2: Output voltage, v,, CH3: Primary current, i,, and CH4: Secondary current, i.

Figure 16 shows the picture of the primary side experiment platform. The temperature of each
SiC MOSEFET device in the experiment was further measured using an optical temperature gauge. The
primary side SiC MOSFETs are 21 °C. Because the experimental temperature is 20 °C, the temperature
rise of primary side SiC MOSFETs is only 1 °C. As a result, the primary loss is low.
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Figure 16. Primary side main circuit and thermal image. (a) the experimental photographs of primary
side in 20 °C. (b) the temperature rise of primary side.

Figure 17 shows the picture of the secondary side experiment platform. As is shown in Figure 17b,
the temperature of the secondary side SiC MOSFETs is 37.1 °C. At this time, SR is not used in the
secondary side SiC MOSFET. When the secondary side SiC MOSFETs are working, there will be a
large current flowing through the parallel diode. Due to the equivalent impedance of the SiC MOSFET
anti-parallel diode being large, the loss of the secondary side SiC MOSFET is high.

(b)

Figure 17. Secondary side circuit and thermal image. (a) the experimental photographs of secondary

side in 20 °C. (b) the thermal image of secondary side.
5.3. The Experiment of Synchronous Rectification

Figure 18 is the waveform of synchronous rectification. The working states in the time interval of
to—t4 are analyzed. No drive signal is given at ty. At ¢, the driving signal of the Q; is at a high level
and the Q; SiC MOSFET is on. At t,, the current through the Q; is 0 and the driving signal of the Q;
are at a low level. At f3, the current of Q; has just been established. At this moment, no drive signal is
given. Until 4, the drive signal of Q; is high.

Tek Ju @ Stop M Pas: ~1300us
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A ot -
it ™ T CH4: Secondary
e CH4 Current i
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5 V/div
CH3
e —
1 CH3: Q2 Driving
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CH3 5.00%  CH4+2004  6-Api=17 2103 <10Hz

Figure 18. Synchronous rectification waveform. CHI1: Secondary voltage, vy, CH2: Upper SiC
MOSFET Driving Signal, CH3: Under SiC MOSFET driving signal, and CH4: Secondary current, is.

Figure 19 shows the thermal image of synchronous rectification. To compare the advantages of
synchronous rectification, the SR is used in upper SiC MOSFET but it is not used in under SiC MOSFET.
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From Figure 19a, it can be seen that the temperature of the upper SiC MOSFET is 21.9 °C. Meanwhile,
the temperature of the under SiC MOSFET is 31.1 °C, which is shown in Figure 19b. By contrasting
Figure 19a,b, the secondary side SiC MOSFETs has higher efficiency with synchronous rectification.

(b)

Figure 19. Thermal image of synchronous rectification. (a) the thermal image of the upper SiC MOSFET.
(b) the thermal image of the under SiC MOSFET.

5.4. The Experiment of Phase Width Modulation Strategy

The experiment waveform of PhWM is shown in Figure 20. When the angle of the phase shift is
small, the feature waveform remains apparent. As is shown in Figure 20a, the primary voltage is ZVS
and the secondary current is ZCS. With the angle of the phase shift increasing, the primary voltage
remains ZVS and the secondary current also remains ZCS, which is shown in Figure 20b. Because the
current is increasing, the secondary side current has little fluctuations.

Tek T ® Stop B Pos: 704,008 Tek gL @ Stop M Pos: T04.000s
+ +
CH2: Secondary CH2: Secondary
= [_— Voltage vy Voltage vy
I 50 V/div 50 V/div
¥ EL
CH4: Secondary ] CH4: Secondary
Current i | Current i,
CH2 ZA CHl CH2 CH3 CH4 e
CHI1: andry CHI: anary
Volmge Vap Volmge Vap
\\ 50 V/idiv 50 V/div
\// CH3: Prlmary \J JI U CH3: anary
Current i Current ir
2 A/div 2 A/div
CH2+500% M 100ws CH2 7+ CH2+500% M 1000 CH2 .~
CH3 2004 CHe 4004 27-Mar-17 21:03 <10Hz CH3 2.004 CH4 4004 27-Mar-17 21:00 <10Hz
(a) (b)

Figure 20. The experiment waveform of phase shift control. (a) CH1: Primary voltage, v,;, CH2:
Secondary voltage, v.;, CH3: Primary current, i,, and CH4: Secondary current, is. (b) CH1: Primary
voltage, v,,, CH2: Secondary voltage, vy, CH3: Primary current, i, and CH4: Secondary current, is.

As is shown in Figure 21, when the phase shift angle continues increasing, the resonance time
of the current of L, and C; is getting shorter. As a result, the lesser the input power to the resonator
power supply, the smaller the voltage output.

In order to verify the correctness of the control strategy, the load changed experiment is designed
in this paper. Figure 22 is the waveform that the LLC DC-DC converter is from no load to 100 Q.
As is shown in Figure 22, the output voltage is stable with no load. When the load is put on, the
output voltage would be reduced. To keep the voltage constant, the duty cycle of the switch would be
increased to regulate the voltage. After a period of adjustment, the output voltage remains stable. As
is shown in Figure 22, the LLC characteristic is still clear after load changed. At the same time, the ZVS
is retained. The correctness of the phase width modulation is verified.
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Figure 21. The experiment waveform of increasing shift angle. CHI1: Primary voltage, v,,, CH2:
Output voltage, v,, and CH3: Primary current, i,.
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Figure 22. Load changed experiment. CH1: Primary voltage, v,;,, CH2: Output voltage, v,, CH3:
Primary current, ir, and CH4, Secondary current, is.

5.5. Efficiency Analysis

The efficiency curves under the different experimental conditions are illustrated in Figure 23 and
different loads are selected as test points, including 25%, 30%, 50%, 75%, and full load. There are
three different converters tested for the efficiency, which are the SiC MOSFET with SR, SiC MOSFET,
and Si IGBT. Si IGBT is the switching device in the existing magnetic levitation power supply system.
Compared with these efficiency data of five groups, the efficiency under the SR are obviously higher.
The power loss on the secondary side has been saved with SR. Finally, the efficiency of light load is
over 90%, while the efficiency of rated load is about 98% under the proposed strategy.

94

90

86

82+

74t

78f

Efficiency/%

SiC MOSFET with
Synchronous rectification

SiC MOSFET with
Diode rectification

Si IGBT with
Diode rectification

25 50 75 100

Figure 23. Efficiency curve.
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The results of power loss comparison among Si IGBT, SiC MOSFET, and SiC MOSFET with SR are
shown in Figure 24. The loss of the LLC DC-DC converter is composed mainly of primary transistor
loss, secondary transistor loss, transformer core loss, transformer wire loss, and capacitor loss. In this
paper, the controller loss is ignored.

Power Loss/W

25

20

15

10 II

. x BER sln .as

Primary  Secondary TransformerTransformer Capacitor
Transistor  Transistor Core Wire

mSi IGBT ®mSiC MOSFET ®SiC MOSFET with SR

Figure 24. Power loss distribution.

In traditional magnetic levitation power supply systems, primary transistor loss and secondary
transistor loss account for a large proportion of the system loss. When Si IGBT is replaced by SiC
MOSFET, the primary transistor loss and secondary transistor loss is reduced. At this time, the
secondary transistor loss still accounts for a large proportion of the system loss. When SR is used in
the SiC MOSFET, the secondary transistor loss is significantly reduced. However, with the frequency
increasing, transformer core loss, transformer wire loss, and capacitor loss would increase. According
to the data analysis, the efficiency of the new auxiliary power supply system improved significantly.

Figure 25 is the experimental structure of the LLC DC-DC converter. In order to analyze the
efficiency and the power loss correctly, the DC power and the electronics load are used in this paper.
The input power is calculaed by the DC power, which model is IT6615D. The output power is calculaed
by the electronics load, which model is IT8902E. In this way, the efficiency and the power loss can be
calculaed by the input power and the output power.

: | Calculated |
=3 The input |
I : power |
I 1_ _

Efficiency :

- and Power |
| DC-DC ? - Loss I
| Converter } g Anal |
| nalyze I
b e e ___T___
______ e Ee—ae e e
|Electronics Calculated |
| Load T The Output |
: IT8902E = | nnnmiiuiisniniiiiiii power :

Figure 25. Experimental structure of the LLC DC-DC converter.
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6. Conclusions

This paper proposed a new auxiliary power supply system of magnetic levitation based on the
LLC DC-DC converter, whose switches are SiC MOSFET. For improving the efficiency of the converter,
the SR used in the secondary side of the LLC DC-DC converter was designed. According to the
experiment results and the data analysis of the efficiency, the following advantages can be obtained.
First, a new auxiliary power supply system of magnetic levitation based on the LLC DC-DC converter
can realize the ZVS and ZCS, which will reduce the system loss. Then, when SR is applied to the SiC
MOSEFET, the secondary transistor loss is significantly reduced. In this way, the prototype demonstrates
98% peak efficiency. According to the data analysis of the loss breakdown comparison among Si
IGBT, SiC MOSFET, and SiC MOSFET with SR, primary transistor loss and secondary transistor loss
account for a large proportion of the system loss in a traditional magnetic levitation power supply
system. Finally, due to the applications of LLC topology, SiC MOSFET, and SR, the efficiency of the
new auxiliary power supply system can be significantly improved.
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