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Abstract—At present, power electronic transformers (PETs)
have been widely used in power systems. With the increase of PET
capacity to the megawatt level. the problem of increased losses
need to be taken seriously. As an important indicator of power
electronic device designing, losses have always been the focus of
attention. At present, the losses are generally measured through
experiments, but it takes a lot of time and is difficult to
quantitatively analyze the internal distribution of PET losses. To
solve the above problems, this article first qualitatively analyzes
the losses of power electronic devices and proposes a loss
calculation method based on pure simulation. This method uses
the Discrete State Event Driven (DSED) modeling method to solve
the problem of slow simulation speed of large-capacity power
electronic devices and uses a loss calculation method that
considers the operating conditions of the device to improve the
calculation accuracy. For the PET prototype in this article, a
losses model of the PET is established. The comparison of
experimental and simulation results verifies the feasibility of the
losses model. Then the losses composition of PET was analyzed to
provide reference opinions for actual operation. It can help
pre-analyze the losses distribution of PET, thereby providing a
potential method for improving system efficiency.

Index Terms—Power electronic transformer (PET), losses
analysis, efficiency, losses branch model, discrete-state
event-driven.

I. INTRODUCTION

N recent years, power electronic transformer (PET) has been

widely used in smart grid, AC/DC hybrid power grid, and
locomotive traction system, which has attracted the attention of
industry and academia. At present, researchers mainly focus on
the topology of PET [1]-[3], high-frequency transformer design
[4]-[6], and control strategy [7]-[8]. However, there are still
some problems needed to be solved, such as the cluster control,
the oscillation of high-frequency bus, and the losses analysis
problem [9]. Losses analysis is very worthy of study because a
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detailed losses analysis can methodically interpret the energy
consumption, and then help researchers propose methods to
reduce the losses.

At present, the method of measuring the efficiency curve of
the device is as follows. First, several sets of losses curves
under different working conditions are measured through
experiments, and then the efficiency curve of the entire device
can be obtained by fitting these curves [10]-[12]. Although the
principle of this method is simple, it takes a lot of time to do
experiments for large-capacity power electronic equipment.
Moreover, this method cannot accurately obtain the losses
under each operating condition [13]. In order to quickly and
accurately obtain the losses under various working conditions,
computer simulation methods can be used. Detailed physical
models of equipment are now commonly used to calculate
losses [14]-[15]. Because the calculation results of the detailed
physical model are basically consistent with the experimental
results. This method is feasible for small-scale power electronic
circuits. However, for large-scale power electronic circuits, the
calculation time for detailed physical model may be as long as
several hours, which is often unacceptable. Therefore, scholars
use the ideal switch model to solve large-scale power electronic
circuits, and then use the datasheet to calculate the losses
[16]-[17]. We know that the losses in the datasheet is measured
through a double pulse experiment, this oprating condition is
quite different from the actual device operating conditions. The
error calculated by this method is relatively large. In summary,
for large-capacity power electronic circuits, there is still a lack
of accurate loss calculation methods.

This article proposes a loss calculation method for
large-capacity power electronic devices and a loss calculation
model for the PET studied in this article. The model calculates
the losses of PET by using the voltage and current value in each
component of the PET under different working conditions. It is
hard to calculate these values in general simulation, because the
megawatt PET usually contains a large amount of power
electronic equipment. Traditional simulation software uses a
time-driven approach, which consumes a lot of time in the
calculation of the positioning switch timing. This paper uses a
discrete state event-driven simulation (DSED) platform [18] to
calculate the voltage and current. Using the DSED simulation
platform can improve the accuracy of the simulation and
quickly simulate multiple sets of working conditions for a long
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time. The voltage and current are calculated by DSED
simulation platform. Using these parameters, the losses can be
calculated by the losses model without repeated experiments.

The structure of this paper is as follows: Section II introduces
the topology and principle of the PET studied in this article and
give a basic losses analysis of power electronic devices; Section
IIT introduces the DSED simulation principle and obtains the
losses model using the losses expression considering the
working condition of each module; Section IV verifies the
accuracy of the losses model through the actual experiment and
three applications are proposed to reflect the advantages of the
loss model; Finally, the conclusions are summarized in Section
V.

II. TOPOLOGY, PRINCIPLE AND LOSSES ANALYSIS OF PET

A. Topology and Principle

Power electronic transformers have a variety of topologies.
Common topologies mostly use common DC bus topologies,
which can be divided into two types: cascaded H-bridge
structure [19] and modular multi-level structure [20]. A
cascaded H-bridge structure 10 kV-2 MW 4-port PET is
investigated in this paper. Its structure adopts modular
multi-active bridge (MMAB) the papers [21]-[22] proposed.
The main circuit is shown in Fig 1. The topology uses
‘H-bridge unit + high-frequency transformer’ as a power
module, and each module is connected to the high-frequency
AC bus through high frequency transformer (HFT). The AC
side (HFT side) of these sub-modules are connected in parallel
through a common low-voltage high-frequency bus, and the
DC side can be expanded into ports of any voltage/power level
by using a series/parallel combination. In addition, it can
expand any number of ports and ensure that the ports are
isolated from each other based on the common low-voltage
high-frequency bus.

The PET examined in this paper has 4 ports: HVAC port is
used as input and connected to 10 kV AC grid; HVDC port,
LVDC port and LVAC port output 10 kV DC, +375 V DC and
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Fig. 1. The topology of PET

380 V AC respectively. It can realize the flexible access and
energy routing of multiple distributed energy and loads. The
whole device contains 87 sub-modules, 72 high-frequency
transformers and 578 switching devices, the scale is very large;
and the highest switching frequency is 20kHz. The rated power
of the four ports is 1 MW, and the simulation example structure
is shown in Fig 1.

B. Basic Losses analysis

Losses is an important indicator of power electronic devices.
The losses simulation can provide an important reference for
device design. It is necessary to find out the losses composition
of power electronic devices

The converter input power P, is equal to the sum of output
power Py and power loss Pioss. The power loss mainly includes
device on-state loss Pon, device switching loss Py, transformer
copper loss Pcy, transformer iron loss Pre, capacitor and
inductor equivalent resistance loss Pesr, and additional loss Py.
All the above loss calculation formulas can be seen in
Appendix I.

Bn = Pom‘ +Ploss (1)
})loss :})on +})sw+PCu +PFe +PESR +1)0

The output voltage of PET is fixed. As the load changes, the
output current of the device also changes. Therefore, it is
necessary to make clear the relationship between these different
losses and the load current It can be seen that, according to the
relationship with the load current 7;, the losses in the converter
can be divided into three mechanisms, fixed loss Prixed,
switching loss P and resistive loss Pr. The fixed loss Prixed
does not change with the load current. , The switching loss Psy
is approximately proportional to the first order of the load
current, and the resistive loss Pr is approximately proportional
to the second order of the load current. The main components of
fixed loss and resistive loss are

Pﬁxed =(F, +Po)°C1£ =1
Pl =1, ©)

Py =(F, +PCu+PESR)°CIz

Therefore, the device efficiency will change with the load
current under the losses of these three different mechanisms.
The function of the efficiency curve is expressed as

2
U(IL):l/(I+M] (3)

L

Among them, A, B, C are coefficients, which represent fixed
losses, switching losses and resistive losses respectively.
Taking the derivative of equation (3), and we can find the
position of the maximum efficiency point.

]L(ﬂmax):[L |d77/d1L:0: VA/C (4)

Thus, the shape of the efficiency curve of a typical power
electronic converter can be estimated, as shown in Fig 2. The
low efficiency at light load is mainly due to the fact that the
fixed loss Prixed accounts for a larger proportion of the load; the
low efficiency at heavy load is mainly because the resistive loss
Pr increases twice with the load, resulting in a decrease in
efficiency. The load corresponding to the maximum efficiency
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point of the device depends on the relative relationship between
these two losses, or the relationship between the coefficients A
and C in equation (5). According to experience, the maximum
efficiency point of power electronic devices is usually between
50% and 80% of the maximum load.

A

Maximum
efficiency point

Efficiency

Prixeqis too large Pyis too large

\4

Load

Fig. 2. Efficiency curve of a typical power electronic device

III. PET LOSSES MODEL BASED ON DSED SIMULATION
METHOD

In the previous section, the basic analysis of PET losses has
been carried out, and the calculation of losses through
simulation has become a problem to be solved. To achieve this
goal, we need to calculate the losses of each part according to
the composition of PET. After getting the losses expression, we
also need to calculate the parameters of the losses model
through simulation. However, the simulation speed of
large-scale power electronics has always been slow. In this
paper, DSED method is used to solve the simulation problem of
PET, and the simulation results are brought into the losses
model to quickly obtain the losses and efficiency of PET under
different working conditions.

The following will first introduce DSED method, and then
give the losses expression for calculation. Finally, the losses
expression of pet is given by combining the two parts.

A. DSED Algorithm

At present, most power electronics simulation software such
as PSIM®, Simulink®, PLECS®, etc. do not have the ability to
consider the switching transient process in detail, while Saber®,
PSpice® and other software have switching device transient
models[18], However, it cannot be used in actual device
simulation, especially large-capacity power electronic system
simulation, for three reasons: unacceptable simulation speed,
frequent convergence problems[23] and experimental
parameter extraction methods [24-25].

These simulation tools are more practical in simple circuit
simulation composed of several switching devices, but
large-capacity power electronic devices are often composed of
hundreds or even thousands of switching devices, and The price
is unacceptable using Saber® and other software for transient
simulation[25]. Even if using the ideal switch model for
simulation, the simulation speed of existing simulation tools is
also difficult to meet the needs of large-capacity power
electronic devices.

For example, take the simulation example of this article as an

example: a 10 kV-2 MW PET, the entire device is composed of
87 conversion unit modules, 578 switching devices, and 72
high-frequency transformers. If you use the now commercially
available and mature power electronics simulation software
PLECS® for simulation, the 0.5 s dynamic process will take
about 10 hours if the accuracy is not set very high, while it will
spend a longer time using Simulink® and other software to
achieve the same accuracy. The speed is completely
insufficient to meet the needs of device development.

The DSED simulation method is proposed for the two goals
of transient simulation and high-efficiency simulation[12-13].]
The method innovated in many aspects such as transient models,
numerical algorithms, simulation mechanisms, and modules
decoupling combining the mathematical characteristics of
power electronic systems. the simulation speed of power
electronic circuits has been greatly improved. The details of the
DSED algorithm can be found in the literature[12-13].

B. Comparison of simulation results between DSED and
PLECS®

In order to verify the accuracy of DSED, simulation
examples of 4-port PET were built for comparison by using
DSED simulation method and the current mature power
electronics simulation software PLECS®. Among them,
PLECS® uses version 4.1.8. The test scenarios are starting
process and switching load. Each bus capacitor of the device is
pre-charged to the rated value, starting with 500 kW of LVAC
load, and putting into HVDC load of 250 kW at 0.1 s.

The port waveforms are shown in Fig 3, which (a) is HVAC
grid-side current, (b) is HVDC output voltage, and (c) is LVAC
output voltage. The comparison of the calculation points of the
two simulation software can be seen in the partial magnified
figure (d).
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Fig. 3. Comparisons of simulated results

From the above comparison results, it can be seen that the
simulation results of DSED and PLECS® are basically the same
regardless of the port output characteristics or the internal
characteristics of the device. Table I shows the comparison of
the time-consuming simulation and the error comparison of the
simulation results. The error calculation is based on the results
obtained by the PLECS® simulation software and limiting the
maximum step size to 10e—8. The accuracy of the simulation
results obtained below is sufficiently high.
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TABLE I
EFFICIENCY COMPARISONS BETWEEN DSED AND PLECS®
DSED PLECS®
Simulation process 0.2 s dynamic 0.2 s dynamic
process process
Variable step Variable step
algorithm algorithm
Maximum step size¢ ~ RADAU solver
Simulation Sets 10e—3 Maximum step
Minimum/maximum size 10e—3
order 2/10 Absolute error
Absolute error 10e-3 10e—4
Switching Model Ideal Model Ideal Model
Time Cost 14.6s 6h 32min
Grid 0.001 53% 0.002 32%
current
HVDC
Relative port 0.000 0431% 0.000 0245%
error voltage
LVDC
port 0.017 3% 0.026 2%
current
Note:

errorl =|DSED — PLECS|/ DSED, error2 =|DSED — PLECS|/ PLECS

C. Losses Model

The PET is composed of switching devices, high-frequency
transformers, passive devices, and control circuits. The losses
of the control circuit and passive devices account for a small
proportion and can be ignored [26]. The losses are mainly
caused by switching devices and high-frequency transformers.

Both Insulated Gate Bipolar Transistor (IGBT) and silicon
carbide Metal-Oxide-Semiconductor Field-Effect Transistor
(SiC MOSFET) [27] are used in the PET we investigate. Two
switching devices are used in different parts of the PET
according to their advantage. The losses analysis for both of
them will be given in Appendix I.

After deriving the losses expression of each switching device,
it is necessary to consider the above losses in the actual
converter.

a) The Conduction Losses of Converters

The conduction losses in the switching device can be
calculated based on Eq (21), (22), (23). The IGBT on-state
losses can be expressed as,

1r .
BGBT,an = ?J‘O (uCE x lC )dwt - UCEOIIGBT av + R IIZGBT rms (5)

where liget,av is the average current of IGBT, and /ligpr,ms is the
RMS current of IGBT.
Similarly, the MOSFET and diode on-state losses can be
expressed as,
P

MOSFET ,on

1 T . 2
= ?J‘o (upg xip)dwt = R 1 MOSFET ,rms (6)

Ul

diode,av

1 (r . 2
Riiode,on = ?J.O (uD X ZD )dZD'Z + R ]dLDdL rms (7)

where ImosreTms 1S the RMS current of SiC MOSFET, where
Lgiode,av 18 the average current of diode, and lgiode,rms 1S the RMS
current of diode.

b) The Switching Losses of Converters

The turn-on losses E,, and turn-off losses Eofr are calculated
in Eq (24) and (25). Then, the average switching losses of IGBT
can be calculated as follow,

l(j) Udc

]r rate Urate
®)

P

IGBT ,switch =

(E,.G()+E,; () 7=

1
TS
1

T

1M 1P

(K + ki) + k) D e
U)‘ate
where N is the switching times in half grid cycle, e and Usaee
are the rated values of current and voltage during the switching
losses test in device datasheet, i(j) and Uqc are the real values of
IGBT current and voltage in the PET.

Similarly, the switching losses of MOSFET and diode can be
expressed as,

J rate

! 3 + ! Ur red
Muafet switch T E (k k. )l(j) + k +k ) (j) i (9)
/=l rate rate
= —1 N l(])
E k i + k — real 10
dmde switch T = (]) » Umte ( )

D. Losses Model of PET based on DSED

After deriving all the components losses expression of PET
and calculating the current and voltage needed by losses
expression using DSED method, the losses of each module in
the PET can be analyzed.

According to the above analysis, the losses can be divided
into three types: they are directly proportional to 7" (n =0, 1,
2).

P =axi®+bxi+c

loss ( 1 1)
a) High Voltage AC Module

By using Eq (5)-(10), the losses of each part in high voltage
AC module is calculated using DSED simulation,

thacvs‘c :a12 +b1 +C1 (12)
thac,dab a Ijab +b Idab +C (13)
ljhvac,HFT PCLI + P (14)

where Phyac,vse 18 the losses of AC-DC H-bridge, Phyac,dab 1 the
losses of DAB H-bridge, Phvac urr is the losses of HFT, ay, az, by,
ba, c1, ¢z are constants.

b) Low Voltage AC Module

The low voltage AC module is composed of a DAB H bridge
and an AC-DC H bridge. By using Eq (5)-(10), the losses of
each part are calculated as,

P :a”_’>la2c‘+b31ac+c3

Ivac,vsc (15)
2
B = ALy + 0,14 ¢, (16)
where Piyacvse 18 the losses of AC-DC H-bridge, Pivacdab 18 the
losses of DAB H-bridge, as, a4, b3, bs, c3, ¢4 are constants.
¢) High and Low Voltage DC module

The module structure of the two DC ports is the same, which
can be analyzed together. The DC module consists of an H
bridge using SiC MOSFET and an HFT shown in Fig 1.
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By using Eq (5)-(10), the losses of each part in high voltage AC
module is calculated as,

_ 2
thdc,dah =agl,, +bl,, +c

_ 2
Breaar = s gy + b1 40y + €

(17)
thdc,HF =Py * Py
P1vdc,HF =Py + Prs

where Phvdc,dab, Pivdcdab are the losses of H-bridge in high
voltage DC module’s DAB and low voltage DC module’s DAB,
Phvacurt, Pivacurr is the losses of HFT in high voltage DC
module and low voltage DC module, as, as, bs, bs, cs, cs are
constants.

All the constant coefficients ai, b;, ci(i=1, 2, 3,4, 5, 6) can be
calculated by using losses expression we get before and DSED
simulation method.

The voltage of each part of the device is unchanged. By
changing the current in the expression into power, the losses
expression can be easily normalized with different parameters
a*, b", c"as,

P =a'xP*+b*xP+c"

loss

(18)

The losses in each part of PET can be shown in Fig 4.
Considering the number of submodules in each port, the losses
of each port can be calculated by using Eq (5)-(19). The
constant coefficients of each port can be driven and the
following expression is the PET losses under a certain
condition that AC loop power is 500 kW, and DC loop power is
400 kW.

P imae =0.49¢-5x P +29.249¢-4x P, +6.5418
Py mae =0.509¢-5x B, +6.512e-4x P, , +3.9635 (19)
Py i =0.983e-5x B, +25.08e-4x P, +3.649
sivae = 0.503e-5x P2 +4.6794e-4x B, +3.5975
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\l\_/C/ N (_ \ N7 JL ‘
|“lvac Cut Ll g, CuT Unvae
L tvacuses L _1vDClases |

Fig. 4. The losses model of PET

IV. VALIDATION AND APPLICATION OF LOSSES MODEL

The validation of the losses model is proved through
experiments and then the advantages of using the losses model

are illustrated through three examples.

A. The Validation of the Losses Model

A 1MW PET prototype is used for case study to verify the

correctness of the model. The prototype is shown in Fig 5.

279

recorder

Fig. 5. Experimental test platform

The IMW PET adopts the DAB module shown in Fig 1 and
has four voltage level ports. The high voltage AC port rated
capacity is IMW, the high voltage DC port rated capacity is
500kW, the low voltage DC port rated capacity is IMW, the
low voltage AC port rated capacity is 700kW, the modulation
index of AC-DC H-bridge is 1, and the frequency of HFT is
20kHz. The MOSFET modules use CREE’ CAS120M12BM2
and CAS300M12BM2 and the IGBT modules use Infineon’s
FF1400R121P4. The high voltage AC port consists of 14 input
series output parallel (ISOP) modules in each phase. The high
voltage DC port and the low voltage DC port have 15 modules
paralleled respectively. The low voltage AC port has 15 DAB
modules and a 3 phase 4 legs inverter composed of IGBT. Each
port can be used as a source to transmit power or as a load to
absorb power.

The experimental working condition is shown in Fig 6. Two
DC ports are connected to form a power closed loop. One of
them is in power control mode and the other is in voltage
control mode. Power can flow from one DC port to another.
The high voltage AC port is connected to the grid and operates
in the following mode. The low-voltage AC port runs in the
control power mode, and the power flows back to the grid
through the transformer.

High Frequence AC Voltage Bus
HVAC LVAC HVDC LVDC

PR T~ T D Nl
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AC 10kV Grid
Fig. 6. The experimental topology of PET losses test

10kV:380V

In the experiment, the power reference value of AC loop and
DC loop are changed respectively. The DC loop increases by
100kW from Okw to 500kW, and the AC loop increases by
100kW from Okw to 400kW. The total input power and output
power were experimentally recorded, and the losses of PET
were obtained, as shown in Table II.

As for the simulation, the voltage and current required for
losses calculation are calculated by DSED method to improve
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TABLE II
LOSSES FROM EXPERIMENT AND SIMULATION
AC Loop DC Loop Experiment Simulation
Power(kW)  Power(kW) Result(kW) Result(kW) error
100 0 20.2 18.41 8.86%
100 100 19.2 18.68 2.71%
100 200 20.2 19.25 4.70%
100 300 21.2 20.13 5.05%
100 400 222 21.32 3.96%
100 500 232 22.81 1.68%
200 0 20.2 19.40 3.96%
200 100 20.2 19.66 2.67%
200 200 21.2 20.23 4.58%
200 300 21.2 21.11 0.42%
200 400 222 22.30 0.45%
200 500 24.2 23.80 1.65%
300 0 21.2 20.68 2.45%
300 100 20.2 20.94 3.66%
300 200 21.2 21.51 1.46%
300 300 222 22.39 0.86%
300 400 222 23.58 6.22%
300 500 24.2 25.08 3.64%
400 0 21.2 22.25 4.95%
400 100 222 22.52 1.44%
400 200 21.2 23.09 8.92%
400 300 222 23.97 7.97%
400 400 25.2 25.16 0.16%
400 500 26.2 26.65 1.72%

Note: error = ‘Experiment —Simulation‘ / Experiment
the accuracy and speed of simulation [28]. By utilizing the
losses branch model of PET and simulating the actual operation
of a PET, the losses obtained from the simulation is shown in
Table I.

It is found that the average error between the experimental
value and the simulation value is 3.51% from Table 1. The
maximum error is 8.92% when the AC loop is 400kW and the
DC loop is 200kW. At this point, the absolute error between the
experimental value and the theoretical value is 1.89kW at the
maximum.

The main reasons for the difference between the simulated
value and the experimental value are as follows:

This article is concerned with providing a method for quickly
calculating the loss and efficiency of large-scale power
electronic devices. The thermal calculation inside the device is
not the focus of this article. In the experiment, the device
temperature is room temperature when the device starts to run.
The temperature of the device will rise as the experiment
progresses. According to the interaction of heat and heat
dissipation of the device, the temperature of the device will
remain basically unchanged in the end. This article calculates
the switching loss using the loss value of 125 °C in the device
data sheet, because this temperature is close to the actual
temperature. The device temperature of the actual device will
change and this will cause errors.

In addition, only a few main losses are considered in the
simulation, and the loss of the driver board, the loss of the
cooling fan, and the loss of the inductor and capacitor are not
considered. In addition, When measuring the efficiency there is
a number of things to consider, including the accuracy of the
power meter used in the experimental measurement and so on.
All of the above will cause errors in the results. Although the
relative error between the simulated value and the experimental
value is large, the absolute error is small. It has little effect on

TSN
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Fig. 7. Fitting degree(a) and Error(b) between Simulation and Experiment

the efficiency curve and loss distribution of the research device.

From Fig 7 (a), we can see that the losses surface calculated
by the losses model is consistent with the measured losses data.
The R-square of the simulation losses curve is 0.7012. The
error between simulation value and experimental value is
shown in Fig. 7 (b), and the maximum error is 1.89 kW, the
minimum error is 0.05 kW.

Through the above analysis, the accuracy of the proposed
losses branch model can be verified.

B. The Application of Losses Model

After verifying the accuracy of the loss model, we believe
that the proposed model is basically consistent with the
experimental results. Therefore, we can use this model to
implement functions that were difficult to achieve before. For
example, find the maximum efficiency point, the losses
distribution of the device, and the relationship of various losses
with load. These are usually difficult to obtain through
experiments, but they are very useful for our research and
design of devices. The details will be expanded below.

a) Search for The Maximum Efficiency Point

It is known that the device operating near the maximum
efficiency point has the greatest economic benefit, especially
for the megawatt power electronic transformer discussed in this
paper. For this kind of large device, because the simulation
speed is too slow, we can only use the experiment to find the
maximum efficiency point. However, the disadvantage of
finding the maximum efficiency point through experiments is
that the search step size is very large, which often cannot
accurately find the real maximum efficiency point. Moreover,
this large-scale equipment needs a lot of time to do the
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experiment, including the inspection before the start, the pre
charging of the device and so on. The above problems can be
solved by using the loss calculation method proposed in this
paper.

Taking one working condition as an example, the two DC
ports power of PET can be changed and the AC ports power is
determined. The efficiency curve can be obtained through the
losses model, as shown in Fig 8. When the DC power of the
PET is 325 kW, the maximum efficiency of the PET is 98.14%.

The maximum efficiency point of the device is obtained by
this method. The simulation time is much less than the actual
experiment, and the search step is quite small to accurately find
the maximum efficiency point. This method provides
suggestions for the actual operating conditions of the device,
makes the device run as close as possible to the maximum
efficiency point, and improves the efficiency of the device
operation.
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Fig. 8. The efficiency curve of four-ports PET

b) The Losses Distribution Analysis

It is quite meaningful to study the loss distribution inside the
device. Generally, we can only get the total loss of PET of the
device through experiments, and it is difficult to know the loss
of each part of the device. As far as the PET studied in this
article is concerned, it has four ports, and each port has different
losses due to different operating conditions. The loss of each
port needs to be obtained by multiple sets of experiments,
which takes a lot of time, but only the loss of each port can be
known. The method proposed in this paper, due to the use of
event-driven simulation algorithms, can simulate large-scale
power electronic devices extremely quickly. Therefore, not
only the loss of each port and the loss of the entire device can be
obtained, but also the loss caused by the switching devices and
transformers in each device can be known. In this way, it is
convenient to find the losses with the largest proportion of
losses under different working conditions, so that priority can
be given to the larger losses to optimize and reduce losses.

The losses distribution of the PET can be seen from Fig 9.
The winding losses and additional losses are unchanged during
load changes. The relationship between switching losses and
load is linear and the relationship between core losses and load
is quadratic. Therefore, the PET losses can be reduced
according to the distribution of losses and the load size of the

PET operation. If the PET needs to be operated under heavy
load for a long time, reducing HFT winding losses is the first
consideration. If the PET is under light load for a long time,
reducing HFT core losses is the first consideration.

¢) The Relationship of Losses with Load.
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Fig. 9. The efficiency and losses distribution of two DC ports

The method proposed in this article can study the
relationship between each type of loss and load. The curves of
absolute value and relative value of each kind of losses with
load are shown in Fig 10, respectively. It can be seen that the
absolute value of fixed losses such as losses and additional
losses remains unchanged, and its relative value decreases with
the increment of load, so the efficiency shows an increasing
trend; the switching losses present a quadratic relationship with
the load power, which has little effect on the position of the
maximum efficiency point; while the resistive losses increases
in a quadratic way, and its relative load power proportion is
increasing. The efficiency curve decreases under heavy load.
Under light load, the main losses are transformer iron losses,
accounting for more than 50%; under full load, the main losses
are switching losses, and the proportion of resistive losses has
been greatly increased. The PET can be optimized according to
the relation of losses and load obtained by the losses model.

In general, the loss calculation method proposed in this
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Fig. 10. The losses distribution of four-port PET

article can not only calculate the loss of each element inside the
device, but also calculate the loss of the entire device.
Compared with the previous method, the method proposed in
this paper can greatly improve the simulation speed while the
simulation results are basically the same as the experimental
results.
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V. CONCLUSION

This article mainly solves the problem of not being able to
quickly and accurately simulate the loss of high-power power
electronic equipment. The main contributions of this article are
as follows:

1. This article conducts a general analysis of the efficiency of
power electronic equipment, and sorts out the loss
calculation methods of switching equipment and
transformers contained in power electronic equipment.

2.The calculation of equipment loss needs to know the
voltage and current of each switchgear and transformer in
the equipment, and all current commercial software (such
as PET) used for high-power power electronic equipment
has the problem of slow simulation speed, so this article
innovatively The new method using DSED can greatly
improve the simulation speed of the device. This method
can simulate the cluster operation scenario of multiple
large-capacity devices, thereby providing strong support
for the research of electronic power system (eGrid).

3.This paper proposes a loss analysis model combined with
the DSED algorithm, which is basically consistent with
the experimental results. This loss model can calculate the
loss from the switching device to each port to the entire
device, and solves the problem that it is difficult to know
the loss of each component inside the device and find the
main loss for optimization when actually measuring the
loss. This loss analysis and calculation method has the
characteristics of high accuracy and fast speed, due to the
innovative use of DSED algorithm and loss calculation
based on topology and control algorithm. This method can
provide support for the design and loss analysis of
large-capacity power electronic devices and provide a set
of powerful analysis tools.

APPENDIX I
BASIC COMPONENT LOSSES EXPRESSION

The power losses of power electronic devices mainly include
four parts: on-state losses Pon, turn-on losses Pum-on, turn-off
losses Pum-ofr and off-state losses Pogr. The off-state losses Pogr
can be ignored since it accounts for a small proportion of the
total losses.

The losses of the high-frequency transformer (HFT) are
another important part of the total losses. The HFT losses
include core losses Pr. and winding losses Pcy. The following
will analyze and calculate each kind of losses.

A. On-State Losses of IGBT / SiC MOSFET

When the switching device is in the on-state, the output
characteristics of SiC MOSFET and IGBT are different [29].
The output characteristic of IGBT is shown in Fig. 11 (a), the
relation between collector-emitter saturation voltage ucg and
collector current ic can be expressed as,
Uey =Ucpy TRy X (20)
where Ucgo presents no-load voltage, Rr is the on-state
resistance of IGBT. These two parameters can be extracted
from the given output characteristic curve from device

datasheet.

The losses of the diode in parallel with the switching device
should also be considered. When a diode is in on-state, the
relation between the voltage across it (Up)and the current
through it (ip) can be expressed as,

U,=U,, +R,xi, 21
where Upo presents the no-load voltage, Rp is the on-state
resistance of the diode. We can use the same method (curve
fitting) to get their value as we use in IGBT.

The output characteristic of SiC MOSFET is different from
that of IGBT. The output expression of MOSFET needs to be
considered separately. The expression of SiC MOSFET output
characteristic (device voltage ugs versus device current ips) can
be written as,

Upe =R, xipg (22)

where Ry represents the on-state resistance of MOSFET.
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Fig. 11. IGBT output characteristic curve and switching losses curve

B. Switching Losses of IGBT / SiC MOSFET

When the switching device is working, the voltage and
current of the device need time to change. The voltage and
current waveform will have an overlapping area, which will
cause switching losses. Switching losses expression can be
calculated by adding the turn-on losses energy and turn-off
losses energy in a cycle. Using the switching losses curve
shown in Fig. 11 (b), the turn-on losses energy and turn-off
losses energy of IGBT can be expressed as,

E,, csr =kic +k,

EQ/f—]GBT = ki
Similarly, the turn-on losses energy and turn-off losses
energy of SiIC MOSFET and the turn-off losses energy of diode

can be expressed as,

(23)

E = ki,

rec—diode

(24)

E,, voseer = kelps Tk,

qur-MOSFET = kxiDS + k9
where ki-k9 are constant coefficients.

C. Core Losses of HFT

The core losses of HFT mainly include hysteresis losses and
eddy current losses [30]. The traditional transformer passes
through sinusoidal voltage while HFT in Dual Active Bridge
(DAB) passes through square wave voltage. Therefore, the core
losses of HFT is different from that of traditional transformers.
The modified formula needs to be used [31], which can be
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founded as,

pri

Bmax YYEVEYE
4f4,N,N,
pFe:FKfaBﬂ

max

(25)
P Fe — p Fe X V

where V' is the core effective volume in the HFT, Vi is the
voltage of the primary side of HFT. K, a, £ are constant fitting
coefficients by the no-load experiment, Bmax is the maximum
value of magnetic induction intensity, F is a modified flux
factor when the voltage through the HFT is a square wave, pr. is
core loss density.

D. Winding Losses of HFT

The HFT is mainly designed for DAB application, and its
control mode in the studied prototype in this paper is single
phase shift control.

The frequency of the switching device is 20kHz, the turn
ratio of the designed HFT is 1:1, and the voltages Vin, Vou of
both sides are 700V.

The current waveform can be decomposed by Fourier
transform to calculate the winding losses. Only odd harmonic
component exists after Fourier decomposition because the
current waveform is a nonsinusoidal wave and periodic
symmetric function,

i(t) = anlpmk cos(nawt) .

n=1
where ek is the peak value of i(t), and the coefficient b, can be
obtained by

(26)

b, :% jfi(t) cos(nwt)dt . 27)

It mainly contains 20kHz, 60KHZ and 100kHz harmonics,
the winding losses can be calculated as

1 5
P, :EZ(bnlmk)an .

n=1

(28)

where R, is the AC resistance corresponding to the nth
harmonic current.
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