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Abstract—In order to improve system reliability and reduce
device thermal fatigue failure in multiload wireless power trans-
fer (WPT) systems for electric vehicles, the implementation of
the junction temperature fluctuation suppression strategy for SiC
MOSFETs is necessary. However, current methods are relatively
lacking, and active thermal management has not been used in WPT
systems. In this article, the relationship between circuit parameters
and junction temperature of SiC MOSFET is analyzed. In par-
ticular, a junction temperature fluctuation tracking suppression
strategy for SiC MOSFETs is proposed, which consists of a coarse
and a fine adjustment stage. As for the former, a shunt capacitor
bank switching method is implemented. In order to compensate for
the coarse adjustment defects in the small adjustment range and
poor effect, in fine adjustment stage, a changing driving voltage
method is used. Finally, a 5-kW multiload WPT system is built for
verification. Experimental results show that the proposed strategy
has obvious effect on the suppression of junction temperature
fluctuation and keeps temperature near the target temperature.
Benefiting from this, the maximum 13.9 °C junction temperature
fluctuation is completely eliminated when the power fluctuations
are within 36.1% of the rated power, and the heat load of each SiC
MOSFET can be independently adjusted.

Index Terms—Changing driving voltage method (CDVM),
junction temperature fluctuation tracking suppression (TFTS)
strategy, shunt capacitor bank switching method (SCSM), wireless
power transfer (WPT).

1. INTRODUCTION
and flexible charging method. Due to its outstanding

advantages, this technology has been widely applied in the
transportation [1], medical [2] and consumer electronics [3],

W IRELESS power transfer (WPT) technology is a safe
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underwater equipment [4], mobile devices [5], electric vehicles
[6], etc., with the power ranging from a few to dozens of
kilowatts.

The performance of a WPT system is determined by the three
following indicators: high efficiency, long distance, and high
power [7]. The operating frequency of a magnetically coupled
resonant WPT (MCR-WPT) system is generally tens of kilohertz
or above. In particular, in such systems the high-frequency
inverter is a key device. As the operating frequency increases,
the switching and the gate losses of the semiconductor devices
increase with the square of the frequency [8]. Moreover, the tem-
perature rise of the system is more prominent under high-power
cycling. An efficient thermal management must be therefore
carefully considered. Third-generation semiconductor materials
represented by SiC have many incomparable advantages com-
pared to Si[9]. Indeed, it has great practical significance to inves-
tigate the application of SiC MOSFETs to develop high-frequency
and high-power WPT power supplies, with the aim of applying
this new design strategy to new technologies.

The growing application of SiC MOSFETs in WPT systems
for electric vehicles clearly indicates that both frequency and
power will increase to higher levels. The dynamic behavior of
SiC MOSFETs is affected by many nonlinear capacitors, and the
dynamic characteristics calculated by classical methods have
obvious limitations. Moreover, at present, a systematic research
study on the dynamic losses of high-speed switching SiC MOS-
FET power devices is lacking. Indeed, the reliability problem
caused by a high-frequency and high-power operation must be
considered. Power devices subject to large power fluctuations
[10] will result in a strong reduction of their expected service
life with respect to other equipment [11].

The superior electrothermal properties of SiC devices are
compared with Si devices. However, the reliability of SiC power
modules has been identified as a major area of uncertainty in
applications that require high reliability. Due to direct contact
of materials with different coefficients of thermal expansion,
the elements of the packaging are subjected to thermal stresses
caused by the variation of temperature during operation of the
devices [12]. The thermal stresses will cause degradation of the
weaker elements of the packaging system, leading to device
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failure [13]. And the higher thermal conductivity and Young’s
modulus of SiC may cause higher stresses on the die-attach
solder layer during power changing [14]. In some applications,
SiC devices may be suffering from higher temperature changing
caused by power changing, that is, temperature fluctuations
[15], [16]. During the temperature fluctuations, the plastic strain
and creep may cause the solder fatigue [17]-[19]. Although the
SiC devices are suitable to operate at high temperatures, the
variation of temperature can cause significant thermal stresses
on the solder layer, leading to substantial fatigue [19]-[21]. Ex-
perimental results show that the shear stress in a SiC die-attach
is higher than that in a Si device [22], and strain energy density
tends to concentrate at the chip edge where the difference is
1.5 times between the SiC and Si devices under comparable
conditions. It is considered that the in-service lifetime of SiC
solder layer is only a third of the benchmark Si device [14]. It
has been confirmed that the temperature fluctuations AT} affects
SiC device life more than Si device [12]. It means that SiC
devices are more susceptible to temperature fluctuations.

Although the SiC device is suitable for higher temperature,
the power variation in the actual application scenario results
in constant variation of junction temperature. Within the SiC
device, the variation of temperature can cause significant thermal
stress on the solder layer leading to substantial fatigue, which
eventually leads to device failure. Therefore, compared with
the challenges of continuous high temperature, widespread and
frequent junction temperature fluctuations have a greater impact
on the life of the SiC MOSFET.

Power fluctuations can be classified as fast and slow cycling.
Fast power fluctuations mainly affect the reliability of the die-
attach solder layer [23]. Meanwhile, the slow fluctuations mainly
produce fatigue on the baseplate solder layer [12]. Therefore, the
reliability of SiC MOSFET will be affected regardless of whether
itis fast or slow as long as power fluctuations exist. As long as the
power fluctuations exist, i.e., as long as the AT} exists, the life
of SiC MOSFET will be affected. Researchers have established
the lifetime models of SiC device and Si device, which can be
concluded that the lifetime is not only affected by the value of
ATj [24], [25]. In the field of practical wireless charging appli-
cation, the power fluctuation of SiC MOSFET is random. This phe-
nomenon indicates that AT} is also random and has an irregular
fluctuation. Accordingly, the factor of random thermal stress is
introduced, thereby further affecting the lifetime of SiC MOSFET.
The reliability of SiC devices due to power fluctuation (i.e., tem-
perature fluctuation) has been tested in the relevant literature; the
literature verified the correctness of the life model and confirmed
that SiC MOSFET has a long lifetime only when AT); approaches
zero [23]. Finally, a special note is needed: From the finite
element (FE) analysis the thermal stresses of a SiC device can
be significantly higher than those of the comparative Si device
under the same junction temperature profile, particularly for low
AT values [12]. This proves again that the in-service lifetime of
SiC solder layer is only a third of the benchmark Si device [14].

Junction temperature fluctuations make SiC MOSFET continu-
ously bear the alternating thermal stress shock and, thus, leading
to thermal fatigue failure, which greatly reduces the system
reliability and service life. And the impact is more than ordinary
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Si devices. This may compromise the safety of the whole high-
frequency, high-power wireless charging system. Therefore, a
suppression strategy for junction temperature fluctuations of SiC
MOSFETs is urgently needed to reduce thermal shock damage
and stabilize the junction temperature fluctuations caused by
the power fluctuations in WPT.

Power fluctuations exist in both static and dynamic wireless
charging systems for electric vehicles. In the static wireless
charging system, the receiving and the transmitting coils may
have the deviation. And different charging loads have differ-
ent deviations. Even the same battery load requires different
amounts of power at various charging times, as measured by
the battery’s charging curve. All these phenomena will cause
the system power fluctuation problem. In a multiload static
wireless charging system, the input power of the system will
fluctuate when different loads are connected and cut off. In
a dynamic wireless charging system, the problem of power
fluctuation during dynamic wireless charging is also proposed
[26]. The coupling degree of the receiving and transmitting coils
frequently fluctuates with the driving of the EV, thereby resulting
in significant power fluctuations. Therefore, the SiC MOSFETs in
a WPT system are vulnerable to power fluctuations, resulting in
junction temperature fluctuations. However, it is worth to note
that there are no studies on thermal management of WPT systems
in electric vehicles. The characteristics of the MCR-WPT system
should be considered when designing the temperature control
strategy.

In recent years, the research study on junction tempera-
ture management technologies has gradually increased in both
academia and industry. Studies in [27]-[29] proposed to increase
or decrease the switching losses by changing the switching
frequency, in order to improve the control of device junction
temperature. However, this strategy cannot individually adjust
the junction temperature of a single semiconductor element. In
addition, by adjusting the switching frequency, the WPT system
resonance is lost. In addition, the temperature controller strategy
based on switching frequency needs to change the switching
frequency within a large range, which affects the output wave-
form of the converter and has poor effect. In [30], a junction
temperature management of a reactive power cycle based on a
three-level parallel converter was proposed to adjust switching
losses by controlling the reactive current cycle. However, this
method can only be used in parallel converter systems, and
it increases the thermal load of the diode. The discontinuous
pulsewidth modulation strategy reported in [31] reduces the loss
in semiconductor devices, thereby lowering the average junction
temperature. The biggest drawback of this method is to decrease
the output quality of the converter. In [32], a temperature con-
trol method based on power distribution was proposed, which
controls the device temperature by limiting the power of the
converter. However, this method requires multiple converters
to be used in parallel, and each converter is used in frequency
reduction condition and, thus, reducing the power density. In
[33], in order to fix the frequent fluctuations of junction temper-
ature in photovoltaic inverters due to rapid changes in lighting
conditions, the maximum power point tracking algorithm was
optimized in order to limit the possible thermal stress/shock
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of the power electronics in the dc/dc converter. The control
strategy of this method is complex, and it is not suitable for
high-frequency occasions, such as the WPT. For the traditional
air cooling technology, on the one hand, the purpose of this study
is not simply to reduce the junction temperature but to suppress
the junction temperature fluctuations. On the other hand, the
additional cooling design increases the system cost and volume.
In summary, most of the existing junction temperature control-
ling methods have some drawbacks, such as output waveform
quality reduction, control complexity, easy-to-detune of WPT
system, unavailable individual-level single device adjustment,
and nonobvious adjustment. Therefore, it is necessary to design
a set of junction temperature fluctuation suppression strategy
suitable for the MCR-WPT system.

In this article, a junction temperature fluctuation tracking
suppression (TFTS) strategy for SiC MOSFETs in a multiload
wireless charging system of electric vehicles is proposed for the
first time, which belongs to an active thermal management tech-
nology. The TFTS strategy tracks the junction temperature and
controls the variation trend of the junction temperature through
the case temperature, which helps to eliminate the design of the
additional air cooling and reduce the volume and cost of the
system. The TFTS strategy is divided into a coarse and a fine
adjustment stage. The former proposes a shunt capacitor bank
switching method (SCSM). In the fine adjustment stage, a chang-
ing driving voltage method (CDVM) is used. The combination of
SCSM and CDVM is unique, outstanding, and complementary
to the strengths of the two methods, which greatly improves the
reliability of SiC MOSFETs. The switching losses are reduced
and compensated by adjusting the buffer capacitance and drive
voltage to stabilize the junction temperature fluctuation of SiC
MOSFETs. Then, the temperature of any SiC MOSFET can be
controlled separately. In addition, the TFTS strategy does not
change the output property of the high-frequency inverter. This
strategy does not make the WPT system off-resonant. Thus, it is
extremely suitable for the WPT system. Finally, the feasibility
of the proposed TFTS strategy is verified by taking the 5-kW
WPT prototype as an example. As a result, the final temperature
of each SiC MOSFET is stabilized near the target temperature
without reducing the output quality of the power converter. This
control method helps simplify the cooling design and reduce the
cooling cost.

The rest of this article is organized as follows. Section II
describes the system architecture and the working principle of
the LCC-S multiload WPT system. The relationships among
the switching losses, the control variables, and the junction
temperature are given in Section III, by modeling the dynamic
characteristics of the SiC MOSFET. Section IV deals with the
TFTS strategy and the hardware implementation methods in
building the designed system. Section V reports on the ex-
perimental prototype and experimental results, which confirm
the feasibility and effectiveness of the proposed TFTS strategy.
Finally, Section VI concludes this article.

II. SYSTEM ARCHITECTURE

In order to suppress SiC MOSFET junction temperature fluc-
tuations in the multiload WPT system, a tracking suppression
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Fig. 1.  System architecture relevant to the implemented junction temperature

closed-loop control strategy for a multiload wireless charging system of electric
vehicles.

strategy for junction temperature fluctuation is proposed. The
main purpose is to reduce or even eliminate the junction temper-
ature fluctuation caused by power fluctuations through a control
strategy rather than single heat dissipation and cooling. In addi-
tion, this article does not involve the accurate measurement of
junction temperature but tracks the variation trend of junction
temperature by detecting the case temperature. Complete control
is accomplished through the combination of the SCSM and the
CDVM. Because the capacitance is difficult to adjust linearly and
continuously, if only the coarse adjustment method is used, the
adjustment range would be narrow, and the suppress effect would
not be the ideal one. Besides, the coarse adjustment is in the open
loop, and both the control effect and the interference suppression
performance are relatively poor. Furthermore, the SCSM cannot
individually adjust the temperature of each SiC MOSFET in the
bridge topology. In order to improve these drawbacks, a closed-
loop fine adjustment, based on a CDVM, is used downstream
of the coarse adjustment stage. The CDVM can further improve
the temperature fluctuation and make the control mode flexible.
If CDVM is used alone and the current temperature is far from
the target temperature, then the processor will keep the upper
or lower limit of the output due to the limiting treatment of
the proportional-integral control system, thereby resulting in
a saturation problem. This situation will reduce the dynamic
performance of the system and even lead to the instability of
the closed-loop system and poor temperature adjustment effect.
In this article, the SCSM and CDVM are combined to integrate
their advantages for the first time.

The overall system architecture is shown in Fig. 1. The
high-frequency full-bridge inverter contains four SiC MOSFETS
(namely, Sy, S2, S3, and S4). The resonant system consists of
the primary coil Lg, the resonant inductor L p, and the resonant
capacitors C's and Cp. Lg produces the high-frequency alter-
nating magnetic field to induce a voltage in the secondary-side
coil L;. The direct current output voltage V;, which is supplied
to the load resistances R;, is generated by a series connection of
resonant capacitors C; and full-bridge rectification stages.
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Fig. 2.

LCC-S type multiload WPT system.

The system control circuit can be divided into two parts:
the coarse and the fine adjustment control circuits. The coarse
control circuit consists of two modules, labeled ((1)(2)) in Fig. 1.
The DSP controller ((1)) collects the input voltage and current
of the system. Then, the switching signal in the buffering circuit
() is determined according to the range of the input power.

The fine control circuit consists of six modules, labeled
(DB®@®GB)(®@)inFig. 1. The real-time junction temperatures
T of each SiC MOSFET are measured through the temperature
sensor module ((3)). The real-time temperature is recorded by
paperless recorder ((3)), and the voltage signal Ur is obtained
via the temperature converter module ((4)). The DSP controller
collects Ur for the proportional integral differential (PID) op-
eration to generate a gate drive signal, whose driving voltage is
output through the digital to analog converter (DAC) module of
the DSP controller to generate the final driving voltage by means
of the analog control power supply module ((6)). Module (7) is
the driver module.

III. BASIC THEORY ANALYSIS

Due to the different characteristics of the SiC MOSFETS com-
pared with the conventional Si devices, a specific model to
analyze the relationship between the SiC MOSFET switching
losses and the correlation control variables has been developed,
as described in the following sections.

A. Modeling of the Multiload WPT System

The LCC-S type multiload wireless power transfer system is
shown in Fig. 2. The impedance of each load branch is given as
follows:

oG, ey

The total reflected impedance of the multiload system is given
as follows:

1
Zz:Rz+RL1+]WLz+]7

n

2Mi2
Z”:Z;WZi

UJ2MZ'2
R; + Ry + jwL; + 1/jwC;

)

n
i=1
and the system input impedance can be expressed as

Zin = Rp + jwLp
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Fig. 3. Equivalent input circuit of the SiC MOSFET gate.

N 1—-w?LgCs + jwCsRg + jwCsZ,
jw(Cg +Cp —w?CsCpLg) — w2RsCpCs — Z,w2CpCg’

3
It follows that the system resonance condition is
1 1 Cs+Cp
w = = = . 4
CpLp CiL; CsCpLg
After neglecting parasitic parameters as follows:
_ w?CgLg—1
Zin - .Z,,.UJ2SC;CP (5)
Ip =1, = %‘;
the system input power is given by
ror Uin 2
P = [IpUi| = 18" Z | . (6)

Summing up, as the load number n increases, the system input
impedance Z;,, decreases, whereas the input power P;,, increases.
Conversely, as the load number n decreases, Z;, increases and
Pi, decreases. Therefore, the change of load may cause the
power fluctuation of the multiload WPT system.

B. Dynamic Modeling of the SiC MOSFETs

Before designing any temperature stability control strategy,
it is necessary to analyze the dynamic characteristics of SiC
MOSFETSs in order to estimate the switching losses. The tradi-
tional measurement method to estimate losses uses the integrals
of switching waveforms measured by an oscilloscope. Such a
procedure is very likely to introduce a parasitic inductance, lead-
ing to a significant deviation in the integrand function, which is
particularly obvious for SiC MOSFETs. In addition, the switching
loss measured by this method does not take into account the
discharge currents of Cyq and C s, and the displacement current
is wrongly regarded as a shutdown loss.

In this article, a specific dynamic modeling for the SiC MOSFET
switching process is established. The simplified gate input circuit
is shown in Fig. 3, where V grive is the driving voltage, R, i,
and R, o are the grid parasitic and the applied resistances,
respectively, I is the driving current, Cyq and Cy, are the gate—
drain and the gate—source parasitic capacitances, respectively,
144, 14s, and 14 are the currents flowing through Cyq4, Cg4s, and
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Fig.4. Waveforms relevant to the SiC MOSFET switching process. (a) Open-
ing process. (b) Closing process.

Cys, respectively, and Vj is the drain voltage. The square wave
Vys_drive 18 equivalent to the step input excitation, and the gate
current is I, = Iy, + Igq. It results in the following:

Vgs_drive - Vgs dVgs d‘/gd
Ry out + Ry in dt dt

- Cgs + ng (7)
where dVy,q = d(Vys — Vas) = dVj,s. From the initial condition

Vys =0V, we have

Vgs = gsfdrive(1 - e_t/7—>- (8)

Fig. 4 illustrates the SiC MOSFET switching process. Vs milier
is the Miller platform voltage. The time constantis 7 = (Cys +
Cya)(Ry out + Ry in). By combining the timeline reported in
Fig. 4 with (7), the times in the switching process of the SiC
MOSFET are given as

t1 = 7—hl[vgs_drive/(Vgs_drive - Vvth)] )

to = 7In[Vys_drive/ (Vgs_drive — Vgs_mitler)) (10
ts = Qgd - (Rg out + Ry in)/(Vgs_drive — Vgs_miltler)  (11)
ty = 7In(Vgs_drive/ Vgs_miller) (12)
ts = Qga - (Ry out + Ry in)/Vys_miller (13)
te = 7In(Vys_mitter/ Vin) (14)

where @)4q is the gate—drain (Miller) charge, which can be
obtained from SiC MOSFET’s datasheet.

C. SiC MOSFET Switching Loss Analysis

The opening process loss is given by

totts
Eon = / IoVodt = IoVy - (ta + t3)/2.  (15)
0

From (9) and (10), E,,, decreases if Vs griver increases, and
gs_
vice versa. The closing process loss is

ts+te
Eog = / IoVodt = IoVp - (t5 + tg) /2. (16)
0

By combining (12) and (13), the aforementioned equation
does not explicitly display the relationship between E,g and
Vys_drive- Further analysis is therefore required, and gy is the
transconductance of the SiC MOSFET. In this article, /,,,,s and
Vimos represent the current and voltage of the SiC MOSFET,
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(a) without the RC buffer circuit and (b) with the RC buffer circuit.

respectively
Tios = gfsvgs )
{ d-z'mos/dtL = [gfs(VEE - Wh) - I()]/Cgng (18)
deos/dt = [IO + gfs(v:ch - VEE)]/ngRggfs

Here, Vg is the shutdown voltage of the SiC MOSFET, and
Eog by (15) can be rewritten as:

IoVo Iy Vo
BEog = .
=9 (|d[m05 /dt| T /dt>

(19)

Since Vgg < 0, it results in —Vgg = |Vgg|. An increase in
the switching voltage, which means an increase in —Vgg, results
in an increase in both dVies/dt and |d1 0/ dt|, so that Eog
decreases. In summary, the switching loss of the SiC MOSFET
decreases as the absolute value of the driving voltage increases
and vice versa.

D. Buffer Capacitance and Shutdown Loss Analysis

Fig. 5(a) and (b) displays the loss distribution as a function of
time without and with the RC buffer circuit connected, respec-
tively. When the buffer circuit is not connected, since the dead
zone So is not open, the switch S; is OFF (see Fig. 1). As the
load current cannot suddenly change, it can only be continued
through the diode D2. However, before the voltage of switch S;
rises to the bus voltage, the diode cannot be conducted under
the reverse voltage drop, so the current flowing through §; can
only pass through D5 after its voltage rises to the bus voltage.
As shown in Fig. 5(a), ty indicates the time when the voltage on
switch S; rises to the bus voltage Vj, and #; is the time when the
current on switch S; falls to 0. Without the RC buffer circuit,
the losses are therefore distributed in regions I and II. When
the RC circuit is connected, the direction of current flow when
the switch S; is turned ON is shown in Fig. 6(a). The buffer
circuit is short circuited, and the current flows through S;. When
Sy is shutdown, as shown in Fig. 6(b), before the diode D- is
turned ON, the current I, flowing through S can be split through
the RC buffer circuit. Iy will immediately decrease, and the
switching loss will also be reduced. As shown in Fig. 5(b), noloss
occurs in region I; therefore, the RC buffer circuit reduces the
overall turn-off loss. Moreover, by adding the RC buffer circuit,
the SiC MOSFET current drop time does not change. The same
considerations mentioned above apply to S3 and S4 switches.



1198

10 10

lmos [mos

SiC
MOSFET-

SiC
MOSFET-

(a) (b)

Fig. 6. Schematic circuits showing the current flow direction for the SiC
MOSFET when adding the RC buffer circuit (a) when turned ON and (b) at
shutdown.

4 C\<C,<C;

= Vo
L
= |
3 |
¥ ' |
© | |
o ! | |
X ' | |
= |
S| .
> ' | |
0 fo 4 g1
Hh<t, =t te~t

Fig. 7. Shutdown waveforms for different values of the buffer capacitance.

Assuming the current that flows through the buffer circuit to
be I, the current and voltage of SiC MOSFET are

{Imos:IO_IC =Iy—1Ip-t/tx

Vmos = VC + VR = (t + 2CR) . IO . t/2Ct1, (20)

As shown in Fig. 7, the larger the buffer capacitance, the
slower the voltage rises, i.e., the longer the time for the voltage
to rise to Vy. If g < t;, the energy loss is given as

fo /Iy IR Iy IoVo(t1 — to)

FE.g= g Iy——t | dt+ ——=.
off /0 <2C’t1 T > ( LN ) + 2%,

(21)

At 1y, Vinos has risen to V. Combining (20) with (19), and
assuming top = kt; (0 <k < 1), Eog can be expressed as a
function of k when 19 < 11

I
Eoﬁ:1—;(—8t1VOk+3t1V0k2+2Rt1[0k2—RIOt1k3+6V0t1).
(22)
If ty > t1, then E g is given by
Ipty,  IhR
FEog=Ipt1 | — + — | tg > t1. 2
off 01(24C+6 0>t (23)

When 7y > t;, it is easy to note that E,g decreases as C
increases. If 7y < #;, the dependence of E,g on the circuit
parameters can be explained based on the analysis of E. g as
a function of k and time #;. A three-dimensional plot of E.g
versus k and #; is displayed in Fig. 8(a), where Iy = 20 A, Vy =
300 V, and R = 5 ). As a matter of fact, each SiC MOSFET has
a different ;. For a specific SiC MOSFET, E,g monotonically
decreases as k (or C) increases, as illustrated in Fig. 8(b), which
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(b)

Fig. 8. (a) Eog as a function of k and 1. (b) Eog as a function of k for different
values of 77

shows E,g as a function of & for various types of SiC MOSFETS,
i.e., different values of #;.

In summary, for any SiC MOSFET model, the shutdown loss
decreases as the buffer capacitance increases. Compared with
the non-RC buffer circuit, the SiC MOSFET with the RC buffer
circuit not only reduces the shutdown loss in zone II, but also
eliminates the loss in zone 1. Moreover, a variation of the buffer
capacitance can regulate the loss in zone II.

E. Switching Loss and Junction Temperature Analysis

In addition to establishing the relationship between circuit
parameters (drive voltage and buffer capacitance) and switching
losses (E,n and Eqg), it is necessary to establish the relation-
ship between switching losses and junction temperature of SiC
MOSFET

Tj = Hoss(ijc + Rcfa) + Ta (24)

where T is the junction temperature of SiC MOSFET. Pjugs iS
the power consumption of SiC MOSFET. R;_, is the thermal
resistance between the junction and the case. R._, is the thermal
resistance between the case and the ambient. T}, is the ambient
temperature.

P)oss 1s dominated by switching losses and conduction losses
because the conduction losses are mainly affected by the con-
duction resistance Ry, of the SiC MOSFET. Meanwhile, the
conduction resistance of SiC MOSFET is low and is less affected
by temperature variation. Therefore, the change of switching

losses has great influence on the change of the Pjygss
-Ploss ~ Pon + Poff = fsw(Eon + Eoff)kaU (25)

where P, and P.g are the turn-ON power loss and turn-OFF
power loss, respectively. fi is the switching frequency. E,
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and E,g are the turn-ON energy loss and turn-OFF energy loss,
respectively. k; and ky represent the conversion coefficients
of the current and voltage of SiC MOSFET, respectively. The
ambient temperature is fixed. Therefore, the following equation
can reflect the relationship between junction temperature and
energy loss

Tj = fsw(Eon + Eoff)kaU(Rj—c + Rc—a) + Ta- (26)

Equation (26) reflects the relationship between switching
loss and junction temperature of SiC MOSFET. The junction
temperature increases with the increase in switching loss and
decreases with the decrease of switching loss.

Therefore, in Section III, the relationship between circuit
parameters and junction temperature can be obtained, which
lays a foundation for subsequent control strategies.

IV. SYSTEM CONTROL STRATEGY AND
HARDWARE IMPLEMENTATION

The process of the proposed closed-loop SiC MOSFET junction
temperature control strategy is first coarse adjustment and then
fine adjustment.

A. Coarse Adjustment Based on SCSM

As described in the previous section, changing the value of
the capacitor in the RC buffer circuit can reduce and compensate
for the SiC MOSFET turn-OFF loss. However, in the practical
application, the capacitance value is difficult to be adjusted
linearly and continuously. The system designed in this article
implements a buffer capacitor bank switching according to input
power range. Different ranges of the input power correspond to
different capacitance values.

Fig. 9 shows the hardware and processor architectures that im-
plements the SCSM. Itis difficult to realize that each power point
corresponds to a different capacitance value because adjusting
the capacitance value linearly and continuously is difficult.
Therefore, this study sets different capacitors corresponding to
different power ranges and changes the switch signal in the
buffer circuit through the range of the input power. As shown in
Fig. 10, the processor collects the input current and voltage of the
system to obtain the input power P;,,. Thereafter, a comparison
is made. m means that the input power is divided into m ranges
that correspond to m groups of different switching signals. That
means, there are m different buffer capacitance values. The
switch signal S,, = [T, Ts - - - T,,] is input into the drive circuit
of the four buffer capacitor switches at the same time, the parallel
number of buffer capacitors is changed, and the synchronous
adjustment of the four buffer capacitors is completed.

B. Fine Adjustment Based on CDVM

In this article, a new strategy for junction temperature fine
adjustment based on CDVM is proposed. It consists in control-
ling the junction temperature by changing the MOSFET opening
and closing voltages. When the junction temperature rises, the
absolute value of the opening and closing voltages is increased
in order to reduce the switching loss, which in turn can low
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Fig. 10. Schematic diagram of the closed-loop junction temperature fine

adjustment control strategy based on the CDVM.

down the junction temperature. Conversely, as the junction
temperature decreases, the absolute value of the opening and
closing voltages is reduced to increase the switching loss, which
in turn will increase the junction temperature.

It is worth to point out that a temperature collection module
that collects the temperature recordings is necessary, no matter
what kind of junction temperature adjustment method is used.
For the junction temperature estimation, several methods are
currently available.

1) Direct measurement, such as infrared technology [34], [35],
which has high precision and relatively simple operation. The
main disadvantage of this technique is the need to open the
module, which is not convenient for online application, is easy to
affect the normal operation of the device, and cannot be used to
measure the metal surface. Moreover, the required measurement
equipment is expensive.
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2) Indirect measurement, e.g., by thermocouples or thermis-
tors [36], which is a high accuracy noninvasive online measure-
ment method. However, this strategy requires prior calibration.

3) Junction temperature calculation [37] by means of elec-
trothermal modeling or finite-element analysis, which is, of
course, a noncontact measurement method. However, the cal-
culated parameters will change with the aging time, and the
calculation error is large.

In summary, by considering costs, convenience, and accuracy,
the indirect measurement method is adopted in this article

Fig. 10 shows the hardware and processor architectures im-
plementing the junction temperature fine adjustment method
based on the CDVM. The SiC MOSFET junction temperature
T is collected through a real-time paperless recorder and is
converted to the voltage Uy through the temperature transmitter
to the primary-side DSP controller. In order to reduce noise
and interference in measuring junction temperature signals, a
Kalman filter is implemented. The obtained temperature Tepsor
is compared with the target temperature 7.f, and two PID
operations are then performed. The results of PID operations
are limited within the SiC MOSFET opening and closing voltage
range Uyert and Uyer—. Ugon and Ugog are the driving voltages
corresponding to the digital output from the processor and are fed
to the DAC module, which has no driving capability. By feeding
the analog signal to the analog control power supply module,
the driving signals U,, and U,g, i.e., the actual opening and
closing voltages, are finally obtained, thereby achieving the SiC
MOSFET driving voltage real-time adjustment.

V. EXPERIMENTAL VERIFICATION
A. Experimental Prototype

In order to verify the feasibility and the effectiveness of the
proposed junction temperature closed-loop control method, a
5-kW experimental prototype was realized, as shown in Fig. 11.
The prototype mainly includes a dc source, a high-frequency
inverter, a transmitter coil, and four receiver coils with their
own load circuit in secondary side. The high-frequency inverter
uses SiC power MOSFETs (IXFN50N120SiC), and the specific
experimental parameters are listed in Table 1.
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TABLE I
PARAMETERS OF THE EXPERIMENTAL WPT SYSTEM PROTOTYPE

Symbol Purpose Value
L Primary compensating inductor 20pH
C Primary compensating capacitor 175.3nF
Lp Transmitter coil self-induction 103.5uH
Cp Transmitter coil compensating capacitor ~ 41.99nF
R, Transmitter coil ESR 0.12Q
f Resonant frequency 85kHz
L; Receiver coil self-induction 28.06pH
G Receiver coil compensating capacitor 125nF
M; Mutual inductance 8.1puH
R; Load resistors 0Q~100Q
Vin Input DC voltage 250V
Vi Voltage of load resistor 110V
T Ambient temperature 25°C

ESR: Equivalent series resistance.

TABLE I
POWER FLUCTUATION SEQUENCE

Sequence  Input power  Input current
1 3600W 14.4A
2 5000W 20A
3 2200W 9.2A
4 3000W 12A
5 5000W 20A
6 2300W 9.2A
7 3000W 12A

Switch signal | g@

input

Switch
signals

Fig. 12.  Schematic of the RC buffer circuit and optical photograph, with
indication of the main components.

B. Hardware Design and the Experimental Analysis

The LCC-S multiload WPT system has the characteristic of
constant pressure for the receiving coil. The load resistance
used in this study is the electronic load (Chroma_63200A),
which is a programmable electronic load. The combination and
switching of different loads can be realized by programming.
Four electronic loads are used in this study. By adjusting the
load resistance and the amount of load, the input power P, of the
system is changed to simulate the power fluctuation problem in
the practical multiload wireless charging system. The sequence
of power fluctuations is shown in Table II.

1) Shunt Capacitor Bank Switching Method: The value of
the buffer capacitance can be adjusted by increasing or decreas-
ing the number of shunt capacitors by adding switches in the
buffer capacitor branch, as shown in Fig. 12. A STB24NM60N
MOSFET (600 V/17 A) is used as a switch. The switching signal
is fed after judging the range of input power.

In the multiload experiment, in order to ensure that the self-
induction of each transmitter coil is the same as the receiver
coil, an electromagnetic simulation by using ANSYS Maxwell
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(b)

Fig. 13.  (a) Simulation of the magnetic field of the transmitter coil. (b) Optical
photograph of the transmitter and receiver coils.
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Fig. 14.  (a) The output voltage of the inverter when C < 25 nF. (b) The output
voltage of the inverter when 25 nF < C < 140 nF.

tool is first performed, in order to find the equivalent position of
the magnetic field for placing the receiver coil. The simulation
results are shown in Fig. 13(a). The red dashed line is the position
of the receiver coils, which are placed at the four corners of the
transmitter coil. An optical photograph of the system is shown
in Fig. 13(b).

After testing, the output voltage of the rectifier bridge is
110 V. Section III deduces the relationship between the buffer
capacitor C and E,g. E,g decreases with the increase in the
buffer capacitor, whereas the limit of the buffer capacitor in
practical application needs to be limited. On the one hand, the
buffer capacitance is too small to suppress the voltage oscil-
lation on the device caused by high frequency, as shown in
Fig. 14(a). On the other hand, excessive buffer capacitance leads
to severe heating of the resistance of the buffer circuit, which
requires additional cooling design, thus undoubtedly increasing
the volume and cost of the system. Therefore, after testing, when
the buffer capacitance is less than 25 nF, oscillation becomes
evident, as shown in Fig. 14(a). When the buffer capacitance is
at [25 nF, 140 nF], the oscillation suppression effect is better, as
shown in Fig. 14(b). Therefore, different input power intervals in
this article correspond to different buffer capacitances, as shown
in Table III. According to the sequence presented in Table 11, the
value of the buffer capacitor is set to 99, 132, 33, 66, 132, 33,
and 66 nF.
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TABLE III
LOAD SWITCHING SEQUENCE

Input power Pi, Buffer capacitance
P;,<2500W 33nF
2500W<P;, <3500W 66nF
3500WsP;, <4500W 99nF
PinS4500W 132nF
Run Trig'd
ST DTl | ¥ !
W 142,43, 4 | _ | . | _
SElLLLOL | SELLLIL L SE1000] | S(1,100]
99nF i 132nF | 33nF { 66nF
I i I
al 77 |
T
H I : [5V/div]
. | [250ms/div]
T I
T;l | |
55 =
I
T~y :
T
I i I
(@ s.00v - ® 500V ® 50V ) |
Fig. 15. The switching signal S, in the buffer circuit.
@®— 33nF
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Fig. 16.  (a) Turn-OFF voltage waveform of SiC MOSFET with different buffer
capacitances. (b) Turn-OFF current waveform of SiC MOSFET with different
buffer capacitances.

The switching signals S, = [Ty, Te, T3, T4] in the buffer
circuit is tested by programming the electronic loads and setting
the conversion time of the input power. As shown in Fig. 15, the
sequence is 99, 132, 33, and 66 nF.

In this study, the current and voltage waveforms of SiC
MOSFET with different buffer capacitances are tested. As shown
in Fig. 16(b), the addition of the buffer circuit decreases the
current of SiC MOSFET rapidly. The higher the capacitance is,
the lower the rising slope of the turn-OFF voltage is, as shown
in Fig. 16(a). The conclusion presented in Section III has been
verified. However, different buffer capacitors do not affect the
descending slope of the turn-OFF current.

In this study, the output voltage V,; and current [, of the
inverter are also tested when the buffer capacitance is switched,
as shown in Fig. 17. The waveform of V,; and I,,; can not only
represent the voltage and current across a single SiC MOSFET,
but also observe the overall output quality of the high-frequency
inverter. For the convenience of observation, two fixed switching
times of the electronic load are set here to simulate different input
powers and to observe the switching signals in the buffer circuit
and the output of the inverter. Since the input voltage of the
system is constant, the change of input power can be expressed
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Fig. 17.  Output voltage and current waveform of the high-frequency inverter.
(a) i, is transformed from 14.4 to 9.2 A. (b) Ii, is transformed from 14.4 to
20 A.

by the input current /;;,. Fig. 17(a) shows output voltage and
current of the inverter when the input current is transformed
from 14.4 t0 9.2 A. Fig. 17(b) shows output voltage and current
of the inverter when the input current is transformed from 14.4 to
20 A. A slight voltage wobble can be found only at the moment
of switching. This slight jitter has little effect on the system
because the buffer capacitance needs not be changed frequently.
Therefore, the proposed SCSM does not sacrifice the output
quality of the high-frequency inverter and is suitable for MCR-
WPT system extremely.

2) Changing Driving Voltage Method: As discussed above,
Fig. 10 illustrates the junction temperature fine adjustment
method proposed in this article. The real-time junction temper-
ature of each SiC MOSFET is collected. The time constant of the
thermal resistance RC found by datasheet is ms level. A good
mapping relationship between junction temperature and case
temperature is found, which means that the case temperature
can be effectively used to track the junction temperature. In this
article, a PT100 sensor is used to measure the temperature of
each SiC MOSFET. The real-time temperature is recorded by
the paperless recorder and transmitted to the processor after
being converted into the voltage signal Uz by the temperature
transmitter. In this article, we focus on the suppression of the
junction temperature fluctuation caused by power fluctuations.
By setting the system target temperature 7'¢f to 66 °C at the input
current of 14.4 A, the SiC MOSFET opening voltage is limited
from +12 to +22 V, and the shutdown voltage is limited from
—6to—1 V.
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Fig. 18.  Junction temperature fluctuation under different control strategies.

3) Experimental Results: The sequence of power fluctua-
tions is shown in Table II, each different load combination causes
the system input power to fluctuate. As a result, the input current
fluctuates in order of 14.4, 20, 9.2, 12, 20, 9.2, and 12 A. The
resulting current fluctuation is shown by the two-way horizontal
arrows in Fig. 18. The target temperature T,¢f at 14.4 A is set to
66 °C. That is, the rated power is set as 3600 W, and the rated
currentis setas 14.4 A in this study. The blue line in Fig. 18 repre-
sents the case without any junction temperature stability control
strategy. The junction temperature fluctuates randomly as the
load changes, and the maximum junction temperature difference
reaches 13.9 °C. The green line is the result of the proposed
SCSM, i.e., the coarse junction temperature adjustment. It can
be clearly observed that the junction temperature still fluctuates
significantly, and the maximum junction temperature fluctuation
reaches 5.1 °C. However, due to the open-loop control, at each
time period, the temperature shows continuous rising or falling,
and the overall temperature trend is not smooth. The junction
temperature fluctuation suppress effect is therefore not ideal.
The red line is the result of the TFTS strategy proposed in this
article. Under the same conditions, the fluctuation of the junction
temperature can be stabilized around the set target temperature
of 66 °C. The maximum junction temperature fluctuation of
13.9 °C is completely eliminated, and the maximum junction
temperature adjustment ability is increased by 63.3%, compared
with using only the coarse method. Indeed, when the power
fluctuation is 36.1% of the rated power (3600 W/14.4 A), or
less, the junction temperature fluctuation can be adjusted to be
completely stable. The junction temperature fluctuation suppress
effect is therefore obvious. Moreover, the final temperature error
after full adjustment is less than 0.3 °C, which can effectively
reduce the thermal stress shock of the SiC MOSFET.

To verify the ability of this method to adjust four SiC MOSFETS
(81, S2, S3, and S,) thermal loads independently, four reference
temperatures are set (66 °C, 65 °C, 64 °C, and 63 °C). The results
are shown in Fig. 19, which indicates that the proposed TFTS
strategy has excellent independent regulation ability. The error
is less than 0.3 °C.
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Fig. 19. Junction temperature fluctuation on different SiC MOSFETs.

VI. CONCLUSION

In this article, a novel and active temperature control method
is proposed to suppress high-frequency inverter SiC MOSFET
junction temperature fluctuations caused by power fluctuations
in the high-power electric vehicle WPT system. The developed
strategy implements the SiC MOSFET junction TFTS by means
of both a coarse and a fine adjustment stages. The SCSM and
the CDVM are proposed respectively for these two adjustment
stages in the TFTS strategy. As for the former, the SCSM is
proposed for junction temperature coarse adjustment. A junction
temperature fine adjustment method based on the CDVM is
proposed to compensate for the limited adjustment range and
the low accuracy of the coarse adjustment method alone. The
combination and complementarity of these two methods not
only expands the regulation range and makes the control system
more stable but also individually adjusts the junction tempera-
ture of each SiC MOSFET flexibly. By means of the developed
temperature stability control method, the maximum 13.9 °C
junction temperature fluctuation observed during validation tests
is completely eliminated. The maximum temperature error after
adjustment is less than 0.3 °C. Further studies will be needed
to find out the practical use of the proposed TFTS strategy in
the junction temperature and loss compensation ranges of SiC
MOSFETS in electric vehicle wireless charging systems.
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