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| boxing_compare_DCAC.m =+ boxing_compare_DCAC.m +
1 close all; clear; 1 close all; clear;
2 load('datad.mat'); 2 load('datad.mat');
3 [? % load('datad_DSED_DCAC.mat'); % IH%i# 3 % load('datad_DSED_DCAC.mat'); % IH%dE
a4 % load('datad_DSED_DCACl.mat'); 4 % load('data4_DSED_DCACl.mat');
5 load('datad_DSED_DCAC3.mat'); 5 load('datad_DSED_DCAC3.mat');
6 load('datad_simulink_DCAC.mat'); 6 load('datad_simulink_DCAC.mat');
74 % % load('data4_Saber_DCAC.mat'); 74 l% % load('data4_Saber_DCAC.mat');
8 % load('datad4_Saber_DCAC_transient.mat'); 8 % load('datad_Saber_DCAC_transient.mat');
ﬁ@,l 9 load( 'datad4_Saber_DCAC3.mat'); 9 load( 'datad_Saber_DCAC3.mat');
i U Soloexpscdatad(a )i 10 u_Sol_exp=-datad(:,4);
11 (u_Sol_exp=(u_Sol_exp-5)/330*350; | |u_Sol_ex
12 ii_Sol_exp=-datad(:,3)*10+7; ] : :i Sol_ex
13 ‘{la_exp=datad(:,9y; 13 ‘ila_exp
14 t_i_Sol_exp=le-8*(@:1:(length(i_Sol_exp)-1)); 14 t_i_Sol_exp=1le- 8*(@.1:(length(i_Sol_exp)-l));
15 i_Sol smuhnk i_Sol Slmullnk 51gnals values; 15 i_Sol_simulink=i_Sol_Simulink.signals.values;
16 2 t u _Sol_simulink=u_Sol_Simulink.signals.values;
17 mulil
18 t_Sol_simulin Sol Slmuhnk time; b §o’l_smuT1nT< i~Sol Simulink.time;
2 "index_exp_1=find(t_i_Sol exp-delta t exp>=0 & t_i Sol ex) | 24 index_exp_1=find(t_i_Sol_exp-delta_t_exp>=0 & t_i_Sol_exy
25 !index_exp_2=Find(t_i_Sol_exp-delta_t_exp>@.01 & t_i_Sol || 25 index_exp_2=find(t_i_Sol_exp-delta_t_exp>0.61 & t_i_Sol_¢
26 !delta_i_Sol_exp=zeros(length(i_Sol_exp),1); ! 26 dE1F3ﬁ1,5°1*9>.¢‘=19f‘°5(1E"gth(i,5°1ﬁEXP):1)5
27 1 fa=i_Sol_exp(index_exp_1(1))+3; | 27 fa=i_Sol_exp(index_exp_1(1))+3;
28 | fb=i_So1_exp(index_exp_1(length(index_exp_1)))+1; 1| 28 fb=i_So01_exp(index_exp_1(length(index_exp_1)))+1;
29 |delta_i_Sol_exp(index_exp_1)=(fb-fa)/0.01*(t_i_Sol_exp(i| | 29 delta_i_Sol_exp(index_exp_1)=(fb-fa)/0.81*(t_i_Sol_exp(ir
30 | fa=i_Sol_exp(index_exp_2(1))+1; 1] 3e fa=i_Sol_exp(index_exp_2(1))+1;
31 Iw‘ _Sol_exp(index_exp_2(length(index_exp_2))); I 31 fb=i_Sol_exp(index_exp_2(length(index_exp_2)));
32 |de1ta i_Sol exp(index exp 2)= (fb fa)/e i Sol EXD(]I 32 delta_i_Sol_exp(index_exp_2)=(fb-fa)/@0.01*(t_i_Sol_exp(ir
33 f 33 delta_i Sol exp=-delta_i_Sol exp;
34 i 1
REZ 35 | 1i_So0l_ )'j?;l’_‘e}ﬁ('}':l'e’n’gfh-('i:fc'i:e i_Sol_exp(3:length(i_Sol Exp)) zeros(2,1)];
36 % u_sol_exp=[u_Sol_exp(2:length(u_Sol_exp));zeros(1, 1)], 36 % u_Sol_exp=[u_Sol_exp(2:length(u_Sol_exp));zeros(1,1)];
A 37
38 | delta_u_Sol_exp=zeros(length(i_Sol_exp),1); 1l 38 delta_u_Sol_exp=zeros(length(i_Sol_exp),1);
39 1 fa=3; H B fa=3;
40 'ﬂ" i '] 4e fb=5;
41 |delta _u_Sol_exp(index_exp_1)=(fb-fa)/0.01*(t_i_Sol exp(ll 41 delta_u_Sol_exp(index_exp_1)=(fb-fa)/@.01*(t_i_Sol_exp(ir|
a2 i Fa=s; | a2 fa=5;
43 | fb=0; MR 1] g5 b-0;
4, 1 de1ta_u_So1_exp index_exp_2)=(b- £2)/0.01%(t_1_S01 _exp(it | 4 delta_u_Sol_exp(index_exp_2)=(fb-fa)/0.01%(t_i_Sol_exp(ir
45 idelta u_Sol exp=-delta-u-Sol.expi mrren o 2w nmne il 4 delta u Sol exp=-delta u Sol exp; ___
46 I_Sol_exp+delta_u_Sol_exp; \u Sol exp=u Sol exp; i
)
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behavioral model in Saber is still implemented as a high-order
equivalent circuit, and will be consequently confronted with the
aforementioned convergence and speed issues. It is observed in
the studied case that the speed of the behavioral model in Saber
is at the same level compared with that of the physical model,
on the premise of same tolerance. Similarly, behavioral models
are frequently too sensitive to converge, which has already been
verified in other papers [34].

Table VI lists the execution time comparisons of the dc—ac
stage for simulating 0.2 s. All the simulations, including Saber,
Simulink, and DSED., are performed on the same computer, with
Intel Core i7-7700K @ 4.20 GHz processor, MATLAB 2017b
and Saber 2016, and the total time each simulation costs is
defined as execution time. Test results show that with DSED
and PAT model, the transient simulation can be noticeably
accelerated compared with Saber with physical model ight_b.
The acceleration results from the aforementioned three tech-
niques employed in DSED, i.e., reduced-order PAT model,
event-driven simulation mechanism, and the quantization of
state variables. Note that even compared with Simulink with
idea model, DSED with PAT model is still faster, due to the ef-
ficient event-driven mechanism and the fast adaptive numerical
algorithm employed. The simulation framework of DSED will
be further illustrated and explained in great detail in the near
future papers.

Compared with experimental results, the relative errors of the
simulated results are also listed in Table VI. The calculation
formula of the relative error is shown in (15), where Zgmulated
and Texperimental are vectors of the same length, and x stands for
module current 75; or module voltage u,;. Relative errors of
DSED simulated results are close to those of Saber results, and
smaller than those of Simulink results
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current 75, and the module voltage v, . Theoretically, Saber with
physical model ight_b can guarantee high accuracy of switching
transients, on the premise of highly accurate model parameters.
Nevertheless, without supplementary experiments, it is impos-
sible to acquire physical model parameters such as the device
active area and the high-level excess carrier lifetime, making
this model impractical. Instead, DSED simulated results with
PAT model are of sufficient exactness with a datasheet-based
parameter extraction. In addition, it is evident that employing
transient models brings about significant instability in Saber
simulations, and the equations are frequently too sensitive to
converge. On the contrary, DSED with the PAT model can con-
quer such challenge.

Apart from the physical model, datasheet-driven behavioral
models produced by Saber Model Architect Tool can also be em-
ployed in simulations [33]. Compared with the PAT model, the

SHI et al.: PIECEWISE ANALYTICAL TRANSIENT MODEL FOR POWER SWITCHING DEVICE COMMUTATION UNIT

||“Csimulated — “Lexperimental ||o % 100%“

Relative Error = (15)

”zcxpcrimemal I 9
For further illustrations of the simulated errors of different
tools, Fig. 21(a) presents the comparisons of the total loss of
the studied switching module. The calculation formula of Ejo
is shown in (16), where E). is an increasing function of time.
At each time step, the relative error of the simulated E)os com-
pared with the experimental E) is calculated according to (17)
and plotted in Fig. 21(b). As can be observed, the relative er-
rors of Ej calculated with DSED and Saber simulated results
are close, while the switching loss cannot be obtained from
Simulink results

t
Eloss(t) =/ 151 - Us] - dt (16)
0

Relative El’l‘Ol‘(f) - |Elosssimulak‘.d(t) = Elosscxpcrimcnml(t)' )

Eloss experimental (t)
a17)

V. CONCLUSION

This paper proposes and demonstrates a PAT model for
switching device commutation units in power electronic sys-
tems, taking an IGBT-p-i-n diode commutation unit as an ex-
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TABLE VI
EXECUTION TIME COMPARISONS OF THE STUDIED DC-AC INVERTER CASE FOR SIMULATING 0.2 s

Relative Error (%)
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Fig.21. (a) Total loss of the switching module calculated with the experimen-|
tal and simulated results. (b) Relative errors of the total loss calculated with the]

d results cc

d with that calculated with the experimental results. |

Fig. 22.  Transfer characteristics given by Mitsubishi IGBT datasheet.

behavioral fitting. This generates a comparatively large error
when the load current is small. Another example is the reverse

Tool Model Solver Step Size Execution Time . u
sl s
Saber iobt band dpl Gear's BDF and Newton-Raphson ~ Sns with maximum step size 127s 15.83%  13.20%
801 P iteration (variable-step) 50ns B oo e
Simulink Ideal model 0de23tb (variable-step) 1gg“fm:‘"‘“ maximum step ¢ oo 2332%  17.03%
DSED PAT model DSED method (variable-step) Discrete state event driven 5 o 16.65%  14.18%
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| .é BSED Error |
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|
] 0% | 0 16
: I
| I
| |
I
|
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ample. This model attempts to secure both the accuracy and
the practicability of the switching transient simulations. Distin-
guished from conventional single-device models implemented
as high-order equivalent circuits, PAT model utilizes a source
combination to represent IGBT—p-i-n diode pair. According to
different transient stages, it has CVS mode and VCS mode.
The proposed approach ensures a reduced-order model. Com-
parisons confirm that PAT model is of sufficient accuracy with
fast solving speed, whose parameters can be directly extracted
from device datasheet. Transient models in Saber encounter the
obstacle of convergence in complicated power electronic con-
verters with numerous devices, while DSED with PAT model
can easily converge with high calculation speed. Such improve-
ments originate from the reduced-order PAT model, the event-
driven simulation mechanism, and the quantization of state
variables.

recovery current I, which is considered dominated by load cur-
rent only. In fact, I;; depends mostly on load current, but also
on the IGBT current rise rate di,./dt before reverse recovery.
Further work will be conducted to improve the modeling accu-
racy. In addition, the proposed PAT modeling can be adopted
to build transient models for other devices, such as silicon car-
bide (SiC) MOSFET and gallium nitride high electron mobility
transistor (GaN HEMT). With much faster switching transients,
more precise modeling of the stray parameters has to be con-
sidered. Further work will focus on adopting the more precise
stray parameter model, for better description of the SiC and
GaN switching transients, meanwhile improving the simulation
efficiency.

Utilizing PAT model and DSED framework, large time-
scale system-level dynamics and small time-scale device-level
switching transients can be simulated simultaneously with high
precision and efficiency. This is expected to improve the analv-
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Further work will focus on establishing a combined elec- sis, design, and control of power electronic systems.

trothermal model. With thermal modeling techniques such as
those demonstrated in [20]-[23], the PAT model would pro-
vide more accurate results. Besides, to ensure practicability and
avoid additional experiments, complicated physical modeling
approaches are abandoned in some stages in switching tran-

APPENDIX A
PARAMETER EXTRACTION OF PAT MODEL

The device performance curves selected from manufacture

sients, such as the current fall stage which is modeled with datasheet [19] are presented in Figs. 22-24.

B. Shi, Z. Zhao, Y. Zhu et al.
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Fig. 10. Numerical experiments on the 2 MW system. (a) Diagram of the prototype and

linternal structure of the EER, and a comparison between the pringjples of time-

between the numerical convex lens and commercial simulation software based on time-discretization. (d) Comparison of switching-current simulated results between the

discretization and state-discretization methods in a numerical experiment of power elect:i‘nic hybrid systems. Comparisons of (b) simulated results and (c) sirpulated speed

numerical convex lens and commercial simulation software that uses an ideal switt
ms: millisecond per division.

model. ns/div: nanosecond per division; ps/div: microsecond ber division;

b aoswmesesoeessed



NG
b3 B M E LA AR

IS A S TR SNBSS T A
BT ERERRREXRENTE TINTRZ—H, NSAERERFEARRIRTH:
(Z) (HERIAEIE. TRl k. IR, BEIEESEL. REERATRMR

02 SVIDESEXE (TopHATITIE)

XEBNERHE_MUERIE, 182K Discrete State Event-Driven Simulation Approach With a
State-Variable-Interfaced Decoupling Strategy for Large-Scale Power Electronics Systems, F&E&

SR TIORGOS BiE, X AE AR,
)RR A

AT OREEBHEAMERFER, BEF 7 LR=EW ARSI RSB B FEERE AT
KR, BNNZERERER. EREPETHRBENTEERSLRERAICENEE, NRERS
PEERESLRERNMIRELEX £, BARENESSUFBAMZIEERINE, Alt, L
TR, BMOREEGEM, StEth, BMAERE, ERETEE, MK, G0NERE, MmsEBZK
R RERMENEREEESEYS.

TEBSSLACI HRIFig VIEAGIF, KiFMRBRERaItTs, FHENRIERIERATIL. F
AROEER RS FIIIERFE R LATECode for SVIDHR#REY,

gy > 2
FARA G BB A JR AR R A

Test1Plotm TestzRigtm Testpiotm it TestiPlotm Test2Plotm Test3Plotm +
1 close all 1 close all
2 load('Test1SimandExp.mat'); 2 load( ' Test1SimandExp.mat');
3 load('Test2SimandExp_1.mat'); 3 load('Test2SimandExp_1.mat');
4 load("Test2SimandExp_2.mat’); 4 load( ' Test2SimandExp_2.mat');
5 load('Test3SimandExp.mat’); 5 load( ' Test3SimandExp.mat');
6 #DSED.t.1=EXP.t.1.338 6 %DSED.t.1=EXP.t.1.338
7 7
8 index=find(ia(:,1)>0.5,1); 8 index=Ffind(ia(:,1)>0.5,1);
9 index2=find(ia(:,1)>1.5,1); 9 index2=find(ia(:,1)>1.5,1);
10 DSED_ia=ia(index:index2,:); 10 DSED_ia=ia(index:index2,:);
thy 23D fal:, = 1 -DSED_ia(:,1)=DSED ia(:,1)-0.5; __
12 tELs i) 12 1-DSED_ia(:,2)=DSED_fa(:.2)5_____ :
13 13
14 index=find(ib(:,1)>0.5,1); 14 index=find(ib(:,1)>0.5,1);
15 index2=find(ib(:,1)>1.5,1); 15 index2=find(ib(:,1)>1.5,1);
16 DSED_ib=ib(index:index2,:); 16
17 DSED ib(:,1)=DSED ib(:,1)-0.5; __
18 TDSED_ib(:,2)=DSED_ib(:,2)*75/70; |
19 e
20 index=find(ic(:,1)>0.5,1); 20 index=find(ic(:,1)>0.5,1);
21 index2=find(ic(:,1)>1.5,1); 21 index2=find(ic(:,1)>1.5,1);
22 DSED_ic=ic(index:index2,:); 22 DSED_ic=ic(index:index2,:);
23 DSED ic(:,1)=DSFR ic(:,1)-0.5; ___ 23
24 DSED_ic(:,2)=DSED ic(:,2)*75/70; _| 24
25 25
26 index=find(Test1_t>0.829,1); 26 index=find(Test1_t>0.829,1);
27 index2=find(Test1_t>1.829,1); 27 index2=find(Test1l_t>1.829,1);
28 EXP_t=Testl_t(index:index2)-0.829; 28 EXP_t=Test1_t(index:index2)-0.829;
29 EXP_Current=Testl HVACPhaseCurrent(index:index2,:); 29 EXP_Current=Testl_HVACPhaseCurrent(index:index2,:);
30 EXP_Voltage=Testl HVACPhaseVoltage(index:index2,:); 30 EXP_Voltage=Testl_HVACPhaseVoltage(index:index2,:);
31 31
32 figure(1) 32 figure(1)
33 subplot(2,1,1); 33 subplot(2,1,1);
34 plot(EXP_t,EXP_Current); 34 plot(EXP_t,EXP_Current);
35 35
36 subplot(2,1,2); 36 subplot(2,1,2);

'ﬂl"esthlot.m 37 plot(DSED_?b(:,1),DSED_?b(:,2)); hold on; 37 plot(DSED_ib(:,1),DSED_ib(:,2)); hold on;
38 plot(DSED_ia(:,1),DSED_ia(:,2)); hold on; 38 plot(DSED_ia(:,1),DSED_ia(:,2)); hold on;
39 plot(DSED_ic(:,1),DSED_ic(:,2)); hold on; 39 plot(DSED_ic(:,1),DSED_ic(:,2)); hold on;
40 xlim([0, 1]); 40 xlim([@, 11);]

41 41

42 figure(2) 42 figure(2)

43 subplot(2,1,1); 43 subplot(2,1,1);

44 plot(EXP_t,EXP_Current); x1im([0.4,0.6]); aa plot(EXP_t,EXP_Current); x1im([0.4,0.6]);

45 subplot(2,1,2); 45 subplot(2,1,2);

46 plot(DSED_ib(:,1),DSED_ib(:,2)); x1im([0.4,0.6]);hold on; | 46 plot(DSED_ib(:,1),DSED_ib(:,2)); x1im([0.4,0.6]);hold on;
47 plot(DSED_ia(:,1),DSED_ia(:,2)); x1im([0.4,0.6]);hold on; | 47 plot(DSED_ia(:,1),DSED_ia(:,2)); x1im([@.4,0.6]);hold on;
48 plot(DSED_ic(:,1),DSED_ic(:,2)); x1im([0.4,0.6]);hold on; | 48 plot(DSED_ic(:,1),DSED_ic(:,2)); x1im([@.4,0.6]);hold on;
49 49

50 50

51 %% Voltage 51 %% Voltage

52 index1=Find(EXP_t>0.45,1); 52 index1=Ffind(EXP_t>0.45,1);

53 index2=Find (EXP_t>8.55,1); 53 index2=find(EXP_t>0.55,1);

54 EXP_t_v=EXP_t(index1:index2); 54 EXP_t_v=EXP_t(index1:index2);

55 EXP_v_045055=EXP_Voltage(index1:index2,:); 55 EXP_v_045055=EXP_Voltage(index1:index2,:);

56 56

57 index1=find(DSED_ia(:,1)>0.45,1); 57 index1=find(DSED_ia(:,1)>@.45,1);

58 index2=find(DSED_ia(:,1)>0.55,1); 58 index2=find(DSED_ia(:,1)>@.55,1);

ca ga
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60 DSED t_v=DSED ia(indexl:index2,1);

61 DSED =8165*cos (2* pi SO*DSED_t_v+pi/1.9); 1
62 :DSED V(:,2)=8165%cos(2*pi*50*DSED_t_v-2*pi/3+pi/1.9); |
63 | DSED_ v(:,3)=8165*cos(2*pi*50*DSED_t_v-4*pi/3+pi/1.9); !
64 i T @ e e S S I L
65 subplot(2,1,1); BRI cosREALE
66 plot(EXP_t_v,EXP_v_845055);

67 subplot(2,1,2); {T]‘E%%

68 plot(DSED_t_v,DSED_v);

60 DSED_t_v=DSED_ia(index1:index2,1);

6 rﬁs’Eﬁ"Eis‘s 05 (2¥pI¥58¥DSED_t_v+pi/1.9);

62 | DSED_v(:,2)=8165*cos(2*pi*50*DSED_t_v-2*pi/3+pi/1.9);
63 | DSED_v(:,3)=8165*cos (2*pi*50*DSED_t_v-4*pi/3+pi/1.9);

65 subplot(2,1,1); HEE T cosm B H
66 plot (EXP_t_v,EXP_v_045055);

67 subplot(2,1,2); ﬁﬁ%§

68 plot(DSED_t_v,DSED_v);
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Test1Plot.m Test2Plot.m * Test3Plot.m + Test1Plotm Test2Plotm Test3Plotm | + |
1 close all; 1 close all;
2
3
4
5 Test2_DSED_ti=Test2_t_2_sim-8.3+0.015
6 index1=find(Test2_DSED_ti>@,1);
7 index2=find(Test2_DSED_ti>0.05,1);
8 Test2_DSED_i=Test2_DSED_i(index1:inde
9 Test2_DSED_v=Test2_uBUS_1_sim_mod(index1:index2); | _v=Test2_uBUS_1_sim_mod(index1:index2);
10 Test2_DSED_ti=Test2_DSED_ti(indexl:index2); 10 Test2 _DSED_ti=Test2 DSED_ti(indexl:index2);
315 index3=find(Test2_DSED_ti>0.012,1); 11 ind(Test2_DSED_ti>0.012,1);
1) 12
13 s | 13
14 14
15
16 index1=find(Test2_t>3.11,1); index1=find(Test2_t>3.11,1);
17 index2=find(Test2_t>3.16,1); index2=find(Test2_t>3.16,1);
Test2Plot.m 18 Test2 _EXP_t=Test2_t(index1:index2) Test2_EXP_t=Test2_t(index1:index2)-3.11;
19 Test2 EXP_i=Test2 DCCurrent(indexl:index2); 19 Test2_EXP_i=Test2_DCCurrent(index1:index2);
20 Test2 EXP_Bus=Test2_LVDCCurrent(index1:index2); 20 Test2_EXP_Bus=Test2_LVDCCurrent(index1:index2);
21 21
22 figure(); 22 figure();
23 subplot(2,1,1); 23 subplot(2,1,1);
24 plot(Test2_EXP_t,Test2_EXP_i); 24 plot(Test2 EXP_t,Test2 EXP_i);
25 x1lim([@, ©.05]); 25 x1lim([©, ©.05]);
26 subplot(2,1,2); 26 subplot(2,1,2);
27 plot(Test2 DSED_ti,Test2 DSED_i); 27 plot(Test2_DSED_ti,Test2_DSED_i);
28 xlim([0, .85]); 28 xlim([0, 0.05]);
2 figure(); 29 figure();
30 subplot(2,1,1) 30 subplot(2,1,1)
31 plot(Test2_EXP_t,Test2_EXP_Bus); 31 plot(Test2_EXP_t,Test2_EXP_Bus);
22 xLin([o, 0.05]); 32 xlin([0, 0.65]);
33 subplot(2,1,2) 33 subplot(2,1,2)
34 plot(Test2_DSED_ti,Test2_DSED_v); 34 plot(Test2 DSED_ti,Test2 DSED_v);
35 xlim([@, 0.05]); 35 xlim([0, ©.05]);
0005 001 0015 002 0025 003 0035 004 0045 005 0 0605 061 0615 062 0,025 0‘63 0635 064 0645 005
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SRR EHIA FRAGI A
Test1Plot.m Test2Plot.m Test3Plot.m + Test1Plot.m Test2Plot.m Test3Plot.m +
I 1 close all I 1 close all
2 2
3 %% DC BUS 3 %% DC BUS
4 DSED_bus=Test3 _bus_sim; 4 _D_Sgl)__b_u_s_;rggt_s_by_s_syg,_ ____________________
5 | "DSED_bus=2.5%(Test3_bus_sin-670)+670; ] 5 . DSED_bus=(Test3_bus_sim); ]
6 i DSED_t_bus=Test3_t_sim*3-0.002; 1 6 . DSED_t_bus=Test3_t_sim-0.002+0.46; )
PR i B e )
8 index1=find(DSED_t_bus>@_5 1)- a = ind(DSED_t_bus>@.5,1);
9 index2=find (DSED_t_bus>1| ind(DSED_t_bus>1,1);
10 DSED_t_bus=DSED_t_bus(in 's=DSED_t_bus(index1:index2)-0.5;
11 DSED_bus=DSED_bus (index1] =DSED_bus(index1:index2);
12 12
13 index1=find(Test3_t>0.5,1); 13 indexd=Ffind(Test3_t>8.5,1);
14 index2=find(Test3_t>1,1); 14 index2=Ffind(Test3_t>1,1);
15 EXP_t_bus=Te index1:index2)-0.5;
16 EXP_bus=Test, N bus(index1:index2);

17 _ o ESATH T B AL AT N BRI,
Test3Plot.m o ﬁiﬁﬁiiﬁ?i 1, RIS 56 285 AR Be I R B (9 S8
2 gi‘;;ﬁ:”f—g o EOATH T B EHAT R R BOR R SE R, LL o pbusys

22 subplot(2,1, FEUN S 56 45 S A T SR 1 0%
2 Plot(DSED t | o (JE s iy A FE0. 465, VAFEAH[EALFR  fEO-bus)s

24 xlim([0.1, @ !
25 T RENS [F] B AR 2240 L 2h D
26
27 figure(2); TIgUTeNZT S
28 subplot(2,1,1); 28 subplot(2,1,1);
29 plot(EXP_t_bus,EXP_bus); 29 plot(EXP_t_bus,EXP_bus);
30 x1im([0.2, ©.25]); 30 xlim([@©.2, ©.25]);
31 31
32 subplot(2,1,2); 32 subplot(2,1,2);
33 plot(DSED_t_bus,DSED_bus); 33 plot(DSED_t_bus,DSED_bus);
34 xlim([0.2, 0.25]); 34 x1im([0.2, ©.25]);
35 35
0.1 o5 02 o0z 03 0% 04 045 05 %1 o1 02 02 03 0% 04 045 05
B RIE, 59 s B A B AEBTALERNE, SERGRGEHEEEFEK
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IFig. 11.  Comparisons of the experimental and simulated results. (a)

Grid-side current of the HVac port under the sudden change of the

Ipower command [31]. (b) DC bus volt%g;e of the LVac port in the steady
|

S e

40.102539m
Time (s)

(c)

40.100098m

Fig. 12. Studied smaller cases. (a) Two-stage case. (b) Decoupled
system. (c) Simulated results of the interfaced current i .

the inverter stay in the same subsystem. With such a partitioning
way, the dynamics of the dc-link capacitor is relatively slow
(the dc voltage changes around 400 V), and therefore, it seems
that even with some delay/latency of the interface variables,
the difference in simulation accuracy may not be observable.
However, one significant fact that must be considered is that the
dynamics of the interfaced current is fast. It exhibits switching
behavior, as shown in Fig. 12(c). Besides, during two switching
events, it varies rapidly in a resonant manner. Therefore, with
the conventional decoupling method that introduces “one-step
delay,” the accuracy will be largely damaged. To prove this,

11681
%t BiFig.Al o '
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W g, 4 of NV Fig. A2 !
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Fig. 13.  Comparisons of the SVID method with other decoupling meth-

ods. The simulated results of the dc-link voltage (Vpc in Fig. 12) are
presented. (a) 30 ms view. (b) Zoomed-in view.

Fig. 13(a) provides the comparisons of the accurate results
(DSED solver without decoupling) with the conventional decou-
pling method, which uses the previous step value in the current
step. With a 200 kHz rate (e.g., 5 us delay), the results of the
dc voltage are significantly different. Even with a 1 MHz rate
(e.g., 1 pus delay), the difference is still observable. As for the
SVID method, it gives highly accurate results compared with
both DSED results (without decoupling) and with simulated
results from other implicit solvers (trapezoidal integration).

F. Generalization of the Method

The proposed SVID method is a general method for the
arbitrary power electronics circuit. The automatic partitioning
of the circuit can be conducted with the following algorithm.

1) Find all the capacitors in the circuit.

2) Remove each capacitor.

3) Test the connectedness of the new graph with the depth-
first-search method [32].

4) Identify the subsystems and repeat the above-mentioned
procedures.

The statement that the SVID method does not sacrifices
accuracy compared with the FA-DS algorithm [15] without de-
coupling can be proved with the substitution theorem [33]: “Inan
arbitrary network, any uncoupled branch may be replaced either
by an independent voltage source or by an independent current
source with the same voltage or current waveform, respectively,
as the branch, without affecting the branch voltages, currents, or
waveforms in the remainder of the network.” With this theorem,
it can be proved that the LTE of each step in FA-DS is the same
with or without the SVID method presented in this article.

The mathematical justifications of the efficiency of the SVID
method can be provided by comparing the number of calcu-
lations in the integration algorithm [34] with and without the
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“CERARH” BB JR YRR A

DrawEXP.m DrawComparel.m * + DrawEXP.m DrawComparel.m +
close all 1 close all
set(®, 'defaultfigurecolor’,'w') 2 set(@, 'defaultfigurecolor’, 'w')

e A T B T A G NI TR, LA RIURI S K 2 AR B 0 2)

figure(1); P
A iz

subplot(2,1,1)]]
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af://n45
https://www.tsinghua.edu.cn/xswyh/info/1018/1018.htm
af://n47
https://ieeexplore.ieee.org/document/9381002
af://n49
https://github.com/ShiArthur03/ShiArthur03/tree/main/03_Code_for_Eff
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X 0.041621

X 0.041283

i Lph it SR LON) AT VI ELW) R IZET ) BRIMIJIXATH T A% s VAIRAXTH R IV Ea AR AH L1 &) |2 77 12
8 x1im([0,2]); vy e
9 ylabel("\itI\rrf PR LS|
10 set(gca, 'Fontha R St om LT L L e TS s I e B o
DrawComparel| e setteen forid o ¢ e i) i AR L 108 6 JSEB S AS (AR T 0D
feEmAE | 2
13 VDC.csv",1,0); 13 DSIMIHVDC=csvread("DSIM-THVDC.csv",1,0)
14 DSTMIHVOC(?,2)); ]
15 1 DSIMIHVDC(: ,1)-DSIMIHVDC(1,1)-0.04)/0.6%10; |
16 subplot(2,1,2); 16 subplot(2,1,2);
17 plot(DSIMIHVDC( :,1),DSIMIHVDC(:,2), ‘color', '#3b2e7e"); 17 plot (DSIMIHVDC(:,1),DSIMIHVDC(:,2), 'color', '#3b2e7e’);
18 h>;1im([ta,2]); ylim([20,50]); xlabel("Time/s"); 18 xlim([@,2]); ylim([-20,50]); xlabel("Time/s");
19 label("\itI\rm_H_ D / A"); grid on; 19 ylabel("\itI\rm_H_D / A"); grid on;
20 set(gca, 'FontName', 'Times New Roman'); 20 set(gca, 'FontName', 'Times New Roman');
21 set(gca, 'FontSize',10); 21 set(gea, ‘FontSize',10);
50 50
< <
~] \E
. LRLER [ LHEER
Flg. Bl 20 | | | | ] I L . . 20 : . -
0 02 04 0.6 08 1 1.2 14 16 18 2 0 0.2 0.4 0.6 08 1 12 14 16 1.8 2
Time/s i Time/s
o EEOIREIE, 5ICR T A B B AL, TR T
40
e < 2 /— 4
/ 2 /
/ =
. 4 /
2 EFFEIE G R4 B EFFIR A 2045 R
20 : : . . . 20 . . . . . H .
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
Time/s Time/s
23 figure(2); 23 figure(2);
24 subplot(2,1,1); 24 subplot(2,1,1);
25 plot(Test2IC1(:,1),Test2IC1(:,2), color’, '#4c221b'); 25 plot(Test2IC1(:,1),Test2IC1(:,2), ‘color’, '#4c221b');
26 xlim([@,0.]
27 ylim([-50, - . . ~ .. ) 5 o
28 xlabel("Tin ® TG A R IBR37/23 (1. VLSRR 5256 25 JEAR B2 (1 1
29 ylabel("\i
30 set(gca, 'F
31 set(gea, 'FontSize',10);
32
DrawComparel| = OSTUTHIC=csyread CDSIH-IC] ey 1,005
- 34 {DSIMIHVDC (:,2)=(DSIMIHVDC(:,2))/23*37;
{ﬁﬁg}fﬂg&? 35 DSIMIAVDC (:,1)=DSIMIHVDC(:,1)-0.6732;
= 36 subplot(2,1,2); 36 subplot(2,1,2);
37 plot(DSIMIHVDC(:,1),DSIMIHVDC(:,2), ‘color’, '#3b2e7e’); 37 plot(DSIMIHVDC(:,1),DSIMIHVDC(:,2), 'color', '#3b2e7e’);
38 xlim([0,8.1]); 38 x1im([0,0.1]);
39 ylin([-50,50]); 39 yiiz(izsa,se]);)
40 xlabel("Time/s"); 40 xlabel("Time/s");
a1 ylabel(“\itI\rm_H_A / A"); grid on; 41 ylabel("\itI\rm_H_A / A"); grid on;
42 set(gca, 'FontName', 'Times New Roman'); 42 set(gca, ‘FontName', 'Times New Roman');
43 set(gca, 'FontSize',10); 43 set(gea, 'Fontsize',10);
50 o
E
X 0.041408 So—
ok Y805 | < Y 37.5
T2 of
]
I A A SR <2 3 ) LR
0 001 002 003 004 005 006 007 008 009 0l ® 001 002 003 00+ 005 006 007 OB 009 0l
: I & = - ks 43 > & ¥
Fig. B2 HRGREIUR, 5 KRAIMREAR B WAORA RN, 7RI BIX R RI2/37 )
50 : - - ; r - T : 50 : 3 i 2 : 3 L i )

< Y 37.6518 <
s T Cr = or Y 23.2907
~ <z
IEfi R EffRAA T A5 R
=50 L L s L L ) L L _50 | | | { I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 0.01 0.02 0.03 0.04 005 006 007 008 0.09 0.1
Time/s Time/s
47 figure(3); 47 figure(3);
48 subplot(2,1,1); 48 subplot(2,1,1);
49 plot(Test2IHVAC1(:,1),Test2IHVAC1(:,2), 'color',"’ 49 plot(Test2IHVAC1(:,1),Test2IHVAC1(:,2), 'color', '#4c221b');
50 x1im([0.75,0.7210 50 x1im([0,75.9,771);
51 ylim([-500,58
52 E S = 5 . ) e o T e
& i e RBBITH 5, LADRHURN S
54 set(gca, 'Fonth
55 set(gca, 'Fontsize ;107 s TTETE TS TIE S TS
56 56
DrawComparel| s7 57
58
REDH 3 | :
60 subplot(2,1,2); 60 subplot(2,1,2);
61 plot(DSIMIHVAC2(:,1),DSIMIHVAC2(:,2), 'color', '#3b2e7e'); 61 plot(DSIMIHVAC2(:,1),DSIMIHVAC2(:,2), ‘color’, "#3b2e7e");
62 x1im([@.75,0.77]); 62 x1im([0.75,0.771);
63 ylim([-500,500]); 63 ylim([-500*6/405,500%6/405]) ;
64 xlabel("Time/s"); 64 xlabel("Time/s");
65 y1label("\itI\rm_D_A_B / A"); grid on; 65 ylabel("\itI\rm_D_A_B / A"); grid on;
66 set(gca, 'FontName', 'Times New Roman'); 66 Set(gca,:‘_OVWt'\‘avvve:,'Tw-es New Roman');
67 set(gca, 'FontSize',10); 67 set(gca, 'Fontsize’,10);

Fig. B3
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70 figure(4); 70 figure(4);
71 subplot(2,1,1); 71 subplot(2,1,1);
72 plot(Test2IHVACL(:,1),Test2IHVACL(:,2), 'color', '#4c221b');| 72 plot(Test2IHVAC1(:,1),Test2IHVAC1(:,2), 'color’, '#4c221b");
73 x1lim([0.7 e =
N _sod 4= > 7Tl L L = ‘ -
o lin(sed o SBUATAE (R BOORGT. SRR, BN, 7 I R4 345/401
: 3 F s s &k
76 ylabel("\i (0.86) fiF, LAZRHXANSE 45 %\*ﬁﬁﬁl‘i‘lmm@
77 set(gea, 'H
78 set(gca, 'FontSize',10); 78 set(gca, 'FontSize',10);
DrawComparel| 7 79
. . 80 Subplot(2,1,2); 0
RIGH B4 | s ismmvacii2)d i
82 plot (DSIMIHVAC2(:,1),DSIMIHVAC2(:,2), 'color", '#3b2e7e’); plot(DSIMIHVAC2(:,1),DSIMIHVAC2( : ,z), color', '#3b2e7e');
83 x1im([8.755,0.755+0.0005]); 83 x1im([0.755,0.755+0.0005]) ;
84 ylim([-500,500]); 84 ylim([-508%6/405/345*401,500*6/405/345%401] ) ;
85 xlabel("Time/s"); 85 xlabel("Time/s");
86 ylabel("\itI\rm_D_A_B / A"); grid on; 86 ylabel("\itI\rm_D_A_B / A"); grid on;
87 set(gca, 'FontName', 'Times New Roman'); 87 set(gca, 'FontName', 'Times New Roman');
88 set(gca, 'FontSize',10); 88 set(gca, 'FontSize',10);
500 500 T r .
3 X
X 0.755101
< <
2 0 g o 1
~ ~
Fig. B4 0 e
0.755 0.755 0.7551 0.7552 0.7553 0.7554 0.7555
Time/s
i‘ﬂﬁ‘l B R, A RIREAR BB A R0 1/68 83|
S T
/ 51/ q J
X 0.755112 X 0.755112
< Y 348.836 ( ) Y 5.95097
= ol | i 2 0F 8
= | B
) <
St §
PR EQTELLS , | } ‘ Eff RIS LR
500 | . . . . . n n i
" 0753 0.7551 0.7552 0.7553 0.7554 0.7555 0.755 0.7551 07552 07553 07554 0.7555
Time/s Time/s
92 figure(5); 92 figure(5);
93 subplot(2,1,1); 93 subplot(2,1,1);
9 plot(Test2YBLVDC(:,1),Test2YBLVDC(:,2), 'color’, '#4c221b'); 9 plot(Test2YBLVDC(:,1),Test2YBLVDC(:,2), 'color’, '#4c221b");
95 x1im(f2 @3211 @ 9321140 0AA?8I1N: Q5 x1im([Q 03211 0 93211+0 AAA251) -
96 ylim(
97 x1abe] ; 4=k =
i ied e ALOMTRT A RBORL. 0L, DL Seda 4 B A — B i
99 set(g|
100 set(gca, FontSize,10); o0 Set(gea, Fontsize ;1075
101 101
DrawComparel 102 "DSIM-YBLVDC.csv",1,8); DSIMYBLVDC=csyread("DSIM-YBLVDC.csv",1,0);
RS | o BEEE i B
104
105 DSIMYBLVDC(:,1)=DSIMYBLVDC(:,1)-0.0162874+8.03211; 105 DSIMYBLVDC(:,1)=DSIMYBLVDC(:,1)-0.0162874+0.03211;
106 subplot(2,1,2); 106 subplot(2,1,2);
107 plot(DSIMYBLVDC(:,1),DSIMYBLVDC(:,2), ‘color’, '#3b2e7e’); 107 plot (DSIMYBLVDC(:,1),DSIMYBLVDC(:,2), ‘color', '#3b2e7e’);
108 x1im([0.03211,0.03211+0.00025]); 108 x1im([0.03211,0.03211+0.00025]);
109 ylim([-2000,2000]); 109 ylim([-2000,2000]);
110 xlabel("Time/s"); 110 xlabel("Time/s");
111 ylabel("\itU\rm_H_L_A / A"); grid on; 111 ylabel("\itU\rm_H_L_A / A"); grid on;
112 set(gca, 'FontName', 'Times New Roman'); 112 set(gca, 'FontName', ‘Times New Roman');
113 set(gca, 'FontSize',10); 113 set(gca, 'FontSize',10);
2000 T T T T 2000 ; .
& S0 1 1000 E
=0 Lol > X 0.0322364
B Y 54 © \ Y 760
> =2
-1000 =1000
22000 L . . s - H L L L L
0.03215 0.0322 0.03225 0.0323 0.03235 -2000 - - - -
o 0.03215 0.0322 0.03225 0.0323 0.03235
Fig. BS o BUi RS G, SR RIREIEF B! BT FLGERAT Vﬁ%%mﬁ{ﬁ 5%3&%%%%‘%%'
N i | | | 2000
1000
< — 1000 + E
< ol 4 < ) X 0.0322344 |
= = Y 747.831
1000 | — i - | -
-1000 - ]
2000 . . - . .
0.03215 0.0322 0.03225 0.0323 003235 2000 : : - -
Time/s 0.03215 0.0322 0.03225 0.0323 0.03235
Time/s
116 figure(6); 116 figure(6);
117 % subplot(2,1,1); 117 % subplot(2,1,1);
118 plot(Test2YBLVDC(: 1) TectIVRIVNC(: 2) ‘colon' '#4:021h'): 118 dat(Tect2YRIVDC(: 1) Toct2VRIVNCL: 2) ‘coloc’ '#4:2210'):
119 hold on; G105 T 1] . TN
120 xLin([0.67{ ® L2847 1 A1 ELIN () TBOR L. 643, DASRIUAN 9286 45 JA30T (1 2 25 I8 (1]
121 ylim([ -200! "
s Yianeicre] (L29ATARAME 0. 00000725 AT 7 3k A5 AR [7] (9 50 1 i
123 ylabel("\itosrm 7T ErTooTy svs) AT 1Y G e A R B - 0
DrawComparel 124 set(gca, 'FontName', 'Times New Roman'); 124 set(gca, 'FontName', 'Tines New Roman');
N _ 25 set(gea, 'FontSize',10); 125 set(gca, 'FontSize',10);
RS B6 | 126
27 DSIMTR1=csvread('DSIN-TR-1.csy",1,0); 127 u;;_mm csyread("DSIN-TR w,; 0);
128 IDSIMTRI(:,1)=(DSIMTRL(: ,1))* ] [: 128 R1(:,1)=(DSIMTR1(:,1));_
129 DSIMTR1(:,1)=(DSIMTR1(:,1))- DSIMTRI(I 1)+0. 87507‘1 0 129 D 1,1)=(DSIMTRL(:, 1)) DSIMTRl(l 1)+0.075074-0.0000111%1.6+0.0000072
130 plot(DSIMTRI(:,1),DSIMTR1(:,2)," --", "color’, '#3b2e7e"); 130 plot(DSlMTRl( ,1),DSIMTR1(:,2), --", "calor', '#3b2e7e');
131 legend ('Experiment’,'Simulation'); 131 legend ('Experiment’,’'Simulation');
132 set(gca, 'FontName', 'Times New Roman'); 132 set(gca, 'FontName', 'Times New Roman');
133 set(gca, 'FontSize',10); 133 set(gea, 'FontSize',10);
2000 T T T 2000 T T T

=l

Experiment ‘




1500 L 2= =~ Simdution | | 1500 - [z=== Simulation | |
1000 | 4 1000
500 - 500 -
1 <
Fig. BO 2 of wmwm%ﬁgzngs%,uum .
- =500 1 -500 8
-1000 1 -1000 1
-1500 1 -1500 - ;|
-2000 . ; - . . . : 2000 L L L L L . L
0.075074 0.075075 0075076 0075077 0.075078 0.075074 0.075075 0.075076 0.075077 0.075078]
Time/s Timg
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boxing_compare ACDCm * | +

boxing_compare ACDCm* | +

1 load('data2.mat'); 1 load('data2.mat');
2 load('data2 DSED_ACDC3.mat'); 2 load('data2_DSED_ACDC3.mat');
3 3
4 close all 4 close all;
5
e EEE T
7 ta2(:,7 : “ila _exp=data2(:,7);
8 t_i_Sa2_exp-1e-B+(0:1: (length(i_Sa2_exp)-1)); 8 t_i_Sa2_exp=le-8*(0:1: (length(i_Sa2_exp)-1));
9 9
10 delta_i_Sa2_exp=e; 10 delta_i_Sa2_exp=0;
11 delta_t_ 3-1.2e-5-0.5e-6;
12 delta_t_| -450e-9;
13 ste s
Y e ® RO SEIOBER EEY K — 45, LU BRI B4 A B IR
15 &ty
16 index_s ——wp AR = it
17 & t_1_Sa2_exp<=delta_t_expt8.82); 17 & t_i_Sa2_expc=delta_t_exp+0.02);
18 18
19 t_i_Sa2_exp=t_i_Sa2_exp(index_exp); 19
20 i_5a2_exp=i_Sa2_exp(index_exp); 20
21 u_Sa23_exp=u_Sa23_exp(index_exp); 21 _sa23_exp(index_exp);
22 t_device_ACDC=t_device ACDC(index_DSED); 2 t_device_ACDC=t_device_ACDC(index_DSED);
23 i_Sa2_DSED=i_Sa2_DSED(index_DSED); 23 i_Sa2_DSED=i_Sa2_DSED(index_DSED);
2 U_Sa23_DSED=u_Sa23_DSED(index_DSED); 24 u_Sa23_DSED=u_Sa23_DSED(index_DSED);
25 25
26 —
27 index_e| AT S A Sl R 4 . 5
2 s o HA3TTINIE R ndel talE 0 SIS HUEHEAT IS IE, JFEH44-461T EEAE A s inBR B0k
29 index_e| A o 4 FEL 4 ST L s "
x 8 - B (3 » Y 4
30 P BN SEUR 25 R A RO, LR SEEG £ JUR AT RE S 07 LA R &
31
32 02); 32 % t_1_5aZ_exp-delta_t_exp<=0.62);
33 :deltaii_SBZ ex| erus(length(i Sa2_exp),1); Il 33 delta_i_sa2_exp=zeros(length(i_sa2_exp),1);
34 | fa=3; 4= ! 34
# | RSB AT K | = N
36 | delta_i_Sa2_exp(index_exp_1)=(fb-fa)/0.01"(t_i_Sa2_exp(index_exp_1)!... 36 delta_i_Sa2_exp(index_exp_1)=(fb-fa)/@.01*(t_i_Sa2_exp(index_exp_1) ...
02 > 'ﬁ:% 37 | -t_i_Sa2_exp(index_exp_1(1)))+fa; 1 37 -t_i_Sa2_exp(index_exp_1(1)))+fa;
Q 38 | 38 fa=-1.5;
39 ! 39 b=6;
\ﬁ o i_Sa2_exp(index_exp_2)=(fb-fa)/@.01*(t_i_Sa2_exp(index_exp_2) I... 40 delta_i_Sa2_exp(index_exp_2)=(fb-fa)/@.01*(t_i_Sa2_exp(index_exp_2) .
= a1 | _i_sa2_exp(index_exp_2(1)))+fa; ! a _Sa2_exp(index_exp_2(1)))+fa;
42| ldeltal a2 s delte SR emi o siiisanoo o : LSsz oxdelta i s oxp;
a3 P S22 expei 5a2 exprdelta i 3a2 expii; )y 4 SYACTH
24 | A=4; 1 !
45 1 1_5a2_exp=i_Sa2_exp+A*[sin(2%pi*50*(t_i_Sa2_exp(index_exp) ... | &ﬁ{&E
45 ! 7 -t_i_saz_exp(index_exp(1)))]’ : -
oo TS DSTE eSSt e
a8 \delta_u_Sa23_exp=zeros(length(u_sa23_exp),1); | a8 291§37"_53233W=ler05(lenst"(u,Saltexp),l);
49 \fa=2; A 1 a9 a=2;
| e R HEAT | 2 e
| = - . i
51 |de1ta u_Sa23_exp(index_exp_1)=(fb-fa)/0.01(t_i_Sa2_exp(index_exp_1)! ... > "“1“—“-5“;»“?(?":”—E"P-i) (fo ??/6'51 (t_1_sa2_exp(index_exp_1) ...
52 -t_i_Sa2_exp(index_exp_1(1)))+fa; H 22 “td_saz_exp(index_exp_1(1)))+fa;
53 :fa H 53 fa=-2;
= el i - :b;t‘ sa23 d 2)=(b-fa)/0.01*% (t_i_Sa2. ind 2
33 Idelta u_Sa23_exp(index_exp_2)=(fb-fa)/0.01*(t_i_Sa2_exp(index_exp_2)I ... 85 lelta_u_Sa23_exp(index_exp_2)=(fb-fa)/0.01%(t_i_Sa2 exp(index_exp_2) ...
| 56 ~t_i_Sa2_exp(index_exp_2(1)))+fa;
o | -ti_Sa2_exp(index_exp_2(1)))+F3; | 57 delta_u_Sa23_exp=-delta u_5a23_ex
57 ldelta u Sa23 exp=-delta u Sa23 exp; == AL .
58 | u_5a23 exp=u_Sa23_exptdelta_u_Sa23_exp+l; ] '
59 Wf h=! 5. SR ERErRcRe
60
. . 61 Figure(1);
:; hg“Te(i);t 62 yyaxis left
yyaxis 2e . 63 plot(t_i_Sa2_exp-delta_t_exp+18e-9,u_Sa23_exp,'b
63 plot(t_i_Sa2 exp-delta t exp+10e-9,u Sa23 exp,'b s il
64 t_dd
65 11
£ TiE AR B AT AT DL s Lk = £ B[y A
o el e SESB{TIH IS RANdel talf X KA BARUATIEIE,  LLKE SCIGAE UL W RE S 7 SLAT R W) 6
ylabe
68 ylin([-1]
69 set(gca, "yCoIor ;573 0 yyaxts right
70 yyaxis right ) 71 plot(t_i_sa2_exp-delta_t_exp,i_Sa2_exp,'r-',
‘L plot(t_i_sa2_exp-delta_t_exp,i_Sa2_exp, 72 t_device_ACDC-delta_t_DSED,i_Sa2_DSED,'r
;i FTdevlcz_:l(Di;delta_t_DSED,J_SaZ_DSED, 5 Tinewidth',1);
inewidth' H . + [ o .
" 215 : 74 set(gca, 'Fontname', 'Times New Roman')
74 set(gca,  ifontnane’;, \Tinesilow.Romsn )" 75 set(gcf, 'position’,[100,100,0.8*Width,.5*Width]);
75 set(gcf, ‘position’,[100,100,0.8*Width,0.5*Width]); 76 ylabel('\iti\rm_{c (Qa23)}/A','Fontname','times new Roman');
76 ylabel(‘\iti\rm_{c (Qa23)}/A','Fontname’, 'times new Roman'); 77 ylin([-50,200]);
77 ylim([-5@,200]) 78 set(| ‘yColor',‘r');
gea, 'yColor', r*);
78 set(gca, ‘yColor', 'r'); i : 79 legend('\itu - Experiment','\itu - PAT model’,...
L) legond(*\ity - Experiment’, \itu - PAT model’,... 80 "\iti - Experiment','\iti - PAT model','\iti (\itigbt\_b\rm)');
80 '\iti - Experiment','\iti - PAT model',’'\iti (\itigbt\_b\rm)'); 81 legend('boxoff');
81 legend("boxoff'); 82 xlabel('\itt\rm/s (5@ns/div)');
82 xlabel('\itt\rn/s (5@ns/div)'); 83 x1im([0.00499591,0.00499693]);
83 x1im([0.060499591,0.00499693]); | 84 set(gca, ‘xticklabel’,[]);
84 set(gea, 'xticklabel’, []); 85 grid on; grid minor;
85 grid on; grid minor;
400 . - - T 200 400 T T T - - — 200
u - Experiment u - Experiment
----- 1 - PAT model == === - PAT model
300 - ——— i - Experiment 150 300 i- Experiment 150
----- i- PAT model == === i- PAT model
200 1nn < 200 -
N BEEER R RE, DA RERY & v 100 =
S il I R g
Fie. B7 100 50 100 {8, DAE "
e 50
0 0 0
0
100 . . . . . 50 2100 . . . . A A .

/s (50ns/div)

1/s (50ns/div)
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boxing_compare ACDC.m * + boxing_compare ACDC.m +
1 load('data6.mat'); 1 load('data6.mat"');
2 % load('data6_DSED_DAB.mat'); 2 % load('data6_DSED_DAB.mat');
3 load('data6_DSED_DAB_detail.mat'); 3 load('data6_DSED_DAB_detail.mat');
4 4
5 u_SL1_exp=-data6(:,4); 5 u_sL1 exp— data6(:,4);
6 % d 5)+data6(:,11); 3 :,5)+data6(:,11);
7 | ERBETFB
8 H 5 ¢ £9)5
9 t_i_SL1_exp=le-8*(0:1: (length(i_SL1_exp)-1)); I 9 t_i_SL1_exp=le-8*(@:1:(length(i_SL1_exp)-1));
10 10
1 deltal 5 N
b W s 1
12 cered @ HI7. 19, 2802947 43 it it Xt S UG B AT RE, UK, 4N FRIEAR s
13 delta “ P ) d L JE
i BAT PR A As AR L
15 Width=svoy T wrTTT=sTY;
16 16
17 figure(1); 17 figure(1);
> 18 yyaxis left yyaxis left
;‘é\
03 2 'ﬁ: 19 plot(t_i_SL1_exp-delta_t_exp+@e-9 {5 G E?ﬁ(’i‘ﬁ plot(t_i_SL1_exp-delta_t_exp+0e-9[u_ T
N 20 t_device_DABL-delta_t_DSED,u_SL1_DSED, o t_device_DABL-delta_t_DSED,u SL
/f—tﬁ_ﬂj 21 ‘Tinewidth',1); 21 ‘Tinewidth',1);
22 set(gca, 'Fontname', 'Times New Roman') 2 set(gca, 'Fontname', 'Times New Roman')
23 ylabel('\itu\rm_{ds(QL1)}/V'); 23 ylabel('\itu\rm_{ds(QL1)}/V');
24 ylim([-50,400]); 24 ylim([-50,400]);
25 set(gca, 'yColor','b'); set(gca, 'yColor','b');
26 set(gcf, 'position’,[100,100,0.85*Width,0.5*Width]); set(gcf, 'position’,[100,100,0.85*Width,0.5*Width]);
27 yyaxis right N yyaxis right
28 plot(t_i_SL1_exp-delta_t_exp-10e-9 J(3 plot(t_i_SL1_exp-delta_t_exp-10e-9;
29 t_device DABL-delta_t _DSEDJ3T t_device DABL-delta_t_DSED i_Sl
30 *linewidth',1); - ‘linewidth',1); -
31 set(gca, 'Fontname', 'Times New Roman') set(gca, 'Fontname', 'Times New Roman')
32 grid on; grid minor; grid on; grid minor;
33 ylabel('\iti\rm_{d(QL1)}/A"); ylabel('\iti\rm_{d(QL1)}/A");
34 ylim([-60,20]); 34 ylin([-60,20]);
35 set(gca, 'yColor','r'); 35 set(gca, 'yColor','r');
36 legend('boxoff');legend(’\itu - Experiment’,’'\itu - PAT model',| 36 legend('boxoff');legend('\itu - Experiment’,’\itu - PAT model’,...
37 "\iti - Experiment’,’\iti - PAT model'); 37 "\iti - Experiment’,'\iti - PAT model');
38 xlabel('\itt\rm (5@ns/div)'); 38 xlabel('\itt\rm (5@ns/div)');
39 x1im([0.0009721,0.0009726]); 39 x1im([0.0009721,0.0009726]);
40 grid on; grid minor; 40 grid on; grid minor;
41 set(gca, 'xticklabel',[]); 41 set(gca, 'xticklabel',[]1);
42 42
400 T T T T 20 400 T T T T 20
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HFT and (d) its zoomed-in view; (e) voltage of the output port of the H-bridge in 750 V dc port and (f) its zoomed-in view; (g) current and voltage qf
a turn-oN transient of the IGBT and (h) current and voltage of a turn-ofF transient of the SiC MOSFET in a 50 kVA PET.
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it is hardly possible to use them in this megawatt case study
composed of more than 500 switching devices and hundreds
of H-bridges. The major concern is the convergence problems.
Therefore, a system-level commercial tool with ideal switch
model, which is more suitable for large-system design and
complicated control design in practical applications, is selected.
But the comparisons with this commercial software only attest
to the accuracy of the proposed method in terms of system-level
dynamics. The simulated results are also compared with exper-
imental results to verify the transient results. The photograph of
the experimental prototype is shown in Fig. 14. A load change
of the 10-kV dc port is tested, with a step change of the power
flow from 300 to 400 kW. The current of the 10-kV dc port is
shown in Fig. 15(a), defined as Iyjp, and the current of the 10-kV
ac port is shown in Fig. 15(b), defined as /5. The HFT current
in 10 kV ac stage, namely, the dual-active-bridge (DAB) current
Ipap, is shown in Fig. 15(c), and Fig. 15(d) is the zoomed-in
view. Finally, the output voltage Upp,a of the H-bridge in the
DAB in 380 V ac port is shown in Fig. 15(e), which consists
of the device-level switching transients, with the zoomed-in
comparison presented in Fig. 15(f). In general, the simulated
results are in good agreement with the experimentally measured
ones.

Fig. 15(a)—(f) only shows the transient results of the device
voltage because it is very hard to measure the device current
in the real prototype of a high-power converter. As a result,
switching transient simulations are also performed on a smaller
system: a 50-kVA PET as a smaller portion of the studied 2 MW
PET [35], [42]. The 50-kVA PET consists of 16 IGBTs and eight
SiC MOSFETs. The detailed structure of the 50-kVA PET can
be found in [35]. The results are compared in Fig. 15(g) and (h),
which also show good agreement.
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V. SYSTEM EFFICIENCY EVALUATION BASED ON THE
PROPOSED METHOD

With the fast simulation speed and the ability to capture
switching transients, the proposed method enables the in-depth
analysis of the PET. To further demonstrate the value of the
proposed method in practical development and research, one
representative application, namely, the evaluation of the system
efficiency is studied. As an energy conversion system, ensuring
high efficiency is always of essential significance. But the effi-
ciency of the system is strongly dependent on the operational
conditions. To accurately simulate the efficiency curve, the real
control strategies must be implemented in the simulation, the
real structure of the system must be modeled, and the switching
transients which can lead to substantial switching losses must be
simulated. Therefore, the proposed method offers a possibility
to accurately and efficiently simulate the efficiency curve during
the design stage.

Here, we first discuss the general loss distribution of a power
electronics system. Generally, the input power of the converter
Pi, equals the sum of the output power P, and the total
loss Pj,ss. Components that contribute to Pjss include ON-state
loss of the semiconductor switches Py, switching loss of the
switches Py, cooper loss of the transformers Pc,, iron loss
of the transformer Pr., loss of the equivalent series resistance
(ESR) Pgsr, and the additional loss Py. They can be classified
into fixed loss Pgxedq, Which is irrelevant of the load current,
switching loss P, which is proportional to the load current, and
resistive loss Pr, which is proportional to the square of the load
current [43]. Therefore, it can be deduced that a typical efficiency
curve exhibits a convex feature shown in Fig. 16. Under light
load, the fixed loss Pfyeq contributes to a big proportion in the
total loss; therefore, the efficiency is low. Under heavy load,

*BT K ERERRREXRENTE TINTRZ—H, MSAEPERFEARRIRTH:
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19 %% Transient data 19 W5 e S
20
20 " . '
21 transient_dsim=importdata(DSIM_MAIN_400us_Vdsld2.txt'); 21 translent_dsim=importdata(DSIM_MAIN_400us_Vdsld2.txt);
2 t_d = transient_dsim.data(;,1)* 13, 22 td = translent_dsim.data(: 1) * 1e3;
23 Id_d = transient_dsim.data(:,2); 23 1d_d = transient_dsim.data(:,2);
24 Vds_d = transient_dsim.data;,3); 24 Vds_d = transient_dsim.data(:,3);
- - g 25
25
% Eg%ﬁg%%ﬁr 2 transient_d importdata(DSIM_MAIN_400us_Vdsld3.txt);
27 ita (5 %
27 |
L % | mmAERE | a
CodeO l 29 Id_d3 = transient_dsim3.data(: 2); _— 29 1d_d3 = Lransmr_wl_dsnmadaw:.2):
30 Vds_d3 = transient_dsim3.data(:,3); 3 Vds_d3 = transient dsim3.data(:,3);
- - 31
3
32 [ %i=find(tt_d3> 1.586915231e-1); 32 -1 %i=find(tt_d3> 1.586915231e-1);
33 T % - 33 %
34 % tt_d3(i)=tt_d3(i)+0.00025e-1; 34 % tt_d3(i)=tt_d3(i)+0.00025e-1;
35 - - 35
36 transient_spice=importdata(BWT_SPICE_400us_maxstep0.1n_transient2.txt); | 36 translent_spice=importdata(BWT_SPICE_400us_maxstep0.1n_transient2.txt');
37 tt_s = transient_spice.data(:,1) * 1e3; 37 tt_s = transient_spice.data(:,1) * 1e3;
38 Id_s = transient_spice.data(:,3); 38 Id_s = transient_spice.data(:,3);
39 Vds_s = transient_spice.data(:,2); 39 Vds_s = transient_spice.data(:,2);
49 yyaxis left; 49 yyaxis left;
50 plot(tt_d "1e3, Vds_d, ‘color’, mycolor(5,:), 'linewidth’, LineWidth, 'linestyle’, '~'); 50 plot(tt_d *1e3, Vds_d, ‘color’, mycolor(5,:), 'linewidth’, LineWidth, 'linestyle’, -
51 plot(tt_s *1e3-0.008, Vds_s, 'color’, mycolor(5,:), 'linewidth', LineWidth, 'linestyle', | 51 plot(tt_s *1e3-0.008, Vds_s, 'color’, mycolor(5,:), 'linewidth’, LineWidth, 'linestyle’,
52 ylabel('SV_{ds}$ (V)''fontname', Times New Roman','FontSize',14, 'Interpreter’,'laf 52 ylabel('$V_{ds}$ (V)''fontname’,' Times New Roman','FontSize', 14, 'Interpreter’, late}
53 ylim([-50 400]); 53 ylim([-50 400]);
54 yyaxis right; 54 yyaxis right;
55 plot(tt_d *1e3, Id_d, ‘color', mycolor(4,: 55 plot(tt_d *1e3, Id_d, color mycolor(4,:), linewidth’, LineWidth, 'linestyle’, '-');
Codeoz 56 plot(tt_s ‘1e3—U.008M'c010h m 56 plot(tt_s *1e3-0.008, ,Id s; ‘color', mycolor(4,:), 'linewidth', LineWidth, 'linestyle', '-');
57 ylabel('$I_{d}$ (A)"'fontname’, Times N 57 ylabel('$I_{d}$ (A), ‘fontname’, Times New Roman', FontSize', 14, 'Interpreter’ latex’
58 58
59 xlabel('Time ($\mu s$)','fontname', Times New Roman','FontSize', 14, 'Inte[§/eter’ 59 xlabel('Time ($\mu s$)', fontname’, Times New Roman','FontSize', 14, 'Interpreter’,
60 %legend({'Vds ED', 'Vds SPICE', 'ld ED', 'Id SPICE’}, fontname’, Times N 60 %legend({'Vds ED', 'Vds SPICE', 'ld ED', 'ld SPICE’),'fontname’, Times New Romal
61 61
62 xlim([152.7 152.9]); 62 xlim([152.7 152.9));
73 plot(tt_d3 *1e3, Vds_d3, 'color’, mycolor(5,:), 'linewidth', LineWidth, 'lin{ 73 plot(tt_d3 *1e3, Vds_d3, ‘color’, mycolor(5,:), 'linewidth’, LineWidth, ‘linestyle}
74 plot(tt_s *1e3-0.005, Vds_s, ‘color’, mycolor(5,:), ‘linewidth’, LineWidth,| 74 plot(tt_s *1e3-0.005, Vds_s, 'color’, mycolor(5,:), linewidth’, LineWidth, line]
75 ylabel('$V_{ds}$ (V)','fontname’, Times New Roman'’,'FontSize',14, 'Int 75 ylabel('$V_{ds}$ (V) 'fontname',' Times New Roman','FontSize',14, 'Interpret
76 ylim([-50 400]); 76 ylim([-50 400]);
T yyaxis right; 7 yyaxis right;
78 plot(tt_d3 *1e3, Id_d3, ‘color', mycolor| 78 plot(tt_d3 *1e3, Id_d3, 'color’, mycolor(4,:), 'linewidth’, LineWidth, 'linestyle',
Code03 79 plottt_s *1e3-0. 005 Id--s"—‘ ] ﬁﬁi%%ﬁ§# 79 plottt_s *1€3-0.005,{Td_8, §olor', mycolor(4,:), ‘linewidth', LineWidth, ‘linesty|
80 ylabel('$I_{d}$ (A, fontname', Times *l. ng 80 ylabel('$I_{d}$ (A),fontname’, Times New Roman','FontSize', 14, 'Interpreter]
81 ﬁ AR
82 xlabel(Time ($\mu s$)', fontname', Times New Roman', FontSize' " 82 xlabel('Time ($\mu s$)', fontname’, Times New Roman','FontSize', 14, ‘Interpi
83 %legend({'Vds ED', 'Vds SPICE', 'ld ED', 'ld SPICE'}, fontname', Times 83 %legend({'Vds ED', 'Vds SPICE', 'ld ED', 'ld SPICE’},'fontname’, Times New
k ! g 4 3 84
84 ' _
85 Xim([158.6 158.9]); 63 Xlim([158.6 158.9]);
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Fig. 10. Comparisons of simulated waveforms of the proposed event-driven approach (ED) (purple, top) and LTspice® (red, bottom) of the BWPT system
with open-loop control strategy. (a) Input power P;; (0-5 ms). (b) Output power Ppy; (0-5 ms). (¢) Voltage drop of Sy in the transmitting converter Vg 511
(0-400us). (d) Current flowing through Sy in the transmitting converter I si1 (0-400us). (e) Zoomed-in view of the input power. (f) Turn-on switching
transient waveforms. (g) Turn-off switching transient waveforms.
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Fig. 11.  Comparisons between simulated waveforms of the proposed event-driven approach (ED) (dash lines) and experimental waveforms (solid lines).

(a) Simulated waveforms of ac voltage and current Ug, I, of transmitting converter and ac voltage and current Uy, I, of receiving converter when
Pref = 3.3 kW. (b) Experimental waveforms of Uuc1, lact» Uac2s laca wWhen Prep = 3.3 kW. (c) Experimental waveforms of Ugc1, lac1s Uac2,s laca When
Prep = 1.5 kW. (d) Experimental waveforms of Ugc. lac1+ Uacas lac2 When Prop = 1.5 kW. (e) Turn-on switching transient waveforms. (f) Turn-off
switching transient waveforms.
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Time-Domain and Frequency-Domain Analysis of
SiC MOSFET Switching Transients Considering
Transmission of Control, Drive, and Power Pulses

Bochen Shi®, Graduate Student Member,

Yicheng Zhu

Abstract—Three types of pulses, namely the control, drive,
and power pulscs, coexist in power clectronics systems. The |
transmission of them embodies the idea to control energy flow

with signal flow. However, due to the nonideal performance of |

', Member, IEEE, and Xudong Wang®

IEN

Zhengming Zhao®, Fellow, IEEE,

Drivepulse ower e

and the parasitic clements, significant
delay and distortion are inevitable during the transmission, caus- |
ing severe challenges in terms of both devi
performance. Taking silicon carbide (SIC)
tem as an example, this article studies the transmission of the l
three pulses. Time-domain studies are provided first to derive

the characteristic parameters of the delay and distortion. Based l
on the time-domain expressions, a pulse ‘method

is proposed to study the frequency spectrum of the power pulse |

considering all major transient factors, Experimental results are e

provided o verify the proposed method and the acquired results.
Based on the analyses, the impact of pulse delay and distortion on
system performance ks summarized, and the general Idea of a
gate controlling for the power pulse Is briefly discussed.
article provid d relevant

the perspective of pulse transmission to improve the analysis,
gate-drive design, and active gate control of switching transient.

i

Index Terms—Double-pulse test,  lectromagnetic _pulse,
oscillation,  silicon  carbide  (SIC)  MOS switching
transient

L. INTRODUCTION

HE fundamental principle of power electronics is to

control energy flow with signal flow, with the trans-
mission of the electromagnetic pulses from signal pulsewidth
modulation (PWM) through the gate driver toward the corre-
sponding power PWM [1]. The control pulsc (signal PWM)
represents the desired control information, while the power
pulse (power PWM) is the real actuator in energy conversion
which follows the control information. In an ideal situation,
the control strategy can be perfectly implemented and the
power PWM is equivalent to the control PWM. Unfortunately.
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ogy. nonideal switching transients are sill in
switches [2]-{5]. and parasitic elements always exist in gate

ive circuits and power circuits [6}-{8]. These all contributc
10 delay and distortion during the transmission from control
pulsc 1o drive and power pulscs. as shown in Fig. |

The existence of delay and distortion during pulse trans-
mission leads 1o deviation of the power pulse waveform
from the original desired controlling, and therefore.
serious challenges in terms of both device- and system.
performance. For example, transicnt voltage spikes le
the potential breakdown of the semiconductor device (2], [S],
transient current spikes and switching loss result in possible
overheat [9], the gate-loop oscillation causes instability and
crosstalk [10], [11], and dead-time intensifies the output distor-
tion and increases total harmonic distortion (THD) [12], [13],
challenges. detailed rescarch should be per-
formed to study the transmission of control, drive, and power
pulses, to characterize the delay and distortion between them,
0 determine the impy and system performance,
and as a final target, to actively control the transmission
process so that the power pulse behaves as desired.

Related studies have been conducted from the following
two aspects: 1) investigations on the transient behavior of
power semiconductor devices and 2) active gate control (AGC)
methods of power pulses. Studies that fall into the for-
tegory include modeling. analysis, and suppression
witching transient induced electromagnetic interference
(EMI) [14}-[16}, evaluations of gate loop oscillation and its
impact on stability [10], [17], [18], modeling and investi-
gations on switching loss [9], [19]-[21], studies on dead-
time effect and its compensation [12], [13], and suppression

edivribution req EE permission.
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of crosstalk between upper and lower switches in a phasel .

leg configuration (111, [22). These swdies offer analyses]
methodologies, and discussions from different pcrspccli\-c)
regarding switching transient, and provide insights into th
physical processes. However, they maily focus on ﬁpc(llh:

ot issues instead of an overall analysis and study o
the transmission process of the three pulscs, Another group o
research focuses on the AGC methods for insulated gate powe
semiconductars [23}-{33], where the switching transients ca
be controlled through online adjustments of pn:'

drive parameters. AGC methods offer a promising futu
wheee the Gelay s disorion during the pulse rananissio
can be i controlled to fulfil the desired control Wﬂ
But there lacks an in-depth study on the transmission of m;

control, drive. and power pulses. together with the impact of
the delay and distortion on system performance during th
smission, which is necessary to support the e
of AGC methods.

“To fill this gap. this article provides theoretical and expe
imental studics on the transmission of the three pulses. Th
studies are based on silicon carbide (SiC) MOSFET as on
of the most promising wide bandgap semiconductor device
offering better switching performance, including low con,
duction resistance, decreased switching loss, increased JunJ
tion operating temperature, and high switching L . bu
at the same time, with more prominent .:|
switching transients, especially more serious nwlLumm “rod
contributions of this article include the following. Main PCB

1) A perspective from the transmission of the three npc] |

of pulses is provided, and quantitative analyses to char)
acterize the delay and distortion during the transmissior] |
are prescnted. i3l paform fo e sl
A pulse decomposition method is proposed 10 .uml)lm S A S o St
the frequency spectrum considering the de
distortion during switching transients. |

bridge between the time-domain/frequency-domain

analyses and the design of AGC methods is provided |

by in-deph discussions and experimental veriicons. |
“The rest of this article is organized as follows. Both time-
domuin swdies (Section 1) and frequency-domain studies |
(Section 1) are performed to quantitivly characterize the |
relationship between the control, drive, and power pulses.
After that, in Section IV. the impact of the delay and distortion |
on the device- and system-level performance is summarized. |
and how the above analyses support the evaluation and design
of AGC methods is discussed. Finally, conclusions are drawn | '
in Section V.
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Double-pulse test circuit and the parasitic elements considered in the

F-————————— -

gy Ausly e

Drive circuit

Controller

Oscillosco Load inductor )

- -

Fig. 4. Typical waveforms of the control, drive, and power pulses from
double-pulsc experi ests,

11 TIME-DOMAIN STUDIES

e

“Time-domain analyses are first provided (o study the delay =m - o= -

and distotion beween th three pulses, The sudics ar based _experimental plaform is shown in Fi, 3, Discree devices
on the double-pulse 2. 2, which represents  SiC MOSFET CMF20120D and SIC SBD C4D30120D are
the tested in the experiments. Typical experimental waveforms
from double-pulse tests are shown in Fig. 4, where vy,
pair. The parasitic elements considered inc ae-l00p g, v symbolize the control pulse. the drive pulse,
inductance L,‘ power | lmp mducmu the voltage waveform of the power pulse, and the current
waveform of the power pulse, respectively. It can be observed
that significant delay and distortion exist mlwum the pulses.
which are discussed separately in Section I1-A-II-C.

C. diode junction capac-
Ry. The corresponding
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d Vi

here Vo, s the tun-on threshold gate voltage, an
| s the Miller voltage determined by load current and MOS
Joat Bunsconductunce k.. It is worth noting that for fast-switching

- sient with lower gate resistance, the gate-loop inductances

-
"

e Vi)

' The diston

i 5. D an disorion bews the conre b ad he e . BUISE,

= kel ) and ., 1 (current). According

| e § chindgansient model in [20], analytic

T expresions of the ollage e and the curren: rise tin
7 are deriv
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15, 0. aciay s aIon perweEn ne Conto! pure G e power puscs.
A. Delay Benween Pulses
Delay between the three pulses is discussed first. The
transmission from the control pulse to the drive pulse is
illustrated in Fig. 5. The rise time and the fall time of the
control pulse are usually of or less than the nanosecond-level
time scale. and are hence ignored in this article. So the control
pulse can be approximately regarded as an idea square wave.
The delay time from control to drive pulse is denoted as
Laoat @0 gy for turn-on and tum-off processes, respectively,
They are mainly duc to the delay of logic chips, isolation
circuits (photo-coupler or optical fiber), and driving chips. faomi
and tyu are generally independent of the parameters in the
i de-bus voltage, load current, etc.), but
instead dependent on the temperature of the chips/isolators.
Experimental measurements can be performed to determine
the corresponding delays,
“The transmission from the control pulse to the power pulses
(voltage and current) is illustrated in Fig. 6. The delay time is
defined as

Ting = taomt + on

Tiotr = taom + faatr

Where f,, and fy are the delay time between the drive pulse
and the power pulse, coinciding with the definitions in the
manufacture’s datasheet [34]. These delays are dependent on
the gate-loop parameters. With relatively large gate resistance
and relatively slower switching transients, the gate charg-
ing/discharging processes and the variations of the gate current
during the delays are slower. Therefore, with the assumption
of ignoring the gate-loop parasitic inductances |20, analytics
expressions of the delay time can be given as

Vee = Ve
Lo = Ry (Cyu + Cpalba = Ve :; In —‘—i

taor = Ry(Cpa + Coalvae = 0)) In

Vlmﬂn = Vee

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL.

=80 (Vee = Vi) = 1/4
22l + Re(Cpy 4 Coar)]

A= gy(Vee - -0 .
By = ~(Copt/2+ 87 Run Coa) Vo = Vit + Vin)
—87Reoa (Cos + Coat) Vinitir = (I + 1) /810 = Vi)
C1 = =R (Cyy + Coa)Cogt (Ve = Viniter + Vin)

n 24
Vit
2

where the definitions of the coefficients of the junction capac-
itance charucteristics including Coqy and Cyar, and the line:

transconductance coefficient of the MOSFET denoted as g,
can be found in [20]. The spikes are denoted as peak voltage
Vpear and peak current /sy The expressions are given as [20]

foc + (L + Ly) i /dtl

Kogaly &)
Iyesk = 1+ JdQIdi /d1] '

where dQ is the charge accumulated in Cy during the tur-on
process, [di/dr] and [di /drr are the average changing rate
of iy during turn-on current rising and trm-off current falling
stage.

o study the oscilations,assumpions of the ollowing dis-
cussions are clarified first. Both the studied ci
the experimental setup in this article focus on discrete devices
rather than power modu ted

parasitic clements i as
the middle-poin 35
are not considered. Me itor
is considered in Fig. 2 J? @ E {ﬂ be
constant during the swit /2N ns,
decoupling capacitors ar nd
they can also participatc 6]

9.80. 5, geffiER 2021

“The experimental

g

mped sine waveform 1o describe

BLE |
CHARACTERISTIC PARAMETERS OF THE DAMPED OSCILLATIONS.

Amplitude P (1) Frsquency m DT
Tormon - .
cu o - A
ascilaion i =
Tumalf \
il fral, S —
oucillon il
e
et (GGl
cxtingen ) Vel

cal designs are not considered in the analysis for
imilarly, the load current (/, in Fig. 2) is also
considered as constant.

With the assumptions, the oscillations can be described by
damped sine function, The gencral form is shown in Fig. 7,
where Vi, (or /. for current waveform) is the amplitude, i,
is the frequency, T, is the time period. and e, is the damping
fatio. Components involved in the turn-on oscillation are the
diode capacitance C; and the power loop stray inductance,
while for the turn-off oscillation, the components are MOSFET
capacitance Cyg and Cy, together with the power loop stray
inductance. From the equivalent circuit shown in Fig. 2,
the characteristic parameters describing the oscillations can be
derived and summarized in Table I, where L = Ly +
Ryon) i the ON-state resistance of the SiC MOSFET, and
Roen) 15 the ON-state resistance of the SBD. For simplifica-
tions, the transistor in the upper switch and the diode in the
Tower switch are ignored here, under the dircction of iy shown
in Fig. 2. If taking them into consideration. the extra junction
capacitance should be added into the amplitude and frequency
expressions, as described in Section I11-B.

Equations (3)-(5) and Table 1 provide quantitative expres.
sions of the time-domain distortion (rise/fall time, spike
and oscillations) between the control pulse and the power
(voltage and current) pulse. These expressions are derived
based on the switching transient models proposed in [20],
where the accuracy of the model has been experimentally
verified [20, Fig. 9], which also atiests to the accuracy of
e the distortion between

experiments are performed to
see how different parameters (junction capacitances, stray
inductances, and gate drive resistances) affect the distortion
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T

Spike /%

10|

l‘. fall time and voltagelcurrent spi
esuls e in Fig. 8
I Genenly. icrasing,the Juion capciances Co Co
and G will so, the swiching tansient ad
et time of the cumenivoliage
s that increasing C,. mainly leads to the
he current spike, while increasing Cyg mainly
% the voltage spike of vy,. For Cy, and . they do not
fly partcipaic in the gate charging/discharging process,
%o the impact can be different. The variation of C.. mainly
fects the voltage rise time
Huring the wm-off transient. gﬂ& j‘: X
masin e cuen g
fnd therefore C,, has a limi
{1 forthe volage g heoreticaly the dicharging of Co
il nfunce the allime. The noninear characterisi
onction capacitances can be the reas Tmpact of
. on the turn-off than the wrn-g . As for the spikes
norsin Co w1 G I suppress the voltage spike,
% the current spike.
oy mductances inrodueed from device pack
Conncctions, asembling. and cablcs, Ly L, and L 3 shown
1 Fie. 2 e consdered st The powee oo ndctnce
mainly affects the turn-off voltage spike. On the contrary,
lnu\..mng the common source inductance L, significantly
increascs the risc/fall time while decreases the current/voltage
spikes (within the tested range of the L.). For gate inductance
Ly, the current spike increases with the increase of the
gate inductance, but considering that in practical applications
the gatc driver is usually close 1 the devices and L is usually
around 10 nH, such an impact can be ignored.
For e gae rsiance Ry it inflcnes e char
ing/discharging speed of the gate capacitors. Theref
rise/fall time increases with the increase of R,. et
the voltage/current spikes decrease, This large range variation
of all the main parameters (time and spikes) when changing
R, offers an opportnity to actively control the switching
transicnts by online adjusting of the gate circuits, which will
be discussed in Section IV.
1t is worth mentioning that the studies and cxperiments
in this article are based on the double-pulse test circuits
and the corresponding experimental platforms as shown in
Figs. 2 and 3. which do not take into account some of the
nonideal fuctors in real power converters and prototypes that
may affect the transmission of the pulses. In (37], several
nonideal factors in PWM inverters including the load charac-
the long cables, the multiple phases, and the coupling
between SIC MOSFET and heat sink are studicd. It is high-
lighted that these factors potentially lead 1o worse switching
performance. such as slower switching speed. higher switching
loss. and more series oscillaions, or in order words, more
serious distortion between the pulses. The in-depth studies of
these factors are critical 10 real applications, but fall beyond
the scope of this article.

C. Distortion Benween Gate Control Pulse and Drive
Similarly, for the drive pulse shown in Fig. 5, the ¢
can be characterized as rise/fall e f gz nd g U.-

700
Coteu/F
W

3300

" Valags iike

o o0
e PF
“

Spike /%

Fig & Experimenal st of how difrent
effect, and the oscillations. For SiC MOSFET. due to smalls
junction capacitance and faster switching speed. the Mill
plateau is not apparent. Instead, more visible oscillations: \'.7
be observed. The oscillation is of significant concern in gate
drive design as it potentially leads to spurious opesation of tH
semiconductor device, especally considesing the smaller g
threshold voltage Vi, of SiC MOSFET.

To study the drive pulse oscillations, the gate drive equiv-
alent circuit (a portion of Fig. 2) is illustrated in Fig. 9(a),
This is a single-source circuit and suitable for the study
of the delay and rise/fall stiges of the drive pulse, for
example, the derivation of (2). However, in the oscillation
stages. power loop oscillations can be coupled into the gate

parametens et the dtorion (el e and el sike) between the conrol and e poes
pulscs. Inchuding (3)-40) Junction capacitances. (c)-(5) sray inductances, agedampaicemmis

- - P o
@) Single.source circit, (b) The.source circul
loop through two mechanisms [18]: the Miller capacitance
Cya and the comimon source inductanc
circuit shown in Fig. 9(b) can be betier to take these two
effects into considerations. This circuit implies. that even if
the gate Toop itself is in

- o =
three-source

e L. A

condition, namely
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R}Cys + Cpa) > 4Ly, the power loop oscillations can still
bé introduced through Cgy.and Ly intothe gate loop (which
is more often than not the dominating factor contributing
o the drive pulse oscillations) and therefore threaten the
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H11. FREQUENCY-DOMAIN STUDIES

In Section II, the time-domain expressions of the power
pulses are derived, including delay (described by delay
time) and distortion (described by rise/fall time and damp-
ing sine functions). Based on the time-domain expressions,
frequency-domain studies can be performed to investigate the
frequency-related performance such as output THD and EMI.
A pulse decomposition method is proposed in this section to
study the freqy of
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the power pulses, considering all major impacts during switch-
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switching cycle, respectively. e = tp + Aty and ty =ty +
Ay tye and ty are the rising and falling time of the voltage
waveform in the kth switching cycle.

For es7e(f), the expressions of the oscillation parame-
ters are derived first. The oscillation during the rising edge
realhl from the series moflhpmlwp stray

amplitude is given as
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the damping ratio is given as aj = Ry/2/Lyyy. where the

of L.., and the junction capacitance of the uppu switch,

the lower switch is in ON-state and therefore Voor &~ 0. As a

result, only the rising-edge oscillation has to be considered.

The Fourier transformation of e, 7g(f) is given as
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Then, the general form of the frequency spectrum of the
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C. Case Study

To verify the proposed frequency-domain analysis, a sine
wave x(f) = Msin(2x for) is selected as a modulation signal,
where M = 0.9 and fo = 1 kHz. The carrier signal is

Finally, the impact nt transient  process mcludmg
rising/falling and oscillation il studied. The device paramers
used in the studies are summarized in Table Il Sqme
of these values including the junction capacitances, MOS
transconductance, and threshold { voltage are extracted from \he
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59 mewa 5 : IV. DISCUSSION ON AGC OF THE POWER PULSE
L L] | Sections Il and Il provide quanttative analyses on the
1
|
]

introduced in [41]. The gate drive phrameters in the model
(drive voltages and resistance) arg’in accordance with the
experimental sctup design. With the parameters in Table II.
the rise/fall time, peak voltgize/current, and oscillation
parameters used in (12157 can be_calculated, o that

the model results can be :dmpnrcd with the

relationship (delay and distortion) between the control, drive,
and power pulse, from the perspectives of both time-domain
and the frequency-domain, together with the impact of system
parameters (gate drive parameters, dead-time, etc.) on these
delays and distortion. The analyses can be used to guide
the design and evaluation of AGC methods. In this section,
the relationship between pulse delay and distortion with the
system performance is summarized, based on which a brief
discussion on the general strategy for AGC is provided.

Impact of the delay and distortion on system performance
s summarized in Table Il

results.

highli
their

quantitative impacts on low-frequency EMI (signal and carrier
band) can be evaluated with thelfrequency-domain methods
presented in Section II1, and bnsql on which, the dead-time
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me, delay time, rise/fall time, voltage/current
llations. Experimental results are provided to

DAC CPLD,

——————————

briefly discussed.
iew to understand
hing transient from the transmission of

fiz 20, Experimental prototype of the AGD.

| monstrated analyses and results are helpful
I in the study and design of AGC methods of gate insulated
| semiconductor devices.
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TABLE I1I

COMPARISON OF PWM AND ON-OFF CONTROLLER

PWM controller

On-off controller

The controlled

Continuous (large-

Continuous (large-scale)

process scale) -- discrete -- discrete
. Regulator and modulator

Continuous controller, N

Regulator are integrated, such as

such as PI R
hysteresis controller

PWM controller, such

Modulator

as carrier-based PWM

Dynamic response Slower Faster
Switching K - -
frequency Typically fixed Typically variable
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Table 1 Comparisons between large time-scale control
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