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ABSTRACT: In this paper, a fast electromagnetic coupling model analysis method is proposed to solve the challenging problems such
as complex switching state, difficult electromagnetic modeling, and long parameter optimization process of multi-switch modular cir-
cuits with wide application prospects. In this method, a multi-loop circuit connected by multiple series-parallel high-speed switching
devices is used as the research object, and each single loop can be regarded as a modular switching circuit for spatial electromagnetic
coupling analysis. Considering the six complex states of the switching device, the speed and time change law dI/dt of the multi-loop
electromagnetic coupling and multi-switch switching state are simulated by using the circuit current change rate, and the circuit voltage
fluctuation value dV' is simplified to calculate the fast electromagnetic coupling model of the modular high-frequency switching circuit.
By comparing with the electromagnetic coupling relationship calculated by the traditional Maxwell equations, the validity and rapidity
of the fast electromagnetic coupling model are verified for the spatial electromagnetic field calculation of multi-switch modular circuit
topology. By using the model analysis method, the optimal switching path with minimum power loss and maximum output efficiency

can be predicted.

1. INTRODUCTION

ith the mature development of high frequency switches,

the modular application of multi-switch circuits has grad-
ually increased and appeared in various electrical and elec-
tronic equipment and research fields. Examples include power
electronic transformers, modular multilevel converters in DC
systems, polyphase rectification, inverter systems, automotive
power electronic circuits, transportation drive electrification
systems, interconnection cables, and switching circuits for wide
bandgap devices.

In the modular application of multi-switch circuits and the
design of surrounding circuits, because there are multiple high-
frequency switches, the on-off time of each switch will affect
the spatial electromagnetic field of the circuit, which brings
difficulties and challenges to the electromagnetic modeling ac-
curacy, parameter optimization design, and real-time simula-
tion research. In order to solve the influence of the increas-
ing number of high-frequency switches on the electromagnetic
field analysis of switching circuits, an electromagnetic coupling
modeling method of multi-high-frequency switching circuits
needs to be proposed.

At present, in the electromagnetic field research of multi-
switch circuit application modules, there are fast multi-switch
processing methods for parallel electromagnetic transient simu-
lation and the establishment of real-time electromagnetic tran-
sient simulation system based on parallel [1]. However, this
method mainly studies the electromagnetic simulation algo-
rithm and does not consider the modular modeling for multi-

* Corresponding author: Rui Zhang (ztlyaodil 7@163.com).

doi:10.2528/PIERC25012602

131

switch circuits. The improved constant admittance method can
be applied to the modeling of isolated dual active bridge DAB
converter [2]. This modeling method is more efficient than
the traditional electromagnetic transient (EMT) simulation, but
it is not widely applicable to the modeling of other topology
types of multi-switch circuits. With the wide application of the
modular multilevel converter high voltage direct current sys-
tem (MMC-HVDC), the multi-switch conducted electromag-
netic interference model of auxiliary power supply (APS) has
been proposed [3]. It is found that under the same input voltage,
the common mode interference will increase with the increase
of the number of series switches. However, the model is built
with constraints and does not consider the number of parallel
switches and the influence of switching circuit parameters on
electromagnetic interference.

In order to simplify the difficulty of electromagnetic mod-
eling caused by complex switching states, a fast, incomplete,
and less computationally intensive electromagnetic model of
switched reluctance motor was proposed [4]. The model uses
an analytical model based on Maxwell equation, as well as in-
terpolation and curve fitting techniques. The advantages of this
method can also be perfected and optimized for electromagnetic
modeling of multi-switch circuits. The selection of appropri-
ate simplified modeling methods can significantly reduce the
electromagnetic calculation time [5]. There are also some sim-
plified electromagnetic models of switching circuits. Exam-
ples include frequency-domain electromagnetic compatibility
(EMC) modeling techniques for three-phase inverter systems,
conducted electromagnetic interference (EMI) models that con-
sider switching states of different submodules, conducted EMI

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERC25012602

PIER C

Zhang et al.

modeling of actual switching waveforms of any 12-phase rec-
tifier circuit based on state transitions, modular multilevel con-
verter (MMC) adaptive models for electromagnetic transient
simulation, and arbitrary topological voltage source changes
based on switching state prediction Fast EMT simulation model
of converter [6—11].

Due to the high switching speed of wide-band gap semicon-
ductor devices, parasitic parameters will bring higher power
loss and electromagnetic interference problems. At present,
there are few researches on electromagnetic modeling of high-
frequency switching circuits. On the one hand, the optimal lay-
out mode of the package structure is optimized [12]. On the
other hand, the complex electromagnetic state is rapidly op-
timized in the direction of mathematical calculation [13], and
the equivalent circuit model can be established by time-domain
and frequency-domain analysis methods [14, 15]. The switch-
ing sequence control law designed based on topological switch-
ing behavior has a positive impact on both slow scale and fast
scale dynamics of power electronic systems [16]. For the elec-
tromagnetic system with complex switching state and layout
structure at the same time, the electromagnetic model divided
into several subsystems and sub-circuits can greatly simplify
the difficulty of electromagnetic analysis of the system [17, 18].

In summary, the study of the fast simplified electromagnetic
coupling model with multiple high-frequency switching circuit
modules has important theoretical reference value for complex
electromagnetic state analysis, system power loss prediction,
feature topological dependence, and anti-electromagnetic inter-
ference. In this paper, a fast electromagnetic coupling model
analysis method for modular high-frequency switching circuits
is proposed to solve the problems of complex spatial elec-
tromagnetic coupling state, increased power loss, and serious
electromagnetic interference caused by large number and high
speed device switching action and circuit parameters around the
device. In this method, a multi-loop circuit connected by mul-
tiple series-parallel high-speed switching devices is used as the
research object, and each single loop can be regarded as a mod-
ular switching circuit for spatial electromagnetic coupling anal-
ysis. Under the complex action of series and parallel switching
devices, the electromagnetic coupling relationship among mul-
tiple circuits is established by using Maxwell equations, and
the mathematical law of the electromagnetic coupling of mul-
tiple circuits and the speed and time of the multi-switch state
is explored. By using the model analysis method, the optimal
switching path with minimum power loss and maximum output
efficiency can be predicted.

2. THE SPATIAL ELECTROMAGNETIC COU-
PLING DISTRIBUTION OF MULTI-HIGH FREQUENCY
SWITCHING CIRCUITS

In order to study the spatial electromagnetic coupling distribu-
tion characteristics around the multi-high-frequency switching
circuit, this paper takes the modular high-frequency switching
circuit as the research object. The switching circuit topology
adopts multiple series-parallel high-frequency switches, and
the position of each switch is shown in Figure 1. As shown in
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Figure 1, each switch has different operating times and speeds.
By switching between multiple switches, a multi-loop structure
can be constructed in the switching circuit, and the electromag-
netic coupling relationship among the multiple loops can be es-
tablished by using Maxwell’s equations. Maxwell equations
can be used to describe the electromagnetic coupling between
complex circuits. Among them, the electromagnetic coupling
relationship of each circuit is related to the spatial frequency
of the circuit position, switching speed, time, and field param-
eters. On the contrary, problems such as circuit output power,
output efficiency, and optimal switching path prediction can be
optimized according to the electromagnetic coupling effect of
each switch’s action rate and time on multiple circuits [19, 20].

The double-circuit circuit composed of multiple switches in
Figure 1 has two directional series-parallel circuit modes, and
each construction mode has two circuits. Through the on-off
and off-off action time and action rate of the series-parallel
high-frequency switch, the spatial electromagnetic field cou-
pling distribution around the modular high-frequency circuit is
affected and determined.

There is a high-frequency switch at each branch position.
The series spurious parameters Lgi2, Lgos, Lgors, Lgior,
Lgsy1/, Lsi/s, Lgaor, Lgors and parallel spurious parame-
ters Lpi1/, Lpasr, Lpss, Lpia, Lpior, Lpss are distributed
around the switch. The different operating times of each switch
t12, t23, t33/, t3rar, tar1s, toor, tarss, t3r3 and speeds via, Va3,
U3, Ugror, Var1s, Voo, Uargr, Ugrg affect the spatial electro-
magnetic field distribution around the double circuits. In Fig-
ure 1(a), when switches S12, Sa9/, So/1/ are switched on, cur-
rent passes through loop /1; when switches Si2, Sas, Sasr,
Sgrar, Sar1/, Soor are switched on, there is current through loop
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lo; when switches S12, S23, S33/, S3r0/, Sor1/ are switched
on, circuit /3 has current through. Therefore, using the on-off
and off-off of 6 switches, three different current motion states
are constructed in the double circuits. In Figure 1(b), when
switches S12, Sa9/, Sor1/ are on, current passes through loop
l1; when switches Si2, Saar, Sa3/, S3/3, Sos1/ are on, there
is current through the loop l5; when switches Sia, S22/, S2r3/,
S35 are on, circuit /3 has current through. Therefore, using 5
switches on and off, three different current motion states are
constructed in the double circuits.

The complex electromagnetic coupling distribution of a
single loop in space can be obtained by using the traditional
Maxwell equations. When switches Sia, Soor, Sorp/ are
switched on, current passes through loop /1, and the spatial
electromagnetic field distribution of single loop /; is shown in
Figure 2.

FIGURE 2. Spatial electromagnetic field distribution of single loop ;.

In Figure 2, surrounding the single loop, on the left there is
the magnetic field H distribution of the spatial electromagnetic
field, and on the right there is the electric field E distribution
of the spatial electromagnetic field. It can be seen that if the
coordinate origin is set in the center of the loop, the magnetic
field in the single loop is symmetrical radiation, and the distri-
bution state is related to the loop radius length and loop =z, v,
and z coordinates. The electric field in the single circuit is edge-
like, and its distribution is related to the = and y coordinates of
the loop. Green and yellow indicate the current magnetic field
H_,., induced magnetic field szz, electromotive force elec-
tric field E;, ., and induced electric field E’z ,» respectively.
Due to the coupling of space electromagnetic ﬁeld, there will
be stray parameters on each side of the loop to produce voltage
fluctuations at the end points.

Equation (1) of Maxwell’s equations is used to establish the
relationship between the space magnetic field H and electric
field E and the radius length r, the loop z, y, z coordinates, and
time ¢.

V x H(r,t) =cE(r,t) + &ET(;J)

V x E(r,t) = _W

VxVxE(rt)=—opu 3E§;’t) —en 3zgt(;.,t) (M
5 B (1) = o e Pt

There is also Equation (2) for calculating loop voltage AV
and loop current AJ. Considering the influence of spatially-
coupled electromagnetic field around the loop on circuit pa-
rameters, Equation (3) for calculating voltage fluctuations is as
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follows:
§ (Eo(r,) + Ey(r,9)) dly = —AV o
$H.(r,s) dl —Al
22 7B(|x|—len2/2
AVy(z,y,B) = =+ * Tenz/a=Tal) { xl/jTJT =
smh(\/ir) 3)
y> CgB(len1/2—yl)
AVy(z,y,B) = r (zen1/2 [y]) ViBr
sinh(+/787)

It can be seen from Equation (3) that the voltage fluctuation
obtained by the traditional calculation method is closely related
to the actual coordinate parameters, the length len2, width lenl
of the loop, and frequency ratio 5. However, the traditional
method has great limitations in calculation without detailed
physical parameters. For the modular circuit topology with
multiple switches, the switching state is complex, and the spa-
tial electromagnetic field distribution under different switching
states must be considered to find the optimal switching path,
which minimizes the circuit loss and maximizes the output ef-
ficiency.

3. THE FAST ELECTROMAGNETIC COUPLING MODEL
OF MULTI-HIGH FREQUENCY SWITCHING CIRCUIT

In the circuit topology with multiple high frequency switches,
the spatial electromagnetic field distribution under different
switching states is considered, and a fast electromagnetic cou-
pling model is established in the complex switching state trans-
formation. In this paper, a rectangular circuit is adopted as a
general circuit topology. Except the left voltage source, the
other three sides have a high-frequency switch, as shown in Fig-
ure 3. First, taking the horizontal series-parallel double-circuits
as an example, there are 6 different switching states.

As can be seen from Figure 3, with the constant change of
the switching state, the spatial electromagnetic field presents a
lateral distribution, and the coupling effect can be transformed
into the change of the flow direction of the induced current.
The flow direction and size of the induced current are different
in the six different switching states.

Switch state 1: When switch S0/ changes from on to off, the
loop current flow path changes from [; to I; + [2, and the area
of the electromagnetic field in the loop space also increases.
The change of the switching state makes the induced electro-
magnetic field intermingled with the original spatial electro-
magnetic field. Because the current value I; changes to the
current value I after the switch is turned off instantaneously,
the induced electromagnetic field of the loop /1 is in the same
direction as the original electromagnetic field, and the induced
electromagnetic field of the loop Is is in the opposite direction
as shown by the yellow dashed line.

Switch state 2: When switch Ss3. changes from off to on,
the loop current flow path changes from [y to I; + l2, and the
electromagnetic field area in the loop space also increases. Be-
cause the current value I; changes to the current value I; — I3
and I3 after instantaneous switching, the induced electromag-
netic field of the loop [; is in the same direction as the original
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FIGURE 3. Six switching states of horizontal series and parallel double circuits.
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electromagnetic field, and the induced electromagnetic field of
the loop 5 is in the opposite direction.

Switch state 3: When switch Sso/ and Ss3 change from off
and on to on and off, respectively, the circulation path of the
loop current changes from [1 + I to [1, and the area of the elec-
tromagnetic field in the loop space decreases accordingly. Be-

cause the current value I5 changes to the current value I; after
instantaneous switching and switching off, the induced electro-
magnetic field of the loop /; is opposite to the original electro-
magnetic field, and the newly added induced electromagnetic
field of the loop [y is opposite to the induced electromagnetic
field of the loop /;.

2) Switch status 2

4) Switch status 4
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6) Switch status 6

FIGURE 4. Six switching states of longitudinal series and parallel double circuit.

Switch state 4: When switch S33. changes from on to off, the
loop current flow path changes from [ + I3 to I, and the elec-
tromagnetic field area in the loop space decreases accordingly.
Because the current value /1 — I3 and I3 change to the cur-
rent value [; after instantaneous switching and switching off,
the induced electromagnetic field of the loop [; is opposite to
the original electromagnetic field, and the newly added induced
electromagnetic field of the loop I3 is opposite to the induced
electromagnetic field of the loop /5.

Switch state 5: When switch Sso changes from off to on, the
circulation area of loop current remains unchanged; the flow
value changes from I to I; — I3 and I3; the induced electro-
magnetic field of loop [; is opposite to the original electromag-
netic field; and the newly added induced electromagnetic field
of loop I is opposite to the induced electromagnetic field of
loop [;.

Switch state 6: When switch S, changes from on to off, the
circulation area of loop current remains unchanged; the flow
value changes from I; — I5 and I3 to I5; the induced electro-
magnetic field of loop /1 is opposite to the original electromag-
netic field; and the newly added induced electromagnetic field
of loop [, is in the same direction as the induced electromag-
netic field of loop /;. By analyzing the transition process of
switching state | +2—3—4—5—6 of the transverse series par-
allel circuit, it can be seen that the distribution direction, state
and value of the transverse space electromagnetic field and in-
duced electromagnetic field are closely related to the change of
the loop current value, flow direction, and speed.
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Next, taking the longitudinal series-parallel double-circuit as
an example, there are also 6 different switching states.

The longitudinal series parallel loop has one more voltage
source than the horizontal series parallel loop. The loop space
coupling electromagnetic field is longitudinally distributed.

As can be seen from Figure 4, switch state 1: When switch
S35 and switch S5/, change from off and on to on and off, re-
spectively, the circulation path of the loop current changes from
l1 to l1 + 12, and the electromagnetic field area of the loop space
also increases. Because the current value I; changes to the cur-
rent value I, after instantaneous switching and switching off,
the induced electromagnetic field of the loop [; is in the same
direction as the original electromagnetic field, and the induced
electromagnetic field of the loop 5 is in the opposite direction.

Switch state 2: When switch S3/3 changes from off to on,
the loop current flow path changes from [ to 1 + [o, and the
electromagnetic field area in the loop space also increases. Be-
cause the current value I; changes to the current value I; — I
and I3 after instantaneous switching, the induced electromag-
netic field of the loop /; is in the same direction as the original
electromagnetic field, and the induced electromagnetic field of
the loop 5 is in the opposite direction.

Switch state 3: When switches S21/ and S3/3 change from
off and on to on and off, respectively, the circulation path of the
loop current changes from Iy + I3 to {1, and the electromagnetic
field area of the loop space decreases accordingly. Because the
current value I, changes to the current value 7 after instanta-
neous switching and switching off, the induced electromagnetic
field of the loop [; is opposite to the original electromagnetic
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field, and the newly added induced electromagnetic field of the
loop I5 is opposite to the induced electromagnetic field of the
loop 1;.

Switch state 4: When switch S3/3 changes from on to off, the
loop current flow path changes from [; + 5 to /1, and the elec-
tromagnetic field area in the loop space decreases accordingly.
Because the current value I; — I3 and I3 change to the current
value I; after instantaneous switching off, the induced electro-
magnetic field of the loop [; is opposite to the original electro-
magnetic field, and the newly added induced electromagnetic
field of the loop I3 is opposite to the induced electromagnetic
field of the loop [;.

Switch state 5: When switch S2/1/ changes from off to on,
loop current flow area remains unchanged; flow value changes
from I5 to I; — I3 and I3; the induced electromagnetic field
of loop /1 is in the same direction as the original electromag-
netic field; and the newly added induced electromagnetic field
of loop [, is in the same direction as the induced electromag-
netic field of loop /1.

Switch state 6: When switch S5/1, changes from on to off, the
circulation area of the loop current remains unchanged; the flow
value changes from I; — I3 and I3 to I5; the induced electro-
magnetic field of the loop [; is opposite to the original electro-
magnetic field; and the newly added induced electromagnetic
field of the loop I5 is in the same direction as the induced elec-
tromagnetic field of the loop /3. By analyzing the transition
process of switching state 1—+2—3—4—5—6 of the longitu-
dinal series parallel circuit, it can be seen that the distribution
direction, state and value of the longitudinal space electromag-
netic field and induced electromagnetic field are closely related
to the loop current value, flow direction and speed.

To sum up, it is possible to use the change rate of loop current
to simulate the electromagnetic coupling of multi-loop and the
speed and time change law of multi-switch switching state, so
that the fast electromagnetic coupling model of modular high-
frequency switching circuit can be obtained, as shown in Equa-
tions (4), (5), (6), and (7).

d(1-15) _ dn / dn _ dl
= > dh=dhL, F =g

(Horizontal series-parallel circuit switch status 1)

dI; dI; d(I1—13) +d[3 dIy
dt dt7 dt dt — dt

(Horizontal series-parallel circuit switch status 2)

d(r-1;)  ar y ar, _ dls
= o A =dh, g =7

(Horizontal series-parallel circuit switch status 3)

dI; dI3 dI; dLg _d(I1—1I3)
@ — @ a T - T a @)
(Horizontal serles-parallel circuit switch status 4)
d(r-n—15)  d(I-15) 41 —I3) Ldly A

at =T & o dat [
(Horizontal series-parallel circuit switch status 5)
A N ) S BTN

at =T & dt at T dt

(Horizontal series-parallel circuit switch status 6)

$H.(r,s)dl = —dI (I=1] — I}, 11,11, 15,1}, I,
13,11 13,12 I, I, — Iy — 15, I, — I, + 1)
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d(r-15)  ar y dly _ dly
= a d=dhL, G =G

(Longitudinal series-parallel circuit switch status 1)

dIz dIJ d(I,—1I3) _|_d13 _dly
dt dt >’ dt dt T dt

(Longitudinal series-parallel circuit switch status 2)

d(1i-13) _ dny / dI, _ dl

a = dh=dh, F =g
(Longitudinal series—parallel circuit switch status 3)
drg __ dIg d11 _|_ _ d(l1—1I3)
@ =@ dt dt
(Longitudinal series-parallel circuit switch status 4)
d(1—1+13)  d(I—13) a1, —1s) LAl _ A

dt =T @& o dt dt T dt

(Longitudinal series-parallel circuit switch status 5)

d(n—1+15)  d(I3—15) (1 —Is) Ldl _ dl
@ =@ @ T

(Longitudinal series-parallel circuit switch status 6)

$H.(r,8)dl = —dI (I=1} — Ib, Iy, 1}, 12, I}, I3,
Iy = I3, Iy = Iy, Iy = Iy + 03, Iy = Iy + 1)

dV = (Li2+Loz+Lss + Lo + Loy +Lys) 42

+ (Li2+Logr + Lo+ Layr) %

— (ng + L22/ + L33/ =+ L3/2/) %
(Horizontal series-parallel circuit switch status 1)
dV = (L12 + Loz + Lorys + L1vr) %

+ (L12 + Lagr + Las + L) %

+ (Lag + Laar + Lag + Lgror) dff

— (ng + LQQ! + L33/ =+ L3/2/) %
(Horizontal series-parallel circuit switch status 2)
dV = (L12 + Loor + Loy + L1y) =

+ (Las + Loy + Lay + Lay) G2
a(r -1
—(L12 + Loy + Lo + Lyyr) ¥
(Horizontal series-parallel circuit switch status 3)
dV = (L12 + Loo + Lo/ + L11/) 41

+ (Las + Loy + Laz + Lya) 42

—(L12 + Loor + Loy + Layr) %
(Horizontal series-parallel circuit switch status 4)
dV = (Lia + Loy + Lo + L11) M

(ng —+ L22/ + L33/ + L3/2/)

d(I15—1I
(L23 + L22’ -+ L33/ —+ LS’Q’) w

(1, -14—14
— (L2 + Loy + Lorys + Lyyr) %

(Horizontal series-parallel circuit switch status 5)

dV = (Lia+ Loz + Lag 4 Lo + Lo + L1 ) G d

- (L12 + L22’ + L2/1/ —+ Lll’) M

a(1,— 1
— (Las + Loor + L3sr + Lgro) (72 r i)

(Horlzontal series-parallel circuit switch status 6)

. (Ex(r,s) +Ey(r,s))dl = —dV

)

(6)
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dV = (Lia+ Lo+ Loy + Ly s+Lis+Ly1r) %
d(1; -1
+ (L12 + L22/ —+ L2/1/ —+ Lll/) %
— (L1/3 —+ L2/1/ =+ L3/3 —+ L2/3/) ddIt2

(Longitudinal series-parallel circuit switch status 1)
dV = (L12 + Loz + Loy + L1vr) %

+ (Li2 + Lagor + Loy + Layr) %

+ (L + Ly + Lys + Lyg) 42

— (Lot + Lorgr + L3z + Ly3) %
(Longitudinal series-parallel circuit switch status 2)
dV = (L12 + Loz + Larys + L1vr) %1

+ (Lo + Loy 4 L3z + L) %

A1 -1
— (L12 + Loy + Lorys + L11/) %

(Langitudimal series-parallel circuit switch status 3)
dV = (L2 + Loo + Lo/ + Ly1/) 41

+ (Lar1r + Larar + Ly + Lss) %

—(L12 + Loz + Loy + Lyvr) %
(Longitudinal series-parallel circuit switch status 4)
dV = (L1s + Loy + Lorys + Lyy) 487

+ (L + Lyy + Ly + Lyg) 4

+ (L12 + Logr + Ly + L) %

+(Lor1r + Loz + Lz + Lus3) %
(Longitudinal series-parallel circuit switch status 5)
dV = (Li2+ Loy + Loy + L+ Lig+Liy) 42

— (L12 + Loy + Loy + L1y/) W

d(1, -1/
— (L1 + Loz + Lyrs + Lyv3) %

(Longitudinal series-parallel circuit switch status 6)
$, (Ex(r,s) + Ey(r,s))dl = —dV

(7
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The process of voltage fluctuation calculated according to
the fast electromagnetic coupling model of Equation (6) and
Equation (7) is also greatly simplified. The following is a de-
tailed comparison with the traditional electromagnetic coupling
calculation method to verify the effectiveness and rapidity of
the fast electromagnetic coupling model for the spatial electro-
magnetic field calculation of the multi-switch modular circuit
topology. Considering and analyzing the spatial electromag-
netic field distribution under different switching states, the op-
timal switching path is found to minimize the circuit loss and
maximize the output efficiency.

4. SIMULATION ANALYSIS

The simulation data of the fast electromagnetic coupling model
is compared with the traditional electromagnetic coupling cal-
culation method, and the current rate, voltage fluctuation, and
efficiency are verified in a certain data segment.

It can be seen from Figure 5 that the fast electromagnetic cou-
pling model can accurately describe the voltage fluctuation and
current change rate under the spatial electromagnetic coupling
state. The curves showed a symmetrical upward and downward
trend. Compared with the traditional electromagnetic field cal-
culation method, the prediction curve of the fast electromag-
netic coupling model is inside the traditional electromagnetic
field value change curve, which verifies the effectiveness and
rapidity of the fast electromagnetic coupling model.

As can be seen from Figure 6, the fast electromagnetic cou-
pling model is faster and more accurate than the traditional elec-
tromagnetic field calculation methods in the topology space of
multi-switch module circuits. The spatial electromagnetic field
distribution under different switching states is considered and
analyzed, and the optimal switching path with minimum circuit
loss and maximum output efficiency is found. By comparing
the data of the two methods, it can be seen that the results of
the rapid electromagnetic coupling model analysis method are

AV,
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CE— traditional electromagnetic field calculation method
fast electromagnetic coupling model method
30 dz/ds dZ/ds
traditional electromagnetic
25 field calculation method
20 fast electromagnetic
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0
{10087 6543210123456 7389 10

FIGURE 5. Comparison between fast electromagnetic coupling model and traditional electromagnetic field calculation method.
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FIGURE 6. The numerical comparison of voltage fluctuation AV, AV}, and current change rate dI/dt under two methods.

similar to those of the traditional electromagnetic calculation
method, with very small errors.

5. CONCLUSION

In this paper, modeling and analysis of spatially coupled elec-
tromagnetic fields are carried out in horizontal and longitudi-
nal multiswitch circuit topologies. By exploring the relation-
ship among complex switching state, current flow direction,
speed, and spatial electromagnetic field distribution of modu-
lar switching circuit, the mathematical equation of theoretical
logic relationship is further obtained. By using this fast math-
ematical calculation method, the current flow rate and voltage
fluctuation caused by the coupling electromagnetic field in the
loop topological space under the complex switching state can
be calculated numerically. Through the calculation results of
the equation, the current utilization efficiency of each branch in
the circuit can be quickly obtained, and the optimal switching
path and maximum efficiency of the whole circuit can be ob-
tained. Since the fast electromagnetic coupling analysis method
proposed in this paper utilizes the different conduction and turn-
off moments of multiple switches to perform switch actions and
optimize the current flow path, it is suitable for the rapid opti-
mization of modular circuit models under the coupling influ-
ence of complex electromagnetic relationships. On the con-
trary, it is not applicable when the number of high-frequency
switching devices, parameters, and circuit loops are relatively
small. Therefore, in the application process of the rapid elec-
tromagnetic coupling model analysis method, it is necessary to
conduct optimization analysis for the specific working condi-
tions that actually occur.
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