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A Quantitative Analytical Model of Paralleled SiC
MOSFETs for Calculating Unbalanced Switching
Currents and Energy
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Abstract—Uneven dynamic currents between paralleled silicon
carbide (SiC) metal-oxide-semiconductor field-effect transistors
(MOSFETSs) can cause unbalanced switching losses, challenging the
circuit reliability. Therefore, it is essential to quantitatively evaluate
unbalanced dynamic currents during circuit design and applica-
tion. However, the existing calculation methods face challenges
in modeling or are time-consuming in circuits with paralleled
MOSFETs. To address these issues, this article presents an analytical
model to calculate the unbalanced switching currents and switching
energy, which is applicable to circuits with any parallel number
(n) and easier to use than Spice simulation method. To address
the challenge of the high circuit order, the power and driving
circuits are decoupled and modeled, reducing the equation order
to 3n — 1. To handle the numerous parasitic mutual inductances,
the inductance matrices are used for modeling. Moreover, the
nonlinear die parameters and their temperature dependence are
considered to guarantee accuracy. The accuracy of the presented
model is verified by experiments. The model-calculated waveforms
fit the tested results well. Under various switching speeds, load
currents, and die temperatures, the model can accurately predict
the dynamic current differences and unbalanced switching energy,
with calculation errors lower than 8% for the current differences
and 11% for the switching energy.

Index Terms—Analytical switching model, multichip sic power
modules, paralleled sic metal-oxide-semiconductor field-effect
transistors (MOSFETS) , silicon carbide (SiC) MOSFET , unbalanced
dynamic currents.

1. INTRODUCTION

UE to the high switching speed, high efficiency, and
high thermal performance, silicon carbide (SiC) metal-
oxide-semiconductor field-effect transistors (MOSFETS) have
been widely used in many applications [1], [2], [3], [4]. How-
ever, because of the immature manufacturing technique, the
maximum current rating of a SiC MOSFETs bare die is generally
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lower than 150 A. Therefore, paralleled devices or dies are often
used to enlarge the current capacity [5]. Unbalanced dynamic
and static currents between paralleled SiC MOSFETS can cause
unbalanced losses, leading to unbalanced junction temperatures.
To ensure stability and security, the current capacity of paralleled
SiC MOSFETs is usually derated. Moreover, the solder layer of
the die with a higher junction temperature will degrade earlier,
further increasing its temperature and shortening the device’s
lifetime [6], [7]. Therefore, when designing and applying circuits
with paralleled SiC MOSFETs, merely evaluating the total losses
on the switch is insufficient. It is also necessary to quantitatively
evaluate the unbalanced currents and the resulting unbalanced
losses on the paralleled MOSFET dies. In this way, the maximum
losses on a single die can be obtained and used for design.
The unbalanced static currents are caused by the unbalanced
parasitic inductances and conduction resistances (Rqs(ox)) in
the paralleled power branches, which are easy to analyze and
calculate [6]. However, due to the complex switching tran-
sients, the mechanisms of unbalanced dynamic currents are
more complicated, making quantitative analysis difficult [8], [9].
Especially under light loads or high switching frequencies, the
switching losses may be much larger than the conduction losses
[10], [11]. It is of great significance to accurately calculate the
unbalanced dynamic currents and switching energy of parallel
SiC MOSFETS.

Dynamic current sharing mechanisms have been investigated
in many research [6], [12], [13], [14], [15], [16], [17], [18],
[19]. Sadik et al. [12], Helong et al. [13], Lim et al. [14],
and Haihong et al. [15] found that in circuits without Kelvin-
source connections, the unbalanced dynamic currents are mainly
caused by unbalanced threshold voltages (Vi) and parasitic
common-source inductances. In [6], [16], and [17], it is found
that the unbalanced dynamic currents are caused by unbalanced
threshold voltages and parasitic power-source inductances in
Kelvin-source connected circuits. The unbalanced drain and
driving inductances have little effect. Ge et al. [18] and Lv
et al. [19] further considered the influences of parasitic mutual
inductances. It is found that the parasitic power-driving mutual
inductances and the drain-source mutual inductances also have
a significant impact. These works reveal the factors that affect
unbalanced dynamic currents. During design and manufacturing
processes, the differences in die characteristics can be well lim-
ited by chip screening [16]. However, the unbalanced parasitic
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Fig. 1. Equivalent circuit models of SiC MOSFETs. (a) Equivalent circuit
model. (b) Circuit model in saturation and cut-off regions. (c) Circuit model in
Ohim region.

self and mutual inductances will still cause unbalanced dynamic
currents, which is difficult to absolutely balance, especially in
power modules. Hence, it is necessary to establish quantitative
models to evaluate the unbalanced dynamic currents under
the unbalanced circuit layouts, where the nonlinear MOSFET
parameters have to be considered to guarantee accuracy [20].
In the existing current sharing research, many parameters are
simplified, and the nonlinearities of the MOSFETSs are neglected
to analyze the parameter influences clearly. Therefore, the es-
tablished theoretical models cannot be used for quantitative
analysis.

To calculate MOSFET switching transients and switching
energy accurately, researchers established many quantitative
switching models. They can be divided into three categories ac-
cording to the MOSFET models: 1) physical models, 2) behavioral
models, and 3) analytical models.

Physical models build two-dimensional (2-D) or 3-D models
of MOSFETs based on the semiconductor theory. The models
are solved by finite element numerical calculations. Combined
with the circuits outside the MOSFET, high-precision results can
be obtained, and internal physical processes can be analyzed
[21], [22]. However, the MOSFET physical structure and param-
eters are needed, which is usually not available. Moreover, the
models are solved by finite-element numerical method, which
is time-consuming [20], especially when multiple MOSFETs are
paralleled.

Behavioral models establish circuit equations based on the
MOSFETSs’ equivalent circuit, as shown in Fig. 1(a), where the
characteristic expressions of the components are obtained by
physical equations or curve fitting. The circuit equations are
usually solved by simulation software [23], [24]. Behavioral
models can be solved faster than physical models with high accu-
racy. It is widely used to build MOSFET Spice models. Currently,
Spice circuit simulation is the main method to calculate the
unbalanced dynamic currents between paralleled SiC MOSFETs,
where the parasitic self and mutual inductances are obtained
by electromagnetic simulations [17]. However, this method has
some shortcomings. First, the partial inductance matrix of the
circuit needs to be imported into the simulation software. The
corresponding circuit symbol needs to be established based on
the same pin order as the spice file of the inductance matrix.
When the parallel number is large, the symbol has many pins,
making its creation process cumbersome. When the parallel
number changes, the symbol needs to be recreated [25]. Second,
it is not easy to modify the internal parameters of the sealed
inductance spice model during simulation. Thus, it is difficult to
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Typical circuit model with n paralleled MOSFETs.

investigate the influences of the inductances individually by sim-
ulation. Moreover, it cannot provide insight into the switching
processes. Third, it often suffers from convergence problems due
to the numerous nonlinear parameters of the paralleled MOSFETS.
It is time-consuming to calculate a large number of operating
points [26]. Moreover, the construction process of MOSFET Spice
models is complicated, with many curve fitting and Spice editing
processes. High-precision curve fitting is challenging. When the
die characteristics change, the curves need to be refitted, and
when the fitting accuracy is insufficient, further modifications to
the fitting functions are needed [27]. Though the Spice models of
many commercial MOSFETs are provided, the parameters of the
models may be different from those of the actual MOSFETs due to
different die batches. Furthermore, parameter corrections of the
official Spice models are inconvenient due to their complicated
fitting functions.

Compared to physical and behavioral models, analytical mod-
els based on simplified MOSFET equivalent circuits are more con-
venient and helpful. They are based on the analytical equations
constructed in different time intervals, where the MOSFETSs are
simplified to the model in Fig. 1(b) and (c) according to different
working regions. Analytical models are able to overcome the
drawbacks of physical and behavioral models. They can be
solved faster without convergence problems, and are easier to
incorporate with circuit and MOSFET parameters and massive cal-
culating points [28]. Nayak and Hatua [29], Alexakis et al. [30],
Rodriguez et al. [31], and Wang et al. [32] established analytical
models to calculate switching energy. To obtain closed-loop
expressions, many parameters are simplified or neglected, in-
fluencing the calculating accuracy. To improve the accuracy,
Xie et al. [20] and Wu et al. [33] established and solved the
state differential equations of each time interval. In this way, all
of the parasitic inductances and the nonlinear parameters can
be included, and precise transient waveforms can be obtained.
However, the analytical models are based on circuits with a
single MOSFET. In circuits with multiple paralleled MOSFETs, the
circuit order is much higher, and the circuit parameter number
is large due to the parasitic mutual inductances between any two
of the branches. This makes it challenging to establish and solve
the differential equations. For example, the order of the circuit
with n paralleled MOSFETSs, as shown in Fig. 2, is 5n, and the
parasitic inductance number is 4n*> — n + 3.
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To calculate the unbalanced dynamic currents and switching
energy and address the above issues, this article presents a
novel analytical switching model of paralleled SiC MOSFETS,
which can be used in circuits with any parallel number. The
contributions are as follows.

1) The analytical model of paralleled SiC MOSFETS is pre-
sented for the first time. All of the parasitic self and
mutual inductances, the nonlinear MOSFET parameters,
and their temperature dependence are considered. Thus,
high accuracy is achieved.

2) The power and driving circuits are separated by simpli-
fication to achieve decoupled modeling between the two
circuits. In this way, the maximum circuit order is reduced
to 3n — 1. Moreover, the inductance matrices are directly
used to establish the model, to include and handle all
the parasitic inductances. The challenges of high circuit
order and numerous circuit parameters encountered by the
existing analytical models are addressed.

3) Compared to Spice simulation, the presented model can be
calculated quickly without convergence problems. When
investigating the influences of the parasitic inductances,
they can be directly changed by modifying the inductance
matrices. Moreover, the postprocessing is more conve-
nient. Thus, it is more suitable for batch calculations. The
model eliminates the cumbersome simulation modeling
and high-precision curve fitting processes of Spice simu-
lation and is compatible with different circuit parameters
and parallel numbers. When the parallel number or die pa-
rameters change, it is only needed to update the parameter
inputs without the complex remodeling process, making
it easier to use.

The rest of this article is organized as follows. In Section II, the
SiC MOSFET’s and diode’s equivalent circuit models are given.
On this basis, the quantitive analytical model is established in
Section III. The calculation method is also presented. Then,
the accuracy of the model is verified in Section IV by a SiC
power module, where four MOSFETs are paralleled as one switch.
Finally, Section V concludes this article.

II. EQUIVALENT CIRCUIT MODELS OF SIC
MOSFET AND DIODE

To establish the analytical model, the equivalent circuit mod-
els of SiC MOSFETs and diodes are first given in this section.
A SiC MOSFET can be equivalent to an idea MOSFET with
three junction capacitances, as shown in Fig. 1(a). Cgs is the
drain-source capacitance, Cqg is the drain-gate capacitance, and
C,s is the gate-source capacitance. The channel current i, of
the idea MOSFET is determined by the gate-source voltage Vg
and the drain-source voltage vqs, as shown in Fig. 3, which is
called the output characteristic. Based on the different regions in
the output characteristic, the MOSFET can be divided into three
working states.

1) When vy < Vi, the MOSFET channel is cut OFF. The

channel current iy, is equal to 0.
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Fig. 4. (a) Transfer characteristic and (b) junction capacitances of SiC
MOSFETs.

2) When 0 < vgs — Vin < vgs, the channel works in the sat-
uration region, where i.;, approximately does not change
with vg.

In the cut off and saturation regions, the ideal MOSFET can
be equivalent to a current source controlled by v, as shown in
Fig. 1(b). The cut off and the saturation regions are collectively
defined as the controlled region. The relationship between i,
and vy is shown in Fig. 4(a), which is called the transfer
characteristic. It can be seen from Fig. 4(a) that after v, reaches
the threshold voltage Viy,, i, increases with vy increases. The
icn under the same v, increases with the increased temperature
T;, and Vi, decreases with the increased Tj. The relationship
between iy, and vge can be expressed by

Vin(T3)) (1

where g, (vgs, Tj) is the transconductance and varies with v
or T;j. The nonlinearity of the transfer characteristic and its
temperature dependence are considered in the presented model
to achieve high accuracy.

3) When vgg — Vi, > vgqs > 0, the MOSFET works in the
ohmic region and can be equivalent to a resistor, as shown
in Fig. 1(c). The value of the resistance is determined by
Vgs» Vds» and Tj as

Z.ch(UgaTj) = gm(UgSaTj) : (Ugs -

Uds Uds

RdS(OH) (Uds; Ug57 T]) B ich(”ds; Ugsv TJ) B f(vds; Ugsv TJ)

)

where f is the function that describes the output character-

istic in the ohmic region. The nonlinearity and temperature

dependence of the ohmic-region output characteristic are also
considered.

The junction capacitances are usually given as the input

capacitance Ciss, the output capacitance C,s5, and the reverse

capacitance Cyg. Their relationships with Cgs, Cgq, and Cgg are
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Fig. 5. Equivalent models of (a) SiC Diodes and (b) SiC MOSFETSs working

in third quadrant.

expressed by
ng = Orss
Cds = Coss — Crss . (3)
Cgs = CViss - Crss

Fig. 4(b) shows the junction capacitances under logarithmic
coordinates. They are also nonlinear and decrease as vgs in-
creases. To guarantee accuracy, the nonlinear junction capaci-
tances are also considered in the model.

The freewheeling diode can be equivalent to a diode with
its junction capacitance Cp, as shown in Fig. 5(a). The diode
current ig can be expressed by

0,up< —Vpo(Tj)

—vp—Vbo(T}) @

ip(vp,Tj) =
J ot vp> ~ Vbo(Tj)

where Rp (Tj) is the equivalent resistance and Vpo(T}) is the turn-
ON threshold voltage [20]. They are related to the die temperature
T;. The junction capacitance Cp is also nonlinear and decreases
as vp increases. If SiC MOSFETs are used as the freewheeling
diodes, they can also be equivalent to a diode with the junction
capacitances, as shown in Fig. 5(b). The junction capacitors can
be equivalent to a single capacitor Cp = CggCys/(Cag + Cgs) +
Cygs as the circuit in Fig. 5(a). During switching transients, v
is clamped to zero or negative, and Cgg is usually much lower
than Cg in a wide vqs range. Thus, Cp ~ Cyqg + Cys = Coss.
The nonlinearity of Cp and the temperature dependence of Rp
and Vpg are also considered.

III. ANALYTICAL SWITCHING MODEL FOR CALCULATING
UNBALANCED DYNAMIC CURRENTS AND SWITCHING ENERGY

The analytical switching model for calculating the unbalanced
dynamic currents and switching energy is presented in this
section. The circuit model is presented first, and simplified to
separate the power and driving circuits. Second, based on the
simplified circuit model, decoupled modeling between the two
circuits and, thus, reduced equation order is achieved, and the
differenced dynamic currents are calculated. Combining the
calculated differenced currents and the average currents, the total
unbalanced switching currents and energy are obtained.

A. Circuit Model and Switching Waveforms

Based on the equivalent model of SiC MOSFETs, the typical
double-pulse test (DPT) circuit with n paralleled MOSFETs is
shown in Fig. 2 and used for analysis and modeling. In a
practical circuit, the branches closed to the paralleled MOS-
FETs are complexly connected and magnetic coupled. Their
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Fig. 6. Switching waveforms of the DPT circuit.

parasitic self and mutual inductances are all equivalent into
the paralleled branches, as shown by the red inductances in
Fig. 2. The self-inductances are depicted as the drain inductances
Lgi~Lqn, the power-source inductances Lgi~Ls,, the gate
inductances Lgin1~Lginn, and the driving-source inductances
Ly ~Ly,. There are mutual inductances between any two of
the paralleled branches. Mg ;; represents the mutual inductances
between the ji;, and /gy, drain branches. M ;;, M j;, and My j; have
similar definitions. Mgq,g; is the drain-gate mutual inductance
between the ji}, drain branch and /), gate branch. Mga;, Mq ki,
Mg i1, Myjsi, and Mg, have similar definitions. The positive
directions of the magnetic couplings are defined as the red dots.
For the bus branches and driving branches that have no magnetic
coupling with the paralleled branches, the parasitic inductances
are defined as Lyj, Lius, and Lg. The circuit model also contains
the bus voltage source Vpp, the bus capacitor Ciiyk, the load
inductance Li,aq, the gate resistors R, and Rg;,,, and the driving
voltage source Vgy;.

The typical switching waveforms of the circuit are shown
in Fig. 6, where Vggave, Vds, Idave are the average values of
Vas1 ~Vgsns Vds1~Vdsns Ld1~idn, respectively. i5aq is the load
current. Vqrion) and Vari(orr) are the high and low driving
voltages, respectively. During #yp—t4, the MOSFETSs are turned ON.
The turn-ON period can be divided into three intervals.

1) During fo—t1, vgs begin to increase under Vai(on). The

MOSFETs work in the cut-off region.

2) During 113, vgs g0 above Viy,. The MOSFETs work in the
saturation region. The drain currents iy increase, and the
diode current ip is reduced, as vgg rise. When i,y reaches
Lioad at t9, ip is reduced to 0. Then, v4s begins to reduce
fast, and vp is increased.

3) During f3—t4, vgs continue to increase, and the MOSFETS
work in the ohmic region. During #5~1t9, the MOSFETS are
turned OFF.

This period can also be divided into three intervals.

1) During #5—#6, vgs begin to decrease under Vyi(orr). The
MOSFETs work in the ohmic region. At tg, the MOSFETS
enter the saturation region.

2) During t6—tg, the MOSFETS work in the saturation region.
vgs 1s quickly increased, and i, and igq decrease as Vg
decreases.
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3) After fg, vgs are reduced below Viy,. The MOSFETS go into

the cut-off region.

During ty—t3 and t—t9, the MOSFETs work in the controlled
region, where the channel currents are controlled by v,s. The
MOSFETs are modeled by Fig. 1(b). During #3—fg, they work in
the ohmic region and are modeled by Fig. 1(c).

B. Simplified Circuit Model

The order of the nonsimplified circuit in Fig. 2 is 5n. To estab-
lish the model with reduced order and concise form, the circuit
model needs to be simplified first. The following assumptions
and equivalences are made during the turn-ON (#p—#4) and the
turn-OFF transients (f5—ty).

1) vgs of the MOSFETS can be expressed by

1 . dvgs
v =G / (zg + Cyq d;’ >dt. (5)

Hence, as for the driving circuits, the change of v, are caused
by the charge and discharge of Cjy through the gate currents .
Moreover, the effects of Cygdvgs /dt are equivalent to the current
sources i, controlled by v4s, which can be expressed as

ie = —Clgdugs/dt. ©6)

As for the power loop, during the switching transients, the
drain-source voltages v4s are mainly borne by the drain-gate
capacitances Cq, and Cgs in a wide vgs range, and Cgg is
considered a short circuit. Then, the circuit model is equivalent
to Fig. 7(a). The simplified MOSFET models are shown by red
color.

2) The black part in Fig. 7(a) has 2n + 1 external connec-
tion points: sl~sn, s1’~sn’, and dc-. Taking dc- as the
zero potential point, the potentials of other points can be
expressed as

vy=vy =L (id+7:g - 'l'lc) + Mg tq +Mgs ig —M s i)
@)
where vg = [vs1 vs2 ... Vsn]T, Vs’ =[vs1’ vs2 ... Vs7L’]T7id =
[idl 42 ... idn]T’ ig = [igl ig2 ign]Tv ik = [ikl k2 ... ikn]Tv
and Ly, Mgy, Mgs, My are the parasitic inductance matrices,
whose definitions are depicted in Section A of Appendix. Based
on (7), the circuit model can be equivalent to Fig. 7(b), where the
power-source inductance of ji;, MOSFET — Lg; — is equivalent to
a full-coupled inductor. In this way, the power loop and driving
loop are separated. The values of Lg;_; and Lg;_» are both equal
to Lg;. The magnetic couplings of Lg;_1 or Lg;_o with other
branches are the same as that of L;. The voltage potentials of
sl~sn and s1’~ sn’ still satisfy (7).

3) Compared with the currents in the power loop, the cur-
rents in the driving loop are much smaller. Therefore,
the induced voltages in the power loop generated by the
driving-loop currents through the mutual inductances are
ignored. The power loop in Fig. 7(b) is simplified into
Fig. 8(a), where there are mutual inductances between
Lgi1~Lg, and Lgy_1~Lg,,—1. The driving loop in Fig. 7(b)
is simplified into Fig. 8(b), where there are mutual induc-
tances between Lgin1~Lginn, L1 ~Lipn, and Lgj_o~Lgy 2.
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(b)

Fig. 7. Equivalent dynamic circuit models. (a) Circuit with simplified
MOSFET models. (b) Circuit with equivalent power-source full-coupled
inductors.

(b)

Fig. 8. Simplified circuit models. (a) Power circuit. (b) Driving circuit.

The induced voltages in the driving loop generated by
iq1~iq, through the power-driving mutual inductances are
equivalent to controlled voltage sources. Vg1 ~Vpg , TEPre-
sent the induced voltages in the gate branches through the
power-gate mutual inductances. vpi1 ~Vpk », represent that
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in the driving-source branches caused by power-driving
source mutual inductances. V1 ~Vpsy, represent the in-
duced voltages on Lg1_o~Lg,_o. The controlled voltages
can be expressed as

Vpg = My ia
’Upk = Mpk id (8)
Vps = (Mds + Ls) 'Ld

wherev,e =[Vpg1 Vpg2 .- vpgn]T, Vpk = [Vpk1 Vpk2 ... vpkn]T,
Vps = [Vps1 Vps2 --- Vpsnl|; Mpg is the mutual inductance matrix
between the power and the gate branches, and My is the mutual
inductance matrix between the power and the driving-source
branches. They can be expressed by

{MPgZMdg+Msg 9)
My = Max + Mgy

where Mgy, Mys, My, and My, are the mutual inductance
matrices between the drain, power-source, gate, and driving-
source branches, respectively. Their definitions are also given in
Section A of Appendix. Based on the simplified circuit models,
the model calculating the current differences is established.
Combining with the average dynamic current and voltage, the
unbalanced switching currents and energy are obtained.

C. Model of the Induced Voltages

The key to calculating the dynamic current differences is to
calculate the v, differences. In the driving circuit in Fig. 8(b),
the sources Vi, ic, and the common values (average values)
of Vpg1~Vpgn and vpxi~Vvpi, will induce unbalanced vq¢ only
when the parasitic inductances of the paralleled driving branches
are unbalanced. It is proven that in SiC power modules or circuits
with small sizes, the differences in the driving inductances are
small, and the unbalanced driving inductances do not induce
unbalanced dynamic currents [6], [17], [19]. Thus, the influences
of these sources on the vy differences are all neglected. It is
supposed that they only influence the average gate current igaye
and the average gate-source voltage Vggsave. Moreover, since the
power source branches are Y-connected, the common values
(average values) of vs1 ~Vvps,, do notinduce any currents, which
are also neglected. Therefore, it can be concluded that the
unbalanced vgs and i, are mainly induced by the unbalanced
values of Vg1 ~Vpgn, Vpk1 ~Vpkn, and Vps1 ~Vpspn, Which can be
expressed as

Avpg = Upg — Vpgaved1 = P1 - Vpg = P1 - Mg tq
Avpk = Vpk — Vpkaved1 = P1 - ok = Py - M iq

A'Ups = Ups — UpsaveIl =Py Ups = P, (Ls +Mds) iq
(10)

where Avpe = [Avpgr Avpga ... Avpgnlt, Avpr = [Avpia
Avpka .. Avpien]t, and Avpg = [Avpst Avpsa ... Avpg,]T are
the unbalanced values of the induced voltages. Vpgave, Vpkaves
and vpsave are the average values of the voltages. The average
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voltages, P1, and I, are expressed by

17 .
Upgave = nI2 Upe

Upkave = %12 * Upk
Upsave — %IQ * Ups (11)
P, =(E- %13)
I, =[11...1)"
where
1 0 0]
0 1 0
E=|. . I =1 1 1],
0 0 1
11 1] (12)
11 1
I; = .
111 1]

D. Model of the Driving Circuit

To solve the vy differences under Avy,e, Avpi, and Avg, the
state differential equations of the driving circuit are established.
The circuit order is only 3n —1, which is lower than that of
the nonsimplified circuit in Fig. 5. Avgg1 ~Avgsp, Aigi~Aigp,
A1 ~Aly,_1 are chosen as the state variables.

Under the unbalanced values of the induced voltages, the
Kirchhoff’s voltage law (KVL) equation of the gate and driving-
source branches in Fig. 8(b) can be written as

(RgI3 + Rgin)Aig + (LgIS + Lgin - Mgk) A'ig

+ (L — M) Nig +(My — My) Nig = Avy

— Avp, — Avg (13)

where Avgs = [Avgs Avgsy ...Avgs, ] is the vector of the
unbalanced values of Vgs1 ~Vgen. Alg = [Aig1 Adgo ...Aign]T,
Aiy = [Aiyg Do ... A, ], and Aig = [Aigy Aiga ... Aigp]"
are the vectors of the unbalanced currents. Ry, is the matrix of
the internal gate resistances, and Lgin, Ly, Mgy, Mg, Mg, and
M are the parasitic inductance matrices of the driving circuit,
which are defined in Section A of Appendix.

Applying KVL to the driving-source and power-source

branches, there are
(LS + Msk) A.7:5‘. +(Mgs + Mgk) A'ig +(_Mks - Lk) A.’l/k

1 .
+ A’Upk + A’Ups = EI‘g((_L5 + Msk) A’Ls

+ (Mg + Mgy) Nig —(My + Ly) Aiy,

+ Avp + Avy). (14)
The current differences in the driving circuit satisfy

Aty — Aty = Aty (15)

I,Ais = 0. (16)
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The relationship between Avyy and Ai, can be expressed as

1

A.'U —_—
gs
Ciss

Atg. 17
By (15), (13) can be rewritten as

L, A’Lg +Lyq A’Lk = —RgAig - A’Upg + A'Upk - A’Ugs
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Then, it can be solved by (18) and (23) that

A.ig = _Lg4_1AUgs - Lg4_1RgAig — Lg4_1A’Upg

+ Ly YE — Ly Ly ' T)Avp — Loy ' Ly Ly ' T Avwy
A.'I:k = —Lk371Lg3Lg471A’UgS - LkgingngélileAig
—Li3 ' LygsLgy ' Avp,

+(Lis ' LygLgs M (E — LiaLis 'T) + Lis™ ' T) Avy

1 _ - _ _
I8 | (Lo 'Ly Loa ' Lia Lo 'T — Ly 'T) Aw,
where 25)
LgIZLgI3+Lg+Msg_Mgk_Msk where
Ly = Ly — My, — Mg, + M (19) _
R, = R,I5 + Ry Lyy = Lo + Lia Lis ™' L. (26)
Then, based on (17) and (25), the state differential equation
By (15), (14) can be rewritten as can be written as
PngQ A’Lg 7P1Lk2 A’l,k = 7P1A’Upk — PlA'va (20) X=4-X T B-F (27)
where X= [Avgsl cee Avgsn Aigl e Algn Aikl e Aik(n_l)]T
where are the state variables. F = [Avpg1 ... Avpen Avpii ... Avpiy
Avpst ... Avpg )T are the excitations. A and B are the coefficient
{ng = Ls+ Mg + Mg + My @ matrices and are expressed by (28) shown at the bottom of this
Ly; = Ls + My + Ly + M page. Based on (10), the induced voltages can be obtained, and
then Avgg can be calculated using the state equation
By (15) and (16), it can be derived that
E. Model of the Power Circuit
I Ai, = I5A%. 22 .. . .
28% 25 (22) The power circuit model is established separately from the
.. . driving circuit.
Combining (20) and (22), (23) can be derived 1) During tg—t3 or tg—t9, the MOSFETs work in the controlled
. . region. The channel currents icy, = [ich1 ich2 v dienn]T are
Lys Aty — Ly Aty = =T Avp — T Avpg (23) obtained by the nonlinear transfer characteristic using v
= [Vgs1 Vgs2 .- Vgsnl® and Tj = [Tj1 Ty2...Tjn]", where
where Vgs is calculated by
Py Py Ly P, P, Ly, Vgs = Vgsave L1 + Avgs. (29)
Leo=1n"1 1] B =0 1 - -
[ T ] [ o ] The unbalanced value of the channel currents Ai., = [Aicnt
10 00 Aichy ... Ay ] are
— P2 ’ Pl — 01 00 Aich:":ch - Z.chaveIl :Pl : ich (30)
= 00 0]]" Pa=\.
- 00 where i.pave 1S the average channel current. Since the voltages
00 1.0 on the paralleled MOSFETs are approximately equal [12], the
(24) currents on the paralleled C.gs are supposed to be equal. Thus,
i 0 —F 0
A= —Lgyt ~Ly, 'R, 0
~PyLy3 'Ly3Lyy ™ —PyLys 'LysLy 'R, 0
i 0 0 0
B —~Lgy ! Loy '(E — Lig Ly 'T) —(Lga 'Lia Lis™'T)
~PsLy3 'Ly3Lgs Py(Lys 'LygLgs '(E — Ly Ly 'T) + Ly 'T) —P3(Lys 'LysLes 'LigLis ' T
L ~Li3'T)

(28)
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Fig. 9. Power circuit models in the ohmic region. (a) Simplified model. (b)
Simplified model for the unbalanced currents.

Aig = [Aigy Aiga ... Algn] = Aig. By (30), the unbalanced
drain currents are obtained as

(€19}

Z.d = Z'dave-[l + Aich = idaveIl + Plich-

By the driving circuit model, Av can be obtained. The gate-
source voltage v is obtained by (29), i, is obtained by the
transfer characteristic, and iq is calculated by (31). Vggave, ichaves
and i4ave can be obtained by calculating the average switching
transient.

2) During t3—t4 and f5—tg, the MOSFETs work in the ohmic
region. The effect of C, is neglected. Thus, the power cir-
cuit is simplified into Fig. 9(a), where Rys(on)1~Rds(on)n
are the resistances of the MOSFETs. They are given by
(2), where i., is obtained by the ohmic-region output
characteristic using vy, vqs, and Tj. v, is calculated by
(29). And the average drain-source voltage vy is used,
which is obtained by calculating the average switching
transient. When only considering the unbalanced currents,
the circuit is simplified into Fig. 9(b), where the effects
of the common values of iq;~iq, are equivalent to the
controlled voltages vq = [vq1 Va2 o vanlt, expressed by

va=(Lg + Ls + Mgs + M) igave I1 + Ras(on)dave L1

(32)

where L4 is the drain inductance matrix defined in Section A
of Appendix, and Rgs(ox) is expressed as

Rds(on)l 0 T 0
0 Rds(on)2 T 0
Rds(on) = : : (33)
0 0 Rds(on)n
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The circuit equation of Fig. 9(b) can be written as

v + (La + Ly + Mg + M) Aig +Ras(on)Ata

1 .
= 513((1%1 + (Ld + Ls +Mds +Msd) A"'d

+ Rds(on)Aid)) (34
[1 1 1} Azq = 0. 35)
Combining (34) and (35), it can be derived that
Lds Ald = 7RdSA’I:d — T’Ud (36)
where
I [Pzpl(Ld—i—Ls—FMds—f—Msd)]
ds —
11 - 1
37
P2P1Rds(on) 7)
ds —
[0 0o --- 0]

Choosing Aigq1~Aig(,-1) as the state variables, the state
equation of the simplified power circuit in the ohmic region
is derived by (36) and (37) as

Y=C-Y+D vy (38)

where Y= [Aigq Aigo ...Aid(n_l)]T, and C and D are expressed
as

C = —P3Ly 'Ry P;
{D = _—PyLy'T (39)
where
1 0 0
0 1 0
P; = : (40)
0 0 1
-1 -1 ... -1

vq is calculated by (32), then Aigq can be obtained by solving
(38), and then iy and i.;, can be obtained by
{id = idaveIl + A'Ld

. . . 41
Teh = Gehaved1 + Atg @1

F. Analytical Model and Calculation Method

By the above models, the analytical model for calculating the
unbalanced dynamic currents is shown in Fig. 10. The unbal-
anced power-driving mutual inductances, drain-source mutual
inductances, or power-source inductances cause unbalanced
induced voltages, causing unbalanced v4, and then inducing
unbalanced iy. The current iy, in turn, influences the unbalanced
induced voltages.

The calculation flowchartis shown in Fig. 11. First, the param-
eter values are given as inputs, including the MOSFET characteris-
tic curves, the diode parameters, and the circuit parameters. The
MOSFET characteristics can be obtained by the datasheet or by
experimental tests. The circuit parasitic matrices can be obtained
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Fig. 10.  Analytical model for calculating the unbalanced dynamic currents.

Initialisation- the MOSFET parameters( Ciss, Coss, Ciss, the transfer and output
characteristic), the diode parameters(/pg, Rp, Cp), the circuit parameters(Ls,
L, Lgin, Ly, Ryin, Mas, Mgs, Mys, My, Mag, Mok, Mg, Myg, Mg, My, Lius, Ry, Lg,
Vops Tioads Vari)s MOSFET junction temperatures Tj, paralleled number ,
time step AT, and end time Tyq

| tea=0, Avge(0)=0 Aiy(0)=Ai(0)=0, Aig(0), dig/d(0)=0 |

Calculate igave(?), Vgsave(?), ichave(t), Vas(?)
by solving the process in Fig. A2
|

¥
Calcultate Avpy(ear), AVpi(feal) and Avyg(teq) using (10)
Calculate Cis uing vys(fea)
]
Solve Avy by the driving-circuit State-space equations
(27) with (28) in time interval [#., e tAT]

1

Calculate vy in [cq feartAT] by (29) |

Y
Vesavelfeal)-Vin>Vas(fea)>0?

N:The ohmic region
Calculate Ryson) by Ves(feal), Vas(fear) and T;
using (2)

Model of the
induced voltages

Model of the
driving circuit

:The controlled region

|Calculale fon i [feat ZeartAT] |

Calculate i3 and Aiy
in [£ca leartAT] by (31)

model of the
power circuit

)
| Calculate v4(t.a) by (32) |
]

Solve Ai4 by the power-circuit state-space
equations (38) with (39) in [feu featAT]

| caleutate iy, i in [1ca AT by (41)]
T

Calculate dig/d#(t..rtAT)

Y
[Calculate Eios, mose by (43)]

Calculation flowchart of the analytical model.

Fig. 11.

by electromagnetic simulation. Second, the initial values are
given, where Aiy(0) is given by

1
Aig;(0) = —5 T oy Nidave (0)
Ras(on)1 Ras(on)2 Ras(on)n
- Z'dawe(o)' (42)

idave, vgsave,vds

Aiq;(0) is the ji, element of Aig(0). During the turn-ON
period, Aigq;(0) = 0, since igave(0) = 0. During the turn-OFF
period, iqave(0) = lioaa/n, and Aig;(0) is determined by the
initial Rqs(on)1~Rds(on)n- Then, the average switching transient
is calculated to obtain Vggave, ichaves idave, and vqg for the
subsequent calculation. An analytical model is used for the
average calculation, which is detailed in Appendix. The average
model is based on the modeling method in [20] and [33] with
high calculating precision. The average waveforms can also be
obtained by experiments if the actual circuit is available. Finally,
the presented dynamic current sharing model is calculated by
time stepping. The time step is much lower than the switching
time.
During each time step [Zca1, fca1 +AT], the unbalanced induced
voltages Avpo(Teca1), Avpi(Teal), Avps(Teal), and Cigg are cal-
culated first, where Cig is obtained by linearly interpolating
the Cigss(vgs) curve data using the latest calculated vgs(7cal)-
Then, the state (27) is calculated to obtain Avyg and vg. The
unbalanced induced voltages and Ciy are considered constant
in this time step. Hence, the coefficients and excitation matrices
of the state equation are constant, making it easy and fast to solve.
Then, iq and i., are calculated using the power circuit model.
When solving the power circuit model, the working region is
judged first. Different models are used for different working
regions
1) When the MOSFETs work in the controlled region, iy is
obtained by performing two- 2-D linear interpolation on
the curve data of the transfer characteristic ic,(vgs, T5)
using the calculated vy waveform in this time step and
T;. Then, iq is obtained by (31) using the calculated i,.

2) When the MOSFETs work in the ohmic region, first,
the curve data of the ohmic-region output characteristic
ich(Vds, Vgs» T5) 18 linearly interpolated using vqs(Tca1), T,
and the latest calculated vgo(7ca1) to obtainicy (Tcar). Then,
ich(Tca) 1s divided by vgs(Tca)) to obtain the resistance
Ras(on)(Tear) of the paralleled dies for calculation in this
time step. Then, vq(Tc,1) is calculated by (32). Aig is
calculated by solving (38), and iy is obtained by (41).
Rgs(on) and vq are also considered constant to ensure fast
solution and convergence of the state equation.
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Fig. 12.

Experimental power module.

Finally, dAig/df(t..y + AT) is calculated for solving the
unbalanced induced voltages of the next time step. By reinter-
polating the curve data of the die characteristics within each
time step, their nonlinearities are involved. By interpolating the
curve data under different temperatures using T, the temperature
dependence of the die parameters is included.

When the calculation is finished, the unbalanced switching en-

T
ergy Elossﬁmodel = [Elosslfmodel ElossQ?model Elossnfmodel]
are calculated by

Tena

Elossfmodel = A idvdsdt~ (43)

The calculation program is established in MATLAB and
solved by cyclic calculations of the state equations and expres-
sions according to the flowchart in Fig. 11. The ready-made
linear interpolating function and state equation solving function
in MATLAB are used. Moreover, the calculation program is suit-
able for different parallel numbers, circuit parameters, and die
temperatures. When used in different circuits, it is only needed
to update the chip characteristic curves, junction temperatures,
and parasitic inductance matrices.

IV. EXPERIMENTAL VERIFICATION

In this section, the presented model is verified by experiments
based on the SiC power module shown in Fig. 12. The module
layout is designed based on the commercial modules from
ROHM [34]. 8 ROHM S4661 (1200 V/13 mS2) SiC MOSFETs
are used, where four MOSFETS are paralleled in each switch.
Moreover, there are 10 ) gate resistors soldered on the substrate
and connected to each MOSFET to dampen the oscillations be-
tween the paralleled dies. Under 2 €2, 4.1 ©, and 6 €) external Ry,
the current rise and fall times are 43 ns—78 ns and 32 ns—63 ns,
which are reasonable for high-capacity SiC power modules. The
test circuit of the power module is shown in Fig. 13, where the
bill of the components is shown in Table I. A 120 A Rogowski
coil is used to test the drain currents of LQI1-LQ4. The coil
is simultaneously placed on the MOSFETs’ power-source and
driving bonding wires, as shown in Fig. 13(b), to obtain the drain
currents directly. As for the high-side MOSFETS, the driving and
power-source wires are on different sides. Due to the low area
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Fig. 13. Test setups. (a) DPT test rig. (b) Measurement method of drain
currents. (c) Measurement method of drain-source voltage vqs.

TABLE I
COMPONENT LIST OF THE TEST CIRCUIT

Part Specifications
Gate driver IC IXDN630YT from IXYS with 30 A Peak current

Gare driver MGI2D051802SC from muRata with 2 W and 18 V&-2.5V
power supply dual outputs
Lioad 70 uH air-cored inductor

2220Y6300105KETWS2 630 V/1 uF ceramic capacitors
Ciec from Knowles Syfer. Ten paralleled branches, Two series-
connected capacitors in each branch.
LNX2J102MSEG 630 V/1000 xF from Nichicon.
Two paralleled branches, Two series-connected capacitors in
each branch.

Clink

Coulk

and the fragile driving wires, it is hard to place the coil on all the
bonding wires to measure the high-side drain currents. There-
fore, the experimental tests are based on the situation where
the low-side MOSFETS are used as the main switch, whose drain
currents are easy to measure. The iy waveforms of LQ1-LQ4
are obtained by four repeated tests under the same conditions
using one coil. In this way, the measurement errors caused
by coil differences are avoided. The v4s waveforms are tested
directly on the MOSFET dies by a 1000 V passive voltage probe
from Tektronix, as shown in Fig. 13(c). Though the accuracy
of the voltage probe is limited under several volts, the test
errors have little impact on the tested switching energy and the
experimental verifications. Since the module is not encapsulated
to facilitate the measurements, the dc bus voltage is 400 V to
prevent partial discharge. The equivalent test circuit diagram
is shown in Fig. 14. The black components in Fig. 14 are the
parameters inside the power module, where there are magnetic
couplings between the parasitic inductances. The blue parts are
the outside circuits. In addition, there are current coupling effects
caused by the common branch currents between the parallel
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Fig. 14.  Equivalent circuit diagram of the DPT circuit.
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Fig. 15. Transfer curves of the tested dies. (a) Transfer curves of the 70 tested

dies. (b) Transfer curves of the selected LQ1-LQ4.

chips, which is equivalent to parts of the parasitic inductances
and mutual inductances in Fig. 14. The low-side MOSFETS are
used as the main switch. The high-side driving terminals (HG
and HK) are shorted, and the driving board is connected to the
low-side driving terminals (LG and LK). The load inductance is
connected to the dc+ and ac terminals.

Before module manufacturing, the transfer curves of 70 dies
are tested by Agilent B1505A and screened to ensure the consis-
tency of the paralleled dies. The results are shown in Fig. 15(a).
The transfer curves of the selected LQ1-LQ4 are shown in
Fig. 15(b), which overlap with each other.

A. Circuit Parasitic Parameter Values

The parasitic inductance values need to be given first. As for
the circuitin Fig. 14, supposing the voltages on the freewheeling
diodes are equal, HQ1-HQ4 can be moved outside the paralleled
branches and equivalent to a single diode, as shown in Fig. 16(a).
Vpo of the diode takes the average value of the paralleled dies.
Cp and Rp takes the paralleled values. Moving the connection
point of the load inductor from ac to dc+’, and equivalenting the
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Fig. 16. Equivalent models of the test circuit. (a) Circuit with simplified
freewheeling diodes. (b) Circuit after parasitic inductace equivalence.

parasitic inductances from dc+’ to the drains of LQ1-LQ4 into
four paralleled inductances (Lq;.1,"~Lq4.1,’), the circuit is equiv-
alent to Fig. 16(b). The circuit is the same as the typical circuit in
Fig. 2 and is used for calculating. The parasitic inductance values
are obtained by Q3D simulation, which is precise and convenient
[18], [19], [20]. During the simulation, the high-side dies are
shorted, the electrodes of the low-side dies are set to sources,
and the terminals (dc+, dc-, LG, and LK) are set to sinks. Then,
fournets (Lq, Ls, Ly, Lg) with excitations are generated, as shown
in Fig. 17. The parasitic inductances in Fig. 16(b) are directly
solved based on this simulation setup. Based on the simulation,
the current coupling effects are included. Fig. 18 shows the
parasitic inductances under different frequencies. As shown in
Fig. 18, as the frequency increases, the absolute values of the
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Fig. 17. Q3D simulation nets. (a) Lq net. (b) Lg net. (c) L net. (d) Lg net.
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Fig. 18. Parasitic inductances under different frequencies.

parasitic inductances gradually decrease due to the changes in
the skin and proximity effects. When the frequency is higher
than 1 MHz, because of the little variations in these two effects,
the parasitic inductances change little with frequency. During
the switching transients of the SiC power module, the current
rise and fall times are in the range of tens of nano seconds,
corresponding to an equivalent frequency range of a few MHz
to tens of MHz, where the inductances remain nearly constant
with frequency [9]. Thus, the inductances on 10 MHz are used
for model calculation. The parasitic inductances of the outside
circuits are also obtained by Q3D simulations, where Ly, s =
6.65 nH and L, = 38.1 nH.

B. Experimental Results Under Room Temperature

Under room temperature, the measured average ohmic-region
output characteristic curves, transfer characteristic curve, and
junction capacitances of LQ1-LQ4 are shown in Fig. 19, where
the curves of the die Spice model provided by the manufacturer
are compared. The parameters of the Spice model are different
from the measured practical values, which may be due to the
different die batches. This will reduce the accuracy of Spice
simulations. Based on the circuit parasitic inductances and the
tested MOSFET parameters, the presented model is solved.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 12, DECEMBER 2024

140
— Measured
100
< %0
g =618V, 3V step 3 60
40
20
T 6 % 1o ' |
vas (V) —
(a) v

-2

0 200 400 600 800 1000
Ves (V)
(c)
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Fig. 20. Calculation times and errors under different time steps A7. (a)
Calculation times. (b) Calculation errors of the maximum current differences.

Fig. 20(a) shows the model-calculation times under different
time steps AT during the turn-ON period, when Ijo,q = 230 A.
Fig. 20(b) shows the influence of AT on the calculation errors
of the maximum current differences |Aigmax)| ( = | max(iq1
— ig4) |). It can be seen that the larger the time step AT, the
shorter the calculation time but the larger the calculation errors.
The time steps equal to 0.5% of the current rise or fall time
are used for calculation, which can simultaneously ensure fast
calculation speed and high calculation accuracy. In practical
applications, the current rise and fall times can be obtained
from the die/module datasheet, and the required calculation time
step can be determined proportionally. Alternatively, obtain the
results quickly with a large time step, read the switching time
according to the calculated waveforms, and then readjust the
time step to 0.5% of the current rise or fall time to get a higher
precision.

Under the same conditions, the model calculated, LTSpice
simulated, and experimentally tested waveforms are shown in
Figs. 21-23. In the LTSpice simulation, the die Spice model
provided by the manufacturer and the same parasitic inductances
are used. Figs. 21-23 show the results when R, = 2 (2, 4.1 Q,
and 6 €, respectively. It can be concluded that the turn-ON
currents on LQ1-LQ4 decrease in sequence, and their turn-OFF
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Fig. 22. Turn-ON and turn-OFF waveforms when R, = 4.1 € and
Lioaqa = 230 A.

currents increase in sequence. The model-calculated waveforms
match the tested waveforms well. However, the errors of the
simulated waveforms are large, especially when R, = 2 ) and
4.1 Q. The deviations of the simulation results are caused by the
nonaccurate parameters of the MOSFET Spice model.

Table II summarizes the tested, model calculated,
and Spice simulated maximum unbalanced currents
(Aig1(max)~Aid4(max)) during the turn-ON and turn-OFF
periods. The maximum unbalanced current Aidj(max) on the
Jth MOSFET represents the maximum deferences between ig;
and igave, and can be expressed as
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230 A.

Turn-ON and turn-OFF waveforms when Ry = 6 €2 and I1paq =

Aidj (max)

. maX(Aidj) = max(idj - idave)v ifAidj >0
- max(|Aidj|) = *maX(|idj — idave|), ifAig; <0
(44)

Since Aiq1(max)~Aid4(max) do not appear at the same time,
their sums are not equal to 0. The errors of the model calculated
results are defined as

CITor = |(Aidj(max)_mod - AZ.dj(max)_exp)/(Iload/n)| (45)

where Aiqj(max)_mod i8 the calculated value and Aig j(max)_exp
is the tested value. The errors of the simulated results are defined
in the same way. Under different gate resistances, the errors of
the calculated turn-ON maximum unbalanced currents are within
8%, and the errors of the turn-OFF results are within 6%. The
errors of the simulated turn-ON and turn-OFF results are below
8% and 5%, respectively. Both the presented model and LT Spice
simulation can predict dynamic current differences well.

Table III shows the errors of the calculated and simulated
vqs waveforms relative to the tested results. Since the accuracy
at a single point does not reflect the accuracy of the entire vy
waveform, we define the errors of the calculated vgqs waveforms
as

Tena

| Vds_model — vds_exp | dt (46)

error = ——

end JO
where Vas model and Vas_exp are the model-calculated and tested
vqs waveforms, respectively. The definition contains the error
information of all points in the calculated vqs waveforms. The
same definition is used for the simulated errors. As shown in
Table III, the maximum error of the model-calculated results
is 6.40 V during the turn-ON transients and 12.6 V during the
turn-OFF transients. The maximum turn-ON and turn-OFF errors
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TABLE II

MAXIMUM UNBALANCED CURRENTS ON THE PARALLELED MOSFETS (I;oap = 230 A)

39, NO. 12, DECEMBER 2024

Turn-ON Turn-OFF
R, (Q) | MOSFET | experiment model LTspice experiment model LTspice
value (A) value error value error value (A) value error value error
(A) (A) (A) (A)
LQI1 38.8 41.7 4.98% 43.0 7.22% -11.0 -10.7  0.515% | -11.7 1.22%
5 LQ2 6.70 2.21 7.72% 3.80 4.98% -4.14 -3.06 1.86% -3.53 1.05%
LQ3 -15.8 -17.0 2.06% -17.8 3.44% 3.79 4.20 0.705% 4.71 1.58%
LQ4 -28.4 -26.8 2.75% -29.9 2.58% 10.8 9.46 2.30% 10.0 1.30%
LQI 34.6 38.4 6.60% 38.2 6.19% -11.4 -109  0.894% | -11.4 0%
41 LQ2 6.02 2.49 6.07% 3.59 4.18% -4.04 -2.79 2.15% -3.12 1.58%
' LQ3 -13.6 -15.7 3.59% -15.5 3.32% 3.97 4.25 0.482% 4.56 1.01%
LQ4 -27.1 -25.1 3.28% -26.3 1.34% 11.6 9.25 4.041% 9.53 3.56%
LQ1 35.3 345 1.32% 35.5 0.399% -11.6 -10.5 1.82% -11.2 0.705%
6 LQ2 4.25 2.11 3.67% 3.39 1.48% -4.19 -2.60 2.73% -3.00 2.05%
LQ3 -13.6 -14.0 0.690% -14.4 1.37% 4.59 4.07 0.889% 4.50 0.163%
LQ4 -25.6 -22.6 5.21% -24.5 1.92% 12.0 8.73 5.59% 9.26 4.68%
TABLE III
ERRORS OF THE MODEL-CALCULATED AND LTSPICE-SIMULATED VOLTAGE WAVEFORMS (I;,oxp = 230 A)
R.(Q) Turn-ON Turn-OFF
¢ Model error (V) LTspice error (V) Model error (V) LTspice error (V)
2 6.40 24.0 12.6 21.9
4.1 3.12 22.1 9.81 14.2
6 3.34 8.12 7.26 12.3
TABLE IV
SWITCHING ENERGY ON THE PARALLELED MOSFETS (I;,0,p = 230 A)
Turn-ON Turn-OFF
R, (Q) | MOSFET | experiment Model LTspice experiment Model LTspice
value (mJ) value error value error value (mJ) value error value error
(mJ) (mJ) (mJ) (mJ)
LQ1 1.05 1.08 3.37% 1.42 35.4% 0.544 0.513  5.56% | 0.618 13.6%
5 LQ2 0.747 0.818 9.54% 0.997 33.6% 0.647 0.637 1.39% | 0.732  13.1%
LQ3 0.595 0.630 5.97% 0.768 29.2% 0.765 0.759  0.707% | 0.843 10.3%
LQ4 0.513 0.513 0.0877% 0.640 24.7% 0.885 0.862 2.500% | 0.936  5.74%
LQ1 1.49 1.49 0.238% 1.96 31.7% 0.808 0.798 1.15% | 0.898 11.2%
41 LQ2 1.11 1.07 4.36% 1.41 26.9% 0.957 0.977  2.05% 1.04 8.61%
’ LQ3 0.866 0.847 2.18% 1.11 28.4% 1.101 1.14 3.63% 1.16 5.64%
LQ4 0.692 0.730 5.51% 0.940 36.0% 1.28 128  0.115% | 1.26 1.22%
LQ1 2.08 2.00 3.62% 2.29 10.2% 1.07 0.98 8.07% 1.08  0.829%
6 LQ2 1.55 1.48 4.70% 1.68 8.39% 1.23 1.20 2.71% 1.23  0.245%
LQ3 1.22 1.21 1.11% 1.35 10.1% 1.44 1.39 3.12% 1.38 4.23%
LQ4 1.00 1.06 5.97% 1.15 15.2% 1.65 1.55 5.68% 1.49 9.37%

of the simulated results are large, which are 24.0 V and 21.9 V,
respectively.

Table IV shows the tested, model-calculated, and Spice-
simulated unbalanced switching energy during the turn-ON and
turn-OFF periods. The switching energy of the ji;, MOSFET is
defined as

Tend
Elossj :/0 idjvdsdt- (47)

Since the i, waveforms cannot be measured in the exper-
iments, iq is used here for switching energy calculation. The
errors of the model-calculated switching energy are defined as

error = |(Elossj_m0del - Elossj_exp)/(Elossj_exp)| (48)

where Elossj model 18 the calculated value and Elgssj exp is the
tested value. The errors of the simulated energy are defined in the
same way. It can be concluded that the turn-ON switching energy

on LQ1-LQ4 decrease in sequence, and the turn-OFF switching
energy increase in sequence. Under different gate resistances,
the errors of the calculated turn-ON switching energy are within
10%, and the errors of the calculated turn-OFF switching energy
are within 9%. It can be concluded that the presented model
predicts unbalanced switching energy well. As for the simulated
results, the errors of the turn-ON switching energy are higher than
8% and reach 36% on LQ4 under 4.1 {2 R,. This is because of
the large errors in the simulated turn-ON voltage waveforms. The
errors of the simulated turn-OFF switching energy are relatively
small, and the maximum value is 13.6%. It can be concluded
that the errors of the Spice simulated waveforms and switching
energy are large due to the errors in the die parameters of the
Spice model. If the die parameters can be modified based on
the measured curves, Spice simulation can also achieve high
calculation accuracy [28]. However, the output characteristic in
the spice model is expressed by a complex multidimensional
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Fig.25. Turn-ON and turn-OFF switching energy on the paralleled MOSFETSs

under different load currents when Ry =2 €2. (a) Turn-ON results. (b) Turn-OFF
results.

fitting function, and the parameters’ specific physical meanings
are unclear. Thus, modifying the complex fitting curve in the
spice model is difficult. Compared to Spice simulation, the
presented model is calculated directly by inputting the tested
die characteristics without the model modification process.

Under different /1,,q and gate resistances, the maximum
current differences |Aiq(max)| ( = | max(iq1 — iq4) |) are shown
in Fig. 24. The presented model can accurately calculate the
current differences under different conditions. The maximum
error of the turn-ON and turn-OFF results is lower than 8%.
Fig. 24 also shows that the current differences increase as the
load current increases. However, they only slightly decrease with
the increased R, during the turn-ON transients, and almost do not
change with R, during the turn-OFF transients. This is because
under an increased R, the switching time increases, and the
current slope decreases. The unbalanced induced voltages in the
driving circuit are reduced, but the effect time is increased. The
two effects cancel each other out, making the change of the
current differences small.

The turn-ON and turn-OFF switching energy under different
Loaq and R, are shown in Figs. 25 —27, which shows the results
when R, = 2 Q, 4.1 Q, and 6 €, respectively. The model-
calculated results fit the tested results well. The maximum error
during the turn-ON and turn-OFF periods is lower than 11%.
The switching energy and their differences increase with the
increased Ij,aq. To further verify the model accuracy, the total
turn-ON and turn-OFF switching energy results when R, oy =
4.1 Q, Ry orr = 2 2 are shown in Fig. 28(a), and the results
when Ry on = 6 €2, Ry orr = 2 §2 are shown in Fig. 28(b). The
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model still has high accuracy, with a maximum error of 5.7%.
Thus, it can be concluded that the model can accurately predict
the maximum switching energy on the paralleled MOSFETs.

C. Experimental Results Under Higher Temperatures

First, to perform accurate calculation, the ohmic-region output
and transfer curves under different temperatures are measured
using Agilent BIS05A. Because the dies are already soldered on
the direct bonded copper (DBC), the parameters of a single die
cannot be individually tested. Since the dies are screened before
soldering, their characteristic differences are ignored. Thus, the
entire switch with four paralleled dies is measured, and the
measured currents are divided by four to obtain the characteristic
curves of a single die. The module is attached to a hot plate with
silicon thermal grease, and the die temperatures are checked
by an infrared thermal imager. To accurately monitor the die
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(@ (b)

Fig.29. (a) Power moduel with black paint. (b) Temperature distribution under
100 °C heat plate temperature.

Fig.30. Measured characteristic curves under different junction temperatures.
(a) Ohmic-region output characteristic. (b) Transfer characteristic. (c) Third
quadrant characteristic.

temperatures, the power module is covered with black paint to
avoid the influence of reflected lights, as shown in Fig. 29(a).
The temperature distribution is depicted in Fig. 29(b), when
the hot plate temperature is 100 °C. The maximum temperature
difference on LQ1-LQ4 is only 1.7%. Therefore, this heating
method can ensure the consistency of the temperatures between
the paralleled dies, and the die characteristic curves are tested
accurately. Giving different temperatures, the measured curves
of the low-side dies are shown in Fig. 30(a)—(b). The measured
third quadrant characteristic curves of the high-side freewheel-
ing dies are shown in Fig. 30(c). The calculations of the presented
model under different junction temperatures are based on these
measured curves.

DPT tests are performed to obtain the switching waveforms
and energy under elevated temperatures. The test setup under the
higher, balanced temperatures is shown in Fig. 31. The module is
also attached to the hot plate. The temperature distribution is also
tested by the infrared thermal imager. The signal test methods are
the same as the experiments under room temperature. A 100 °C
hot plate temperature is giving, and the module temperature
distribution is the same as Fig. 29(b). The switching waveforms
and energy under the higher balanced temperatures are tested.
The model-calculated and tested waveforms are compared in
Fig. 32. They are matched well. The calculated and tested
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Fig. 33. Test setup under unbalanced die temperatures. (a) Module with
thermal grease. (b) Temperature distribution.

maximum unbalanced currents and switching energy are shown
in Table V. The calculation errors are within 10%. Thus, the
presented model enables accurate calculation of the unbalanced
dynamic currents and switching energy under balanced, elevated
die temperatures.

To verify the accuracy of the presented model under unbal-
anced junction temperatures, the thermal grease is only added to
the 1/2 area of the module, as shown in Fig. 33(a). Under 100 °C
hot plate temperature, the temperature distribution is shown in
Fig. 33(b). The temperatures on LQ1-LQ4 are 60.8 °C, 69.2 °C,
76.2 °C, and 79.4 °C, where the maximum difference is 40.1%
of the average temperature rise. The model-calculated and tested
waveforms are shown in Fig. 34. They are also matched well.
The calculated and tested maximum unbalanced currents and
switching energy are shown in Table VI. The calculation errors
are within 10.4%. Thus, the presented model enables accurate
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TABLE V
MAXIMUM UNBALANCED CURRENTS AND SWITCHING ENERGY UNDER BALANCED HIGHER TEMPERATURES (I;oap = 230 A, R, = 4.1 Q)
Turn-ON Turn-OFF
MOSFET . Model . Model
Experiment value Experiment value
value €Iror value CITor
Maximum LQl 339A 379 A 6.90% -9.40 A -122A 4.82%
unbalanced LQ2 585 A 392 A 3.32% -4.60 A -3.00 A 2.75%
currents LQ3 -143 A -15.6 A 2.36% 341 A 5.08 A 2.87%
LQ4 255 A -26.2 A 1.22% 10.5 A 9.44 A 1.87%
LQ1 1.38 mJ 1.41 mJ 2.13% 0.827 mJ 0.760 mJ 8.15%
Switching LQ2 1.03 mJ 1.01 mJ 2.46% 0.910 mJ 0.979 mJ 7.55%
energy LQ3 0.792 mJ 0.775 mJ 2.11% 1.08 mJ 1.17 mJ 7.95%
LQ4 0.642 mJ 0.637 mJ 0.741% 1.23 mJ 1.21 mJ 1.63%
TABLE VI

MAXIMUM UNBALANCED CURRENTS AND SWITCHING ENERGY UNDER UNBALANCED TEMPERATURES (/;,0ap = 230 A, R = 4.1 Q)

Turn-ON Turn-OFF
MOSFET . Model . Model
Experiment value Experiment value
value error value error
Maximum LQ1 322A 299 A 4.72% -11.2A -11.TA 0.189%
unbalanced LQ2 5.66 A 3.68 A 2.50% -3.59 A -2.07 A 2.61%
currents LQ3 -13.3A -11.8 A 3.40% 4.85A 427 A 0.997%
LQ4 -24.6 A 218 A 3.81% 9.36 A 8.64 A 1.23%
LQ1 1.27 m] 1.21mJ 4.90% 0.774 mJ 0.785 mJ 1.48%
Switching energy LQ2 1.02 mJ 1.02 mJ 0.0400% 0.899 mJ 0.992 mJ 10.4%
LQ3 0.811 mJ 0.872 mJ 7.49% 1.06 mJ 1.14 mJ 6.75%
LQ4 0.692 mJ 0.754 mJ 8.90% 1.20 mJ 1.25m] 4.02%
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Fig. 34.  Switching waveforms under unbalanced die temperatures when Ry
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calculation of the unbalanced dynamic currents and switching
energy under unbalanced die temperatures.

D. Calculation Error Analysis

The errors between the model-calculated and the experimental
results may come from the following aspects.
1) The errors of the parasitic inductances used in the model

4) The errors induced by the assumption that the voltages on
the freewheeling diodes are equal.

5) The chip screening is carried out at room temperature.
Differences in the die parameters at high temperatures can
introduce calculation errors.

6) Experimental measurement errors. However, the experi-
mental verifications show that these errors are within the
acceptable range.

In practical applications, to ensure and improve the accuracy

of the model, the following points need to be noted.

1) Using Q3D simulation to extract parasitic inductances has

been proven with high accuracy. On this basis, investigat-
ing the principles of high-precision extraction can further
reduce the errors of the presented model.
Accurately measuring the ohmic-region output curves,
transfer curves, and junction capacitances is the key
to achieving high-precision calculation. The smaller the
measurement errors, the more accurate the model will be.
Calculation time step selection: It can be concluded that
when selecting 0.5% of the current rise or fall time, short
calculation time, and high accuracy can be guaranteed
simultaneously. When the time step exceeds 0.5% of the
current rise or fall time, the calculation error will be large.
Screening the paralleled dies considering the temperature
dependence can also help to reduce the errors.

2)

3)

4)

V. CONCLUSION

This article presents a quantitative analytical model of paral-

calculation. leled MOSFETs for calculating the unbalanced dynamic currents
2) The errors of the die parameters used in the model calcu-  and switching energy.
lation. First, the equivalent circuit models of MOSFETs are established

3) The errors introduced by the step calculation.

based on the different working regions. Then, the circuit with n
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paralleled MOSFETs is simplified, separating the power and driv-
ing circuits. Based on the simplified circuit model, decoupled
modeling between the power and driving circuits and reduced
orders are achieved. The order of the state equations is only 3n
— 1, which is lower than 5z of the unsimplified circuit. The
parasitic self and mutual inductances, nonlinear die parameters,
and their temperature dependence are considered to ensure cal-
culation accuracy. The nonlinear parameters are integrated by
interpolating in each time step without the high-precision curve
fitting process. The model can be directly used in circuits with
any parallel number and parameters. When used for different
circuits, it only needs to update the parameter inputs without
remodeling and reprogramming. Moreover, during each time
step, the elements in the coefficient and excitation matrices of
the state equations are constants, which is easy and fast to solve.
The model is more user-friendly than Spice simulation.

The model is verified by a SiC power module with a conven-
tional layout. Under different gate resistances, load currents,
and die temperatures, the errors of the calculated maximum
current differences are within 8%, and the errors of the switching
energy are within 11%. The model is accurate for designing and
evaluating the current sharing performances or calculating the

maximum switching losses of paralleled MOSFETs. Moreover,
the sources of the calculation errors are analyzed, and guidance is
given to improve model accuracy. The precision of the model can
be further improved by increasing the accuracy of the parasitic
inductances and die characteristic curves, and by screening
the dies considering the temperature dependence. Moreover,
attention needs to be paid to the selection of the calculation
time step.

APPENDIX
A. Definitions of Circuit Parameter Matrices

The parasitic inductance matrices and the matrix of the inter-
nal gate resistances R, are defined as (A1) shown at the bottom
of this page

B. Analytical Model for Calculating Average Waveforms

Under the effect of the average current igave, the induced
voltage vq’ on Lqi1~ L4, and Lg1.1~Lg,—1 in Fig. 8(a) can be
written as

vd, = (Ld + M+ L + Mds) Tdave 11 (A2)
La Mo Mg Lar  Maio Main
Ms12 L2 Msan Ma12 Laz Mazn
LS = 7Ld =
Msln MsZn U Lsn Mdln Ms2n T Ldn
Lgint Mgini2 Mginin Lii Mo Myip
Mgini2  Lgin2 Mginan M2 Lo Myop
Lgin = s ik =
Mginln MginZn Lginn Mkln Man o Lkn
1o -0 Mais1 Mazs Mans1
01 -0 Mais2  Masgso Mans2
Rgin = Rgin aMds =
00 - 1 Mdlsn MdZSn Mdnsn
[ glsl Mg?sl Mgnsl Mklsl Mk2s1 Mknsl (Al)
Mgls2 MngQ Mgns2 Mkls2 MstQ MknsQ
Mgs = ) My =
_Mglsn Mngn Mgnsn Mklsn MkZSn Mknsn
I glkl Mg2k1 Mgnkl Mdlgl Md2g1 Mdngl
Mg1k2 Mg2k2 Mgnk? Md1g2 Md2g2 Mdng2
Mgk - 7Mdg =
_Mglkn Mg2kn Mgnkn Mdlgn Mngn Mdngn
[Maii  Mazia Mania
Maike  Masko Manx2
My =
LMaikn  Mazkn -+ Mankn
Msd = MdsTa ng - Mng7 Msg = MgsTa Msk - MksT~
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Under the average currents igave = ikave, the voltage vy’ on
Lgin1~Lginn and Ly ~Ly,, can be expressed as

Vo' = (Lgin + Lic — My — M) ig;ve Iy + Rginigwvel1-
(A3)
in the driving circuit

b} s

The induced voltages v’ and v
caused by iqave can be written as

/ .t
Vpo' = M pg igave I1

. (A4)
’ .
Upk = Mpk Idave 11
idave and igave Ccan be expressed by
. Z.dlol Z'gtol
tdave = s bgave = (AS)

where iq¢o1 and ig,) are the total drain current and gate current.
By (A2)—(AS), the average values of vq’, Ve, Vpg ', and vy’
can be obtained as

Vawve = 2Tovq' =5 T5(La + My + Lg + My,) I, ol

1 / 1 -
Ugkave = E{Tvgk = WIZ(Lgin + Ly — ng - Mgk)Il gtol
+ﬁI2RginIllgtol

1 ’ 1 .
Upgave = TLIQ'Upg = 7T2I2Mng1 2dtol

1 / 1 . -
Upkave = - LoVpk’ = Z3 Lo M Iy gl

(A6)
Defining
Ldeq = #12 (Ld + LS + Mds + Msd) Il
Lgkeq = $I2(Lgin + Lk - ng - Mgk)Il
Rgineq = ,,%IZRgin-Il (A7)
Mpgeq = #I2Mpg[1
Mpkave = %IQMkal .
Equation (A6) can be written as
Udave — Ldeq Z‘d.lol
VUgkave = Lgkeq ig.tol +Rgineqigtol ( AS)

Upgave = Mpgeq Ldtol

Upkave = Mpkeq Tdtol -

Based on (AS8), the average circuits are obtained, as shown in
Fig. 35(a) and (b). The average model can be established based
on the average circuits. The equations of the driving circuit are
written as

Vi = (Rg + Rgineq)nigave + (Lg + Lgkeq) n@.éave

+ Upgave — Upkave + Ugsave (A9)

nCiss Vgsave = nCdg Uds +nigave~

In many circuits, there are multiple paralleled ceramic de-
coupling capacitors. The decoupling branch’s equivalent series
inductance (ESL) is small, making the total equivalent ESL of
Ciink small, which can be neglected [35]. The equivalent series
resistance (ESR) of the decoupling branch is also small. It only
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affects the loop oscillation after the switching transients and
does not impact the transient current waveforms and switching
energy. Therefore, the ESL and ESR of Cj;,i are neglected.
Moreover, the voltage change on Cy;y in Fig. 35(a) is neglected,
and the equation of the power circuit can be written as

VDD = (Lbus + Ldeq) id.tol +vp + Vgs- (AIO)

Based on the working region, Kirchhoff’s current law (KCL)
equations of the MOSFETSs can be written.
1) When the MOSFETs work in the ohmic region

Uds

Y (A11)
Rds(on)ave/n

NCloss Vs = Nidave —

where Rgs(on)ave 18 the average resistance of the MOSFETS,
which is equal to ichave/Vds- ichave 1S Obtained by the average
ohmic-region output characteristic using vqs and vggave.

2) When the MOSFETs work in the controlled region
(A12)

nCoss Vds = Nidave — Michave

where icpayve 1 determined by Vggave and the average transfer
characteristic.

Based on the working region, the KCL of the diode can be
written.

1) When vp < — Vpy, the diode is conducting

—vp — Vpo
Rp

When the freewheeling diode is composed of n dies connected
in parallel, Vpq takes the average value of the paralleled dies,
and Rp takes the paralleled value.

2) When vp > — Vpg, the diode is cut off

(A13)

Cp vp = Nidave + — Jioad-

Cp U.D = Nidave — Lload- (A14)
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Choosing vp, Vds, Vesave, ldave» aNd igaye as the state variables,
the state equation can be written as

Initialisation- the MOSFET parameters( Ciss, Coss» Ciss, the transfer and output
characteristic), the diode parameters(Vpo, Rp, Cp), the circuit parameters(Ls,
; Ly, Lyin, Ly, Ryin, My, My, Mgy, My, Mg, Mg, Mg, My, Ly, R, Ly Vi, Dioads

Z = G : Z + H : K (AlS) Vari), MOSFET junction temperatures 7, parallel number n, time step AT,

and end time Tengo

where Z= [vp vgs Vasave ldave igavc]T’ and K= [Vpo Vpp Vi
I10ad ichavel . G and H are different under different conditions | 100, 70(0). Vsl O): e O): s 00, v10) |
of the MOSFETs and diode and are derived from (A9)—(A14).

1) When the MOSFETs work in the ohmic region and the diode

. . Y
is conducting, G and H are expressed as (A17), where Calculate Cry, Cag> Cons UING Varleall)s
Calculate Cp using vp(Zcaio)

Calculate Lgeq, Lokeqs Reineqr Mpgeq» Mpkeq USINg (A7),
Calculate the average die characteristic curves
T

-1 p__1 , _ 1
a=gh=co =

0=~

Vb(fealn)<-Vo? and
VasavelZcalo)=Vinave™Vas(feal0)>0?

1 _ 1 _ B
Tt Laq) 'S = Tatlaea’ P = Mpgeq — Mpkeq-

(A16) Calculate Rysionjave- Solve the average-circuit state-
space equations (A15) with (A16) in [#e0 featotAT]
2) When the MOSFETs work in the ohmic region and the diode |

is cut off, G and H are expressed as (A18).

3) When the MOSFETs work in the controlled region and the
diode is conducting, G and H are expressed as (A19).

4) When the MOSFETs work in the controlled region and the

Vp(feal)>-Vo? and
Vasave(feal0)Vinave™Vas(feat0)> 02

Calculate Rysonjave- Solve the average-circuit state-

diode is cut off. G and H are expressed as (A20) space equations (A15) with (A18) in [Zeato feaio+AT]
J
_R% 0 0 no 0
_ Vp(featn)<-Vpo? and
0 %ds (C? n) 0 6 0 v, wavc(fciu))- Vinave<Vas(fealo)?
= ' Rl(:'i 0 G ! Calculate igye. Solve th ircuit stat
_ _ alculate Iehave. SOIVE the average-circuit state-
g g 0 0 0 space equations (A15) with (A19) in [#cl0 featotAT)
edp edp —= 0 —&(Rg + Ryineq) I
_RiD 0 0 —a 0 Calculate igpyye. Sol I: ircui
alculate igaye. Solve the average-circuit state-
0 0 0 0 0 space equations (A15) with (AZO;gin [teato teatoAT]
H = 0 0 0 0 0 [
0 6 0 0 0
0 —edp % 0 0
(A17)
0 0 0 na 0
- Rdfon) 0 6 0
. Fig. 36. Calculation fl hart of thy del.
G _ _ Ig;);(:!:) O B"}/Cdg ’y 12 alculation fiowchart o € average mode.
-6 =0 0 O 0
edp edp —£ 0 —&(Rg + Ryineq)
0 0 0 —a O
0 0 0 0 O 0 0 0 nao 0
H=10 0 0 0 O 0 0 0 153 0
0 1) 0 0 0 G=1]0 0 0 BvCy ¥
0 —edp % 0 0 -5 -0 0 0 0
(A18) g0 ebp —= 0 —&(Rg + Ryineq)
o 0 0 0 —«a 0
NG 8 8 na 8 0 0 0 0 -8
o s H=10 0 0 0 —ByCq
=10 0 0 Bl g 0 & 0 0 0
=00 0 0 —ebp £ 0 0
edp by - 0 _E(Rg + Rgineq) (A20)
—Ri 0 0 —« 0
D
0 0 0 O -0
H = 0 0 0 0 —BvCq4
0 ) 0 0 0 The calculation flowchart of the average model is shown in
0 —edp % 0 0 Fig. 36. First, the circuit parameters and the initial values are

(A19) given. During the turn-ON period, the initial values can be written
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as

(A21)

During the turn-OFF period, they can be written as

Uds (0) = Iload]%ds(on)ave(O)/n
UD (0) = VDD - Uds(O)
'Ugsave(o) = Vdri(on)

7;dave(o) = Iload/n

igave(0) = 0.

Then, the average circuit parameters are calculated by (A7).
The transfer and output characteristic curves of the paralleled
dies are obtained by interpolating using T; and then averaged
to obtain the average characteristic curves. Then, the average
model is solved by time stepping.

During each time step [Tca10, Tcalo + AT]: First, the curve data
of Ciss(Vas), Cag(vas), and Cogs(vys) are linearly interpolated by
the latest calculated vqs(T.a10), and the curve data of Cp(vp) is
linearly interpolated by vp(Zcalo). The obtained Cig, Cyg, Coss,
and Cp values are used for calculation in this time step. Then,
the working conditions of the MOSFETs and diode are judged
first, and the corresponding models are used for calculation.

1) When the MOSFETs work in the ohmic region, ichave(7Tcalo)
is calculated by interpolating the average output curve data
using vgsave(Tca10) and vas(Tecaio)- Then, Rds(on)ave(TcaIO)
is calculated and used for calculation in this time step.

2) When the MOSFETs work in the controlled region,
ichave(Tcalo) 1S obtained by linearly interpolating the
curve data of the average transfer characteristic using
Vasave(Tcal0). Then, ichave(Tcalo) is used for calculation
in this time step.

By reinterpolating the curve data of the average transfer
characteristic, the average ohmic-region characteristic, and the
capacitance curves within each time step, the nonlinearities of
the characteristics are involved. Finally, the corresponding state
equations are solved to obtain the average waveforms.

(A22)
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