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Abstract— Power electronics converters become an enabler
for future power and energy system. High-fidelity power
electronics simulation can be compute-intensive and time-
consuming because of the higher switching frequency (i.e.,
switching actions per second) of converter using advanced
power semiconductors and an increased number of converters
applied in the system, such as renewable energy with energy
storage and electrified transportation. Unlike the switching
model, average modeling can efficiently alleviate the
computational burden, and adequately represent converters’
behavior for the controller design, but sacrifice the resolution
for switching ripples/harmonics, which are also crucial for
power electronics design, operation, and reliability studies. This
digest proposes to accelerate the switching model-based
simulation by leveraging a fast but low-fidelity average model
plus parallel computing technique, entitled the average-to-
switching (A2S) method. First, in comparison with today’s
sequentially-computing approach, the basic concept of the A2S
method by introducing parallel computing is presented. Then,
the detailed methodology of the proposed A2S approach is
described with the derivation of the algorithm suitable for
paralleling computing. Finally, a case study with a widely
applied two-level voltage source converter is performed and a
comparison among these methods is summarized. It is observed
that this proposed method performed >5 times speedup than the
benchmark while maintaining an r-square value of the results >
0.99.

Keywords— power electronics, parallel computing, simulation
time, simulation accuracy

I. INTRODUCTION

The trend of power electronics applications has become
various due to the demand from low power electrical
consumer devices, such as smart phone, laptop, to high power
converters for electrified transportations, renewables, and
grids. Regardless of the applications and requirements,
simulation is one of the fundamental steps to reduce design
cost from troubleshooting back and forth during the design
process of electrical devices [1-4].

Average model is one of the popular modeling approaches
for simulating the behavior of converters with simplified
procedure of analysis and reduced complexity of the
simulation model by the state-space average method [5-8].
The average model is majorly benefited from approximating
the switching action of power semiconductors by averaging
the switching period. Ref [9] gives a comprehensive strategy
on deriving average model on different type of converters. On
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the other hand, switching modeling is capable of
demonstrating more  details considering  switching
ripples/harmonics because it does not average action in the
switching period while with the penalty of increased
computation burden and simulation time. Since switching
modeling considers the switching function of individual
power switches in the converter, providing more insights for
accurate passive design, loss estimates, and thermal
management., which are crucial for converter design,
operation, reliability, and analysis of efficiency [10].
However, for the high-frequency design enabled by the
advancement of power devices (e.g., wide bandgap
semiconductors), high switching frequency increases
computational time, as demonstrated in a case study using
MATLAB/Simulink as the benchmark in Figure 1, The result
shows the simulation time is almost proportional to the
switching frequency.

Simulation time (10 ms)

15000
MATLAB

10000 SIMULINK

5000
, = 1

30 kHz 100 kHz300 kHz

Computation time
(ms)

Figure 1: Trend of Switching Frequency vs. Computation Time

In summary, it can be time consuming to looking into
more reaction of switching actions by switching model or less
of details to achieving fast simulation results by average
model. Based on the full understanding of both modeling
approaches together with paralleling computing technique,
this digest proposes an average-to-switching (A2S) method to
acquire both fast execution time as close as average model
method, and high-fidelity simulation results considering the
switching behavior. Section II overviews today’s switching-
based simulation method with the sequential algorithm along
with the basic concept of the proposed A2S method. Section
III introduces the methodology of the A2S approach to
perform the combination of average and switching method
with parallel computing suitable algorithm. Section IV
conducts a comparison case study to quantify the simulation
speed and accuracy between the benchmark and the proposed
A2S method. Finally, a summary and future work are given in
Section V.
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II. BAsIiC CONCEPT OF THE PROPOSED A2S METHOD

Figure 2 shows the waveforms of a switching-based and
an average-based simulations with the given topology under
the same operating condition. Two takeaways are observed:
1) switching waveform is simulated sequentially by taking the
final value from the previous time step as the initial value for
the next time-speed; as a result, the dependency between
simulation time steps challenges the usage of high-speed
parallel computing technique; 2) within one switching cycle,
the average waveform value is equal to the mean value of the
switching waveform, which is mathematically correct due to
the definition of the average operator equation illustrated in
Figure 2. Therefore, the average model (faster & regardless of
switching frequency) can provide the mean value for each
switching cycle, allowing the switching model to be solved
independently with parallel computing. This is the basic
concept of the proposed A2S method.

;
/
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/ /’ \ x(t) :% fx(r)dr/ \

NS \

ta t3

! ty
0 0 ¢ ()= %(J‘ x(1o)dt + f x(ty)dt + f x(13)dt + )

to t t2

Figure 2: Sequential Mathematic Simulation Algorithm of
Switching and Average Model

III. METHODOLOGY

A widely applied two-level three-phase voltage converter
in Figure 3 is adopted as an example to illustrate the proposed
A2S methodology below. A five-step method is proposed, as
illustrated in Figure 4.

o

Figure 3: Circuit Topology

‘ Step 1 ‘ ‘ Step 2 ‘

‘ Step 3 ‘ ‘ Step 3 | ‘ Step 3 ‘
‘ Step 4 I | Step 4 | | Step 4 ‘
L J
T
Parallel computing

Figure 4: Flow Chart of the Proposal A2S Method

Step 1 — average model simulation: the execution of the
average method [2] is necessary to provide the mean value to
the following step calculation in switching cycles for
switching behaviors. The average value will be one of the
inputs in step 3.

Step 2 — switch-based circuit equations derivation: the
circuit equations are formed by the combination of the switch
functions determined by the modulation scheme. Table 1
summarized all eight combinations of switch functions in this
two-level three-phase converter example. Individual
combinations form a specific linear circuit. Therefore, the
corresponding ordinary differential equation for each switch
function combination could be derived, as summarized in
Table 2, to support the following steps.

As can be observed in Figure 5, a repeating pattern is
shown and defined as one “cycle”. Switch-based waveforms
under different “cycles” will be able to conduct in parallel to
speed up the simulation time. Furthermore, by looking into
each “cycle”, there is a few ramps causing by the change of
switching functions, meaning that different equations in Table
2 should be conducted sequentially. The enlarged switch-
based waveform in Figure 5 indicates there are six steps (i.e.,
six equations — “a” to “f” — out of eight cases in Table 2) within
one “cycle”. The specific “a” ~ “f” equations within one
“cycle” could be determined by the pre-defined pulse width
modulation plus the controller output with carrier waveform.

A phase current
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Figure 5: Parallel Sections & Sequential Equations
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Table

1: Switching Behaviors
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Case 1 CASE 2 CASE 3 CASE4 CASE S CASE 6 CASE7 CASE 8
SAH/SAL ON/OFF ON/OFF OFF/ON OFF/ON ON/OFF ON/OFF OFF/ON OFF/ON
SBH/SBL ON/OFF OFF/ON OFF/ON OFF/ON ON/OFF OFF/ON ON/OFF ON/OFF
SCH/SCL | ON/OFF ON/OFF ON/OFF OFF/ON OFF/ON OFF/ON ON/OFF OFF/ON
SAB 0 1 0 0 0 1 -1 -1
SBC 0 -1 -1 0 1 0 0 1
SCA 0 0 1 0 -1 -1 1 0
Table 2: Equations for Corresponding Cases
Case 1 dig —Ra 0 Case 6 [di,] [—Ra 0 1 [ 2 ]
Case 4 dt | _| La ta] o [O] v dt | _| La ta| o |3Laly,
diy —Rb|lip] " Lol "dc diy 0 —Rb| i, —1] "
dt Lb Ldtd L Lb L3Lb
Case 2 [di,1] [—Ra 0 1 [ 17 Case 7 [di,] [—Ra 0 1 =27
dt | _| La ta] . |3Laly, dt | _ | La ta] . |3La|y,
dip 0 —Rb| iy —2| 4 diy, 0 —Rb| i 1 | Vae
Ldtd L Lb L3LDb Ldtd L Lb | L3LDb
Case 3 [di,1] [—Ra 0 1 -17 Case 8 [di,] [—Ra 1 —17
dt | _| La la] . |3Laly, dt | _ | La ta] . |3La|y,
dip 0 —Rb| iy —1|"4 diy, 0 —Rb| i 2 | Vac
Ldtd L Lb L3LDb Ldtd L Lb | L3LDb
Case 5 [di,] [—Ra 0 1 [ 1]
dt | _| La ta] , |3La|y,
diy . Rb|liy 1 |Vac
Ldtd L Lb L3LDb
Step 3 — input initial value: input the initial value to the A phase current
sequential “a” ~ “f” equations gained in step 2. After 268 Swiching) |
determining the “a” ~ “f” equations in step 2, it is to complete 270} = .,n“m;;,"‘
the sequential calculation for each “cycle” by substituting an - A2S waveform =
initial value for the equation “a”. Then, the output value from ' N T _
the equation “a” will be the input for the equation “b”, and so g 274 e | T e
on. In fact, the initial value for the equation “a” could be any - . R
value close to the average value because a calibration step will "’ l
be conducted afterward. In this example illustrated in Figure e ~
6, the initial value for the equation “a” is selected as the mean 280 Xinitial
value of the average method waveform, x” avg, within the ]
period starting from the equation “a” to the end of the equation - _ ; ; . . :
“” which is showing as the initial A2S waveform in Figure b L S e

Figure 6: A2S waveform Calibration



Step 4 — waveform calibration: calibration is needed to
correct the waveform generated in step 3 by the mean value
calculated in step 1. The mean value of the initial A2S
waveform can be calculated after step 3 so in the calibration
step, a loop algorithm is introduced. If the error between the
mean value of the average method waveform and the mean
value of the initial A2S waveform is larger than the threshold
value, as (2), add or reduce a bias on the mean value of the
average method waveform and goes to step 3 again until the
error between the mean value of the average method
waveform and the mean value of the initial A2S waveform is
within the threshold value.

In this case, the threshold is self-defined, and the value
selection needs to be investigated further for optimization due
to the impact on the number of iterations in the loop causing
the trade-off between accuracy and execution time.

@

Step 5 — data fusion: in this last step, the calculated
waveform under individual switching cycles generated by
parallel computation under step 3 and step 4 will be integrated
as the final A2S result.

Error = Xavg — Xinitial

In summary, as illustrated in Error! Reference source
not found., steps 1 and 2 are conducted separately as the input
for the following steps. Steps 3 and 4 to solve the time-
consuming ordinary differential equations in Error!
Reference source not found. are performed in parallel, and
final results are given after step 5 with the data fusion.

IV. CASE STUDY

According to the methodology above, this paper provides
a case study to demonstrate the performance of the A2S
method. The parameters for this case study is listed in Table
3 for the topology shown in Figure 3 for 0.04 second
simulation.

Table 3: Application Parameters
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V. RESULTS COMPARISON

As shown in Error! Reference source not found., A2S
method has a considerable performance on reducing execution
time due to the characteristic of introducing average method
and conducting switching action in parallel. Looking into the
A2S method execution time, the average model has to be
conducted as the step 1 so the A2S model execution time
should include the average model execution time and the
overhead coming from addressing the switching behaviors
and A2S result of each cycle. One thing that should be noted
is that due to the parallel implementation no matter how large
the number of cycles is simulated (i.e., regardless of the
switching frequency), execution time is counted for only one
cycle. Error! Reference source not found. demonstrates a
simulation waveform comparison in one fundamental cycle
between the average model, switching model, and A2S model.
As can be observed in Error! Reference source not found.,
the results based on the A2S method agree with the switching
model benchmark waveform by MATLAB/Simulink — R-
square values are all above 0.993. In the meantime, A2S
model execution time reduces by 4X.

ing
620ms 4 Switching model

146ms

‘ A2S model

A2S model overhead

30ms

1 cycle in A2S model

Switching behavior overhead 9ms

30ms

Figure 7: Execution Time Comparison Among Modeling Methods

).993

A phase current

Time(s)

P T

Figure 8: Waveform Comparison Among Modeling Methods
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VI. SUMMARY

This section proposes a method to accelerate the switching
model-based simulation by leverage high-speed but low-
fidelity average model plus parallel computing technique.
Based on a case study, it shows > 4X simulation speedup as
compared to a MATLAB/Simulink benchmark while the
corresponding R-square value of the compared waveforms
exceeds 0.993.

ACKNOWLEDGMENT (Heading 5)

This work was supported by the Simulation Based
Reliability and Safety (SimBRS) Program for modeling and
simulation of military ground vehicle systems, under technical
services contract W56HZV-17-C-0095 with the US Army
DEVCOM Ground Vehicle Systems Center (GVSC).
Distribution A. Approved for public release; distribution
unlimited. (OPSEC 5622)

REFERENCES

[1] D.Maksimovic, A. M. Stankovic, V. J. Thottuvelil and G. C. Verghese,
“Modeling and simulation of power electronic converters,” in
Proceedings of the IEEE, vol. 89, no. 6, pp. 898-912, June 2001, doi:
10.1109/5.931486.

[2] S. Bacha, I Munteanu, and Al Bratcu. “Power electronic converters
modeling and control.” Advanced textbooks in control and signal
processing 454 (2014): 454.

[3] C. Wan, M. Huang, C. K. Tse and X. Ruan, "Effects of Interaction of
Power Converters Coupled via Power Grid: A Design-Oriented Study,"

in IEEE Transactions on Power Electronics, vol. 30, no. 7, pp. 3589-
3600, July 2015, doi: 10.1109/TPEL.2014.2349936.

[4]

[3]

[6]

(7

[8]

[

[10]

2775

kR LEN =~ P~ = =R 1R ——~ r—~p——

S A o~ ——~ o~

C. Wan, M. Huang, C. K. Tse, S. -C. Wong and X. Ruan, "Nonlinear
Behavior and Instability in a Three-Phase Boost Rectifier Connected to
a Nonideal Power Grid With an Interacting Load," in IEEE
Transactions on Power Electronics, vol. 28, no. 7, pp. 3255-3265, July
2013, doi: 10.1109/TPEL.2012.2227505.

A. Emadi, “Modeling and analysis of multiconverter DC power
electronic systems using the generalized state-space averaging
method,” in IEEE Transactions on Industrial Electronics, vol. 51, no.
3, pp. 661-668, June 2004, doi: 10.1109/TIE.2004.825339.

J. Mahdavi, A. Emaadi, M. D. Bellar and M. Ehsani, “Analysis of
power electronic converters using the generalized state-space
averaging approach,” in IEEE Transactions on Circuits and Systems I:
Fundamental Theory and Applications, vol. 44, no. 8, pp. 767-770,
Aug. 1997, doi: 10.1109/81.611275.

P. T. Krein, J. Bentsman, R. M. Bass and B. C. Lesieutre, “On the use
of averaging for the analysis of power electronic systems,” 20th Annual
IEEE Power Electronics Specialists Conference, Milwaukee, WI,
USA, 1989, pp. 463-467 vol.1, doi: 10.1109/PESC.1989.48523.

N. Vukadinovi¢, A. Prodi¢, B. A. Miwa, C. B. Arnold and M. W.
Baker, “Extended wide-load range model for multi-level Dc-Dc
converters and a practical dual-mode digital controller,” 2016 IEEE
Applied Power Electronics Conference and Exposition (APEC), Long
Beach, CA, USA, 2016, pp- 1597-1602, doi:
10.1109/APEC.2016.7468080.

S. (1995). Modeling and control of three-phase PWM converters
(Order No. 9626120). Available from ProQuest Dissertations & Theses
A&L (304251813). Retrieved from
https://www.proquest.com/dissertations-theses/modeling-control-
three-phase-pwm-converters/docview/304251813/se-2

B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli and Z. Shen, "Small-
Signal Stability Analysis of Three-Phase AC Systems in the Presence
of Constant Power Loads Based on Measured d-q Frame Impedances,"
in IEEE Transactions on Power Electronics, vol. 30, no. 10, pp. 5952-
5963, Oct. 2015, doi: 10.1109/TPEL.2014.2378731.

el A Ak AN —— 1 tm———~r trmr—mr—xr 1 e





 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.500 x 11.000 inches / 215.9 x 279.4 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20120516081844
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     4
     5
      

   1
  

 HistoryList_V1
 qi2base



