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Abstract- An Electrical Transient Model (ETM) of IGBT-

Diode Switching Cell is developed by coupling a temperature 

dependent IGBT model with power loss model. The nonlinear 

behavior of IGBT and the reverse recovery characteristic of the 

diode are considered in this model to simulate the transient 

switching waveforms. Based on the transient waveforms of ETM 

under various operating conditions, the Power Loss Estimation 

Method (PLEM) for IGBT is developed. In addition to traditional 

modelling techniques that only uses ideal switch, this paper uses 

the model to replicate the power loss behaviors of semiconductor 

devices in circuit simulation by looking up tables. The proposed 

ETM is simulated in PSCAD/EMTDC with nanosecond time step 

whereas the overall system application can be simulated with 

conventional time step in range of microsecond. By this way, the 

model can promise reasonable accuracy as well as an acceptable 

fast solving speed. The proposed ETM and PLEM have been 

implemented in PSCAD/EMTDC simulator and validated by 

experimental results using a double pulse test bench and boost 

converter test platform. 

Index Terms- IGBT, Diode, Electrical Transient Model, Power 

Loss Estimation Method 

I. INTRODUCTION 

   Power semiconductors are critical components in a Power 

Electronics (PE) system. Generally, it is the component that 

limits switching frequency, efficiency, power density and 

sometimes reliability in PE converter design [1]-[2]. Among 

modern power semiconductor switches, IGBT is widely used in 

Medium-Frequency (MF) PE converters ranging from medium 

to high power. Typically, a converter can contain one IGBT, e.g. 

Boost Converter [3]-[4], to a few IGBTs, e.g. Full Bridge (FB) 

Inverter [5], to tens of IGBTs, e.g. Modular Multilevel 

Converter (MMC) [6]. In a PE converter, an IGBT is paired 

with a diode in order to provide current commutation for hard 

switching, this is called “Switching Cell” as shown in Fig. 1 [7] 

and configured with two structures – Negative-Cell and 

Positive-Cell. During switching transition, heat energy, due to 

switching losses, is generated in both the IGBT and the diode. 

The operating junction temperature can vary widely over long 

period of time, leading to fatigue failure and reduction in the 

reliability of the entire system. Therefore, PE converter design 

engineers, researchers and device manufacturers require an 

accurate model of IGBT to study its dynamic behavior, and 

thereby estimate power losses to optimize the system design [8]. 

It will be the main technological booster for high power 

applications and help increasing efficiency and optimizing the 

overall system design. 

 
Fig. 1 Switching pattern of the proposed topology. 

Several varieties of semiconductor models have been 

developed. Ideal switch or two-state resistance is employed in 

most of the Electromagnetic Transient Programs (EMTPs), 

such as PSCAD/EMTDC and MATLAB/Simulink [9]. It is 

adequate to evaluate the overall PE system response. However, 

the switching losses of semiconductor which involves the 

physics of switching transient has to be considered to assess the 

efficiency of PE system [10].  

To represent the static and dynamic characteristics of IGBT, 

for most device level studies, IGBT physical models [11] -[12] 

are typically used, such as Hefner model [13], Kuang Sheng 

model [14] and Kraus model [15]. Those models are based on 

the device physics to obtain higher accuracy in device 

simulation, such as Saber and SPICE Model [16]-[17]. This 

imposes a huge computational burden as well as requiring 

specific dimensions and fabrication description to extract the 

dedicated physical parameters. Thus, they are generally used in 

device simulations within one or two switching actions and not 

suitable for simulating large PE networks. Behavioral models 

[18]-[19] such as Sudhoff model [20] and Hammerstein model 

[21], ignoring device physics and are more convenient with fast 

simulation speed. However, it cannot represent the detailed 

switching transient without considering the effect of parasitic 
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parameters and reverse recovery of diode which is significant 

for estimating switching losses in various operating conditions. 

Electrothermal models [22]-[24] considering electrical and 

thermal couplings involved in the system are able to help 

solving heat-flow problem and taking temperature effect into 

account. However, multi-dimensional thermal model and 

package properties consideration will increase the complexity 

of the model which is difficult to implement in simulator. The 

choice of IGBT model depends on the required accuracy, 

complexity, convergence properties and simulation time. 

For accurate estimation of power loss, one approach is 

curving fitting the loss curve directly or deriving specially 

defined analytical loss equations based on the switching 

transient waveforms from measurement, datasheet or device 

simulation [25]-[28]. In this way, the accuracy is limited by the 

specific operating conditions and a mass of device test may be 

involved. EMT simulation-based loss calculation methods [29]-

[30] use specially developed algebraic equations to piecewise 

linearize the switching waveforms and externally estimate the 

device losses with simple switches in system simulation. 

However, it involves complicated mathematical formulae and 

parameter extractions without enough temperature 

consideration. Besides, IGBT Thermo-Sensitive Electrical 

Parameters (TSEPs), such as on-state voltage ( 𝑣𝑐𝑒𝑠𝑎𝑡 ), 

threshold voltage (𝑉𝑡 ), trans-conductance (𝐾𝑝 ) will change 

depending on the operating temperature, which also should be 

considered [31]-[32]. 

This paper proposes a comprehensive PE system simulation 

method, which uses temperature-dependent ETM to simulate 

static and dynamic behaviors of IGBT-Diode Switching Cell in 

order to determine semiconductor losses during the PE system 

simulation. There are two technical contributions in this paper. 

1) An IGBT-Diode switching cell behavioral model is 

proposed. Various parameters including tail current, miller 

plateau voltage, nonlinear parasitic elements of IGBT and 

reverse recovery current of diode have been taken into account. 

All the parameters of the model are extracted from device 

datasheet considering the temperature sensitivity. 

2) A Power Loss Estimation Method (PLEM) is 

developed based on the transient simulation waveforms to 

calculate the power dissipation of IGBT and Diode. And the 

loss information is connected to the EMTPs circuit simulator, 

e.g. PSCAD with simple switch model through look up table in 

PE system simulation. In other words, the switching loss 

models are integrated into the software (PSCAD) and the 

system simulation process. 

With this approach, the speed of PE simulation can be 

maintained and acceptable accuracy of power loss estimation 

can be achieved. The model parameter extraction sequence has 

also been developed to characterize various IGBTs based on the 

device datasheet. The completed model and method were 

implemented in PSCAD/EMTDC and verified by experimental 

results using a double pulse test bench as well as a boost 

converter test bed. 

 

Fig. 2 Block diagram of power loss estimation in a circuit simulation. 

II. SIMULATION STRATEGY OF POWER SEMICONDUCTOR 

LOSSES  

In order to provide fast and accurate semiconductor loss 

estimation in a PE circuit simulation in an EMTP simulator e.g. 

PSCAD, a simulation strategy is proposed. A simplified block 

diagram of the proposed simulating process including two 

stages in the simulating platform is shown in Fig. 2. 

A. Device Level Simulation  

Before simulating an overall PE system, a device level 

simulation will be done to create 4-Dimensional (4D) Look-Up-

Tables (LUT) representing transient losses. It generates the loss 

tables including turn-on, turn-off, reverse recovery and 

conduction losses based on the simulation conditions (e.g. 

Junction Temperature (𝑇𝑗), Voltage (𝑉𝑑𝑑) and Current (𝐼𝐿) and 

power device parameters (e.g. Input capacitance (𝐶𝑖𝑠𝑠), Reverse 

recovery peak current ( 𝐼𝑟𝑚 ). The semiconductor parameters 

which are extracted from datasheet by curve fitting or empirical 

formulas and the simulation conditions are the inputs to the 

proposed IGBT-Diode Switching Cell ETM for simulating the 

detailed switching waveforms. Based on the waveforms, the 

power losses under various operating conditions which export 

as a power loss table can be computed by the PLEM. The ETM 

and the PLEM are applied in the device simulation with 

nanosecond (ns) time step for the reason of high accuracy. Since 

only several tens of points will be simulated, it will require only 

a short computational time. 

B. Circuit Level Simulation 

The obtained LUT in device level simulation works as an 

interface between the simulations of device and circuit levels. 

PSCAD simulates the system using an ideal switch model in 

microsecond (µs) time-step. It inputs instantaneous 𝑇𝑗, 𝑉𝑑𝑑, and 

𝐼𝐿  values to the LUT during each switching action, and 

computes switching loss and conduction power by interpolation. 

Furthermore, time varying instantaneous power loss waveforms 

can be obtained by taking the integral of the energy loss 

information, which will provide both static and dynamic system 

loss information to users. This is a simple search method and 

mathematics, and will not significantly increase the 

computational time when comparing to the current PSCAD 

simulator that uses an ideal model or involving device 

simulation in circuit simulations. 
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(a) 

 
(b) 

Fig. 3 Switching Cell (a) equivalent circuit, and (b) switching waveforms. 

III. DEVELOPMENT OF ELECTRICAL TRANSIENT MODEL 

OF IGBT-DIODE SWITCHING CELL 

A diode-clamped inductive load test circuit as shown in Fig. 

3(a) is used to investigate the dynamic behaviour of IGBT, and 

its typical switching waveforms are shown in Fig. 3(b), where 

𝑉𝑑𝑑 is the dc link voltage and 𝑉𝑔 is the gate signal of IGBT. This 

circuit is implemented to simulate the working operation of 

IGBT under inductive load condition. The inductive load is 

large enough to maintain the current constant during one 

switching cycle which can be considered as current source here. 

The process and modelling of ETM are illustrated in detail as 

follows.  

The behavioral ETM can give a fast and relatively accurate 

result for achieving the purpose of estimating switching losses 

of an IGBT switching cell. ETM can be developed by analyzing 

the typical switching waveforms of the switching cell. The 

waveforms are one switching cycle including two switching 

actions, turn-off (𝑡0–𝑡4) and turn-on (𝑡4–𝑡9) [33] - [35]. 

A. Switching Process Analysis and Modelling 

At 𝑡4 in Fig. 3(b), a turn-on gate signal (𝑉g) is given through 

the gate resistance including internal and external gate 

resistance (𝑅𝑔𝑎𝑡𝑒 = 𝑅𝑔 + 𝑅𝐺) to charge the input capacitance 

(𝐶𝑖𝑠𝑠 = 𝐶𝑔𝑐 + 𝐶𝑔𝑒). The rise of gate-emitter voltage (𝑣𝑔𝑒) can 

be well approximated by a first order RC circuit. The time 

constant of 𝑣𝑔𝑒 rising is 𝜏 = 𝑅𝑔𝑎𝑡𝑒 ∙ 𝐶𝑖𝑠𝑠. If parasitic inductance 

is ignored, the gate charging current 𝑖𝑔 can be expressed as, 

 𝑖𝑔 = 𝐶𝑖𝑠𝑠 ∙
𝑑𝑣𝑔𝑒

𝑑𝑡
=

𝑉𝑔−𝑣𝑔𝑒

𝑅𝑔𝑎𝑡𝑒
 (1) 

Once 𝑣𝑔𝑒 crosses 𝑉𝑡, the conducting MOS channel is built 

and the current mainly controlled by the collector-emitter 

voltage 𝑣𝑐𝑒  and 𝑣𝑔𝑒 starts flowing through the IGBT. The static 

characteristic of IGBT in the regions of cut-off, active and 

saturated can be described by the equations in (2), 𝑖𝑀𝐵  is the 

total current flowing through the MOS channel and Bipolar 

Junction Transistor (BJT). Instead of the trans-conductance 𝐾𝑝  

in MOS and current gain β in BJT, this paper uses the equivalent 

trans-conductance, K, where𝐾 = (1 + 𝛽) ∙ 𝐾𝑝. Both K and 𝑉𝑡 

can be extracted directly from the output and transfer 

characteristics in datasheet. 

 𝑖𝑀𝐵 = {

0, 𝑣𝑔𝑒 ≤ 𝑉𝑡

𝐾 ∙ (𝑣𝑔𝑒 − 𝑉𝑡 − 0.5𝑣𝑐𝑒) ∙ 𝑣𝑐𝑒 , 𝑣𝑐𝑒 ≤ 𝑣𝑔𝑒 − 𝑉𝑡

0.5𝐾 ∙ (𝑣𝑔𝑒 − 𝑉𝑡)
2
, 𝑣𝑐𝑒 > 𝑣𝑔𝑒 − 𝑉𝑡

 (2) 

Due to stray inductance 𝐿𝑠  and the increasing 𝑖𝑐 , 𝑣𝑐𝑒  will 

have a drop as expressed by, 

 𝑣𝑐𝑒 = 𝑉𝑑𝑑 − 𝐿𝑠
𝑑𝑖𝑐

𝑑𝑡
 (3) 

As for the nonlinear parasitic capacitance in IGBT, the 

value of 𝐶𝑔𝑐 (miller capacitance) will change a lot based on 𝑣𝑐𝑒 , 

according to the capacitance curve and gate charging curve in 

datasheet. Thus, 𝑣𝑔𝑒 is clamped to a constant value in a period 

called miller plateau (𝑡1-𝑡2 and 𝑡7-𝑡8 in Fig. 3(b). During this 

period, IGBT keeps conducting and operates in saturated region. 

Thus, the voltage source of miller plateau can be described as 

(4), where 𝐼𝐿  is the conducting load current. 

 𝑣𝑚𝑖𝑙𝑙𝑒𝑟 = √
2𝐼𝐿

𝐾
+ 𝑉𝑡    (4) 

Because of the minority carrier storage on both sides of the 

PN junction, the diode cannot switch off immediately. Hence, 

when 𝑖𝑀𝐵  reaches the value of load current, the diode will 

undergo reverse recovery as shown in Fig. 4. 𝐼𝐷 is the forward 

conducting current, 𝑑𝑖𝐷/𝑑𝑡 is the slope of forward current, 𝑡𝑟𝑟 

is reverse recovery time and 𝑄𝑟𝑟  is the reverse recovery charge. 

The time at which current enters reverse recovery phase is 𝑡𝑟𝑒. 

At 𝑡𝑟𝑚 , current reaches the reverse peak 𝐼𝑟𝑚 . For simulating 

this characteristic, the ETM of diode, which consists of an ideal 

diode, forward conducting resistance, 𝑅𝐷  and a reverse 

recovery current source 𝑖𝐷𝑟𝑒 has been developed [36]. 

 

Fig. 4 The reverse recovery characteristic of diode. 
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In a switching cell, current will go through IGBT and diode 

alternatively. Hence, every time the diode turns off and starts 

reverse recovery, an additional over current will add to the 

paired IGBT.  This interaction is expressed in (5) and the 

parameters are calculated by (6) according to the datasheet. 𝑖𝐷𝑟𝑒 

is the reverse recovery current of the Free-Wheeling Diode 

(FWD). The decay time constant of the reverse recovery 𝜏𝑟𝑒  

and 𝑅𝐷 can be extracted from diode curve using curve fitting. 

 𝑖𝐷𝑟𝑒 = {

𝑑𝑖𝐷

𝑑𝑡
(𝑡 − 𝑡𝑟𝑒), 𝑡𝑟𝑒 < 𝑡 < 𝑡𝑟𝑚

𝐼𝑟𝑚𝑒
−
𝑡−𝑡𝑟𝑚
𝜏𝑟𝑒 , 𝑡 > 𝑡𝑟𝑚

 (5) 

 

{
 
 

 
 𝜏𝑟𝑒 =

1

𝑙𝑛10
(𝑡𝑟𝑟 −

𝐼𝑟𝑚
𝑑𝑖𝐷
𝑑𝑡

)

𝐼𝑟𝑚 = √𝑄𝑟𝑟 ∙ 𝑑𝑖𝐷/𝑑𝑡

𝑡𝑟𝑟 = 2√𝑄𝑟𝑟/𝑑𝑖𝐷/𝑑𝑡

 (6) 

As soon as the reverse recovery current of diode reaches 

peak value, 𝑣𝑐𝑒  drops to the forward conducting voltage 𝑣𝑐𝑒𝑠𝑎𝑡 . 
Meanwhile, 𝑣𝑔𝑒  increase slowly until it climbs to𝑉𝑔. 

The turn-off process is almost the inverse sequence of the 

turn on process, except the tail current period. During the IGBT 

turn-off transient, the excess base carrier recombination makes 

the shutdown current tailing time longer. Besides the 

conventional equations, an additional equation has been derived 

to completely represent this nonlinear characteristics in ETM. 

In the calculation, the tail current can be described by the 

exponential function (7). 𝜏 is the carrier transit time. t is the 

simulation time and 𝑡0 is the initial time of the tail current. 𝐼𝑡𝑎𝑖𝑙0 

is the collector current at the start of the tailed stage. 

 𝑖𝑀𝐵 = 𝐼𝑡𝑎𝑖𝑙0 ∙ 𝑒
−
𝑡−𝑡0
𝜏 , (𝑣𝑔𝑒 < 𝑉𝑡 , Turn off) (7) 

B. Temperature Sensitive Parameters Consideration 

Temperature Sensitive Electrical Parameters (TSEPs) are 

today widely used for temperature measurement. With various 

temperature, electrical parameters of IGBT such as 𝑣𝑐𝑒𝑠𝑎𝑡, 𝑉𝑡, 
K, and carrier lifetime (τ), will change and affect the dynamic 

behaviour. Thus it also should be under consideration for high 

accuracy simulation. Therefore, this paper use a series of 

following equations to describe the TSEPs in IGBT and diode. 

It should be noted that all the equations are based on the 

experimental measurement and curve fitting as a function of 

temperature and various parameters [31].  

 

{
 
 

 
 
𝑉𝑡 = 𝑉𝑡0 − 𝐾𝑡 ∙ (𝑇𝑗 − 𝑇𝑎)

𝐾 = 𝐾0 ∙ (
𝑇𝑎

𝑇𝑗
)
0.8

𝜏 = 5 × 10−7 ∙ (
𝑇𝑎

𝑇𝑗
)
1.5

 (8) 

{
 
 

 
 𝑉𝑐𝑒𝑠𝑎𝑡 = (𝑉𝑐𝑒𝑠𝑎𝑡0 + 𝑟0𝑖𝑐) + (∆𝑉𝑐𝑒𝑠𝑎𝑡 + ∆𝑟0𝑖𝑐)(𝑇𝑗 − 𝑇𝑎)

𝐼𝑟𝑚 = 𝐼𝑟𝑚0 + 𝑡𝑟𝑚
𝑑𝑖𝐷

𝑑𝑡
+ (𝐾𝑟𝑚 + 𝐾𝑡𝑟𝑚

𝑑𝑖𝐷

𝑑𝑡
) (𝑇𝑗 − 𝑇𝑎)

𝑄𝑟𝑟 = 𝑄𝑟𝑟0 + 𝑡𝑄𝑟𝑟
𝑑𝑖𝐷

𝑑𝑡
+ (𝐾𝑟𝑟 + 𝐾𝑄𝑟𝑟

𝑑𝑖𝐷

𝑑𝑡
) (𝑇𝑗 − 𝑇𝑎)

 (9) 

TABLE I TSEPS OF IGBT AND DIODE 

Parameter Value Parameter Value 

𝑉𝑡0 5.812 𝐼𝑟𝑚0 17.77 

𝐾𝑡 0.009988 𝑡𝑟𝑚 0.01234 

𝐾0 2.834 𝐾𝑟𝑚 0.04136 

𝑉𝑐𝑒𝑠𝑎𝑡0 0.9715 𝐾𝑡𝑟𝑚 0.000035 

𝑟0 0.02153 𝑄𝑟𝑟0 3.602 

∆𝑉𝑐𝑒𝑠𝑎𝑡 -0.001 𝑡𝑄𝑟𝑟 0.0003 

∆𝑟0 0.0001059 𝐾𝑟𝑟 0.03 

𝑇𝑎 25 ºC 𝐾𝑄𝑟𝑟 0.00000722 

𝑇𝑎  is the initial ambient temperature. 𝑇𝑗  is the operating 

junction temperature. All the curve fitting parameters can be 

obtained from datasheet. According to equation (8) and (9), 

TSEPs can be calculated under various junction temperature 

and operating conditions and input to switching transient 

simulation in PSCAD/EMTDC. The TSEPs of the model are 

extracted from the junction temperature related curves in 

datasheet of Infineon IKW40T120 IGBT using MATLAB for 

curve fitting as shown in Table I. 

C. Proposed Model Circuit of IGBT and Diode 

IGBT is pseudo Darlington structure, which consists of an 

N-channel MOSFET and a PNP BJT whose base current is 

controlled by the MOSFET gate voltage. Based on that, the 

corresponding schematic of the proposed ETM of an IGBT and 

a diode are shown in Fig. 5. 𝐿𝑠 is the circuit parasitic inductance. 

The equivalent miller-plateau voltage source 𝑣𝑚𝑖𝑙𝑙𝑒𝑟  works 

during miller plateau time mentioned above. Also the 

conducting voltage source 𝑣𝑐𝑒𝑠𝑎𝑡  operates during IGBT 

conducting period. The ETM is formulated in PSCAD/EMTDC 

including main circuit, custom programed models and other 

signal control components. The main circuit is implemented by 

basic electronic components with controlled voltage and current 

source. The value of TSEPs are updated and calculated by the 

custom programed model based the temperature feature and the 

input operating conditions. Furthermore, the nonlinear features 

of IGBT and reverse recovery characteristic of body diode are 

also programed using FORTRAN to control the voltage and 

current source respectively. Thus, the transient waveforms of 

switching cell can be simulated and the switching time as well 

as other transient parameters can be further extended to power 

loss calculation model. 

 

Fig. 5 The proposed transient model circuit of IGBT-Diode switching cell. 
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IV. POWER LOSS ESTIMATION METHOD OF IGBT-DIODE 

SWITCHING CELL 

Once the switching transient waveforms are obtained by the 

ETM mentioned in the previous section, the PLEM is 

developed to analyse and calculate the power loss of IGBT. For 

simplicity, in Fig. 3 (b) the voltage and current are assumed 

piecewise linear changing except in region 𝑡3 to 𝑡4 and 𝑡7 to 𝑡9. 
The tailing time, 𝑡𝑡𝑎𝑖𝑙 , is defined as the time period when 𝑖𝑐 
decreases from 10% 𝐼𝐿  to 1% 𝐼𝐿 . In addition, the diode reverse 

recovery is very short after 𝑡7 and the loss is neglected. All the 

following switching period in the expressions can be obtained 

in the ETM simulation [37]. 

The main part of the power loss during turn-off period 

occurs from t1 to t3 and the tailing current period in Fig. 3(b). 

The total turn-off loss includes the voltage slope loss 𝐸𝑜𝑓𝑓𝑉 , the 

current slope loss 𝐸𝑜𝑓𝑓𝐼  and the tail current loss, 𝐸𝑜𝑓𝑓𝑇 . 

In the interval [𝑡1, 𝑡2], the current 𝑖𝑐 has the same value as 

𝐼𝐿  and the voltage 𝑣𝑐𝑒  increases from 0 to 𝑉𝑑𝑑. Therefore, the 

power loss during this period 𝑡𝑜𝑓𝑓𝑉 is given by 

 𝐸𝑜𝑓𝑓𝑉 = 0.5𝐼𝐿𝑉𝑑𝑑𝑡𝑜𝑓𝑓𝑉 (10) 

If 𝑣𝑐𝑒  is assumed constant during the interval [𝑡2, 𝑡3], the 

resulting power loss is, 

 𝐸𝑜𝑓𝑓𝐼 =
𝐼𝐿𝑉𝑑𝑑

2
∙ 𝑡𝑜𝑓𝑓𝐼 + 0.5𝐿𝑠𝐼𝐿

2 (11) 

Assuming the current starts tailing when 10% of 𝐼𝐿  and the 

time constant τ equals to 𝑡𝑡𝑎𝑖𝑙/𝑙𝑛10, the power loss caused by 

the tail current during the period 𝑡𝑡𝑎𝑖𝑙 can be estimated as 

 𝐸𝑜𝑓𝑓𝑇 = 𝑉𝑑𝑑 ∫ 𝑒−
𝑡

𝜏𝑑𝑡
𝑡𝑡𝑎𝑖𝑙
0

=
0.456𝐼𝐿𝑉𝑑𝑑

𝑡𝑡𝑎𝑖𝑙
 (12) 

A similar analysis is carried out to calculate the turn-on 

power loss from t5 to t8. The total turn-on power loss includes 

the current slope, 𝐸𝑜𝑛𝐼  , the voltage slope, 𝐸𝑜𝑛𝑉  and the reverse 

recovery loss 𝐸𝑜𝑛𝑖𝑟𝑟 . 

The power loss for the interval [𝑡5 , 𝑡6] characterized by 

increasing 𝑖𝑐 can be expressed as 

 𝐸𝑜𝑛𝐼 = 0.5𝐼𝐿𝑉𝑑𝑑𝑡𝑜𝑛𝐼 − 0.5𝐿𝑠𝐼𝐿
2 (13) 

Assuming that the current 𝑖𝑐 = 𝐼𝐿  during the voltage slope 

interval [𝑡7, 𝑡8], the power loss becomes 

 𝐸𝑜𝑛𝑉 = 0.5𝐼𝐿𝑉𝑑𝑑𝑡𝑜𝑛𝑉 (14) 

As for the diode reverse recovery power loss during the 

period 𝑡𝑟𝑟, we assume it is very short with respect to the voltage 

slope interval. Under this assumption, the power loss caused by 

the reverse recovery charge 𝑄𝑟𝑟  is given by 

 𝐸𝑜𝑛𝑖𝑟𝑟 = (𝑉𝑑𝑑 −
𝐿𝑠𝐼𝐿

𝑡𝑜𝑛𝐼
)(𝐼𝐿 ∙ (𝑡𝑟𝑚 − 𝑡𝑟𝑒) + 𝑄𝑟𝑟) (15) 

From the output characteristics of IGBT and diode in 

datasheet, the on-state voltage can be represented in terms of 

on-state zero current collector-emitter voltage 𝑉𝑐𝑒0  and 

resistance 𝑟𝑐 .  

 𝑣𝑐𝑒𝑠𝑎𝑡 = 𝑉𝑐𝑒0 + 𝑟𝑐𝑖𝑐 (16) 

If the average current is 𝐼𝑐𝑎𝑣  and the rms value is 𝐼𝑐𝑟𝑚𝑠, then 

the average conduction loss of IGBT is as following, where 𝑓𝑠𝑤  

is the switching frequency of IGBT. 

 𝑃𝑐𝐼𝐺𝐵𝑇 = 𝑓𝑠𝑤 ∫ 𝑣𝑐𝑒𝑖𝑐𝑑𝑡
1/𝑓𝑠𝑤
0

= 𝑉𝑐𝑒0𝐼𝑐𝑎𝑣 + 𝑟𝑐𝐼𝑐𝑟𝑚𝑠
2  (17) 

The total switching power loss 𝐸𝑡𝑠 can be estimated as the 

sum of the loss equations above, and the total IGBT loss power 

is expressed in (18). 

 𝐸𝑡𝑠 = 𝐸𝑜𝑓𝑓𝑉 + 𝐸𝑜𝑓𝑓𝐼 + 𝐸𝑜𝑓𝑓𝑇 + 𝐸𝑜𝑛𝐼 + 𝐸𝑜𝑛𝑉 + 𝐸𝑖𝑟𝑟  (18) 

From the observation of the set of equations above, 𝑉𝑑𝑑 and 

𝐼𝐿  are the key parameters affecting the power loss. In addition, 

the effects of diode reverse recovery current, parasitic stray 

inductance and tail current must also be considered at high 

switching frequency. 

V. IMPLEMENTATION IN SIMULATOR AND EXPERIMENT 

VERIFICATIONS 

The ETM and PLEM have been proposed in this paper. The 

key objective of the model and the method is to estimate the 

power dissipation of semiconductors in a PE system simulation 

based on the ETM waveforms. The model and the method are 

implemented in PSCAD/EMTDC and validated by comparing 

with the experimental results of double pulse tester and a boost 

converter. Generally, to use the proposed model, the parameters 

of the selected Si IGBT device need to be extracted from its 

datasheet by curve fitting or mathematic methods. Then the 

device simulation can be multiple run with nano-second (ns) 

time step according to the setting range of the operating 

conditions. The power loss data based on the simulated 

waveforms can be further exported and reformatted as look up 

table for power loss prediction in system simulation. 

A. Device Level Model Validation 

Based on the circuit in Fig. 6(a), a Double Pulse Test (DPT) 

bench is designed and implemented for characterization of the 

IGBT and the diode. The test setup consists of power supply, 

Digital Signal Processing (DSP) control system, thermal 

control system, cooling fan and the Device Under Test (DUT) 

as shown in Fig. 6(b). A thermocouple is placed between 

heatsink and the IGBT device to measure the case temperature. 

Through the thermocouple amplifier AD595, the value of 

temperature is further read by the analog pin of DSP. The 

temperature in DPT is controlled to the test condition by the 

heater attached to the heatsink and cooling fan as well as the 

DSP controller. And the thermal imager Tis40 is used in DPT 

for monitoring the junction temperature of the device. 

TABLE II PARAMETERS OF DEVICE AND TEST BED 

Parameter Value Parameter Value 

𝑅𝑔 6Ω 𝐶𝑖𝑠𝑠 2500pF 

𝑉𝑡 5.8V 𝐶𝑟𝑠𝑠 110pF 

𝐾 2.834 A/V2 𝑅𝐺 15Ω 

𝑉𝑑𝑑 0-1kV 𝐿𝑙 5mH 

𝐼𝐿 0-80A 𝐿𝑠 180nH 
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 (a) (b) 

Fig. 6 Loss evaluation setup, (a) circuit schematic, (b) test bench. 

 

Fig. 7 Thermal image of DUT in DPT. 

 

Fig. 8 Switching time and 𝑉𝑡 Vs 𝑇𝑗. 

    
 (a) (b) 

   
 (c) (d) 

Fig. 9 Switching waveforms (a) turn on current, (b) turn off current, (c) turn on voltage and (d) turn off voltage. 

The Infineon IKW40T120 IGBT device (TO-247 package) 

is chosen as the DUT. The key parameters of the model and the 

test bench are listed in Table II. Once the DC capacitor bank is 

charged to the desired value, a gate signal is given by the DSP 

to test the behavior of switching cell. The oscilloscope captures 

transient switching waveforms. Afterwards, a comparison is 

obtained between the experimental results and the simulation 

results of the proposed model in PSCAD/EMTDC. 

In order to study the temperature dependent feature, the 

operating junction temperature of DUT is controlled by the 

heater and cooling fan and monitored by thermal imager to the 

desired test condition as shown in Fig. 7. With the junction 

temperature increasing, the TSEPs will change and thereby can 

affect the dynamic behavior of the switching cell as discussed 

above. As a result, the switching time and threshold voltage 

vary correspondingly as shown in Fig. 8. Since the traditional 

model only use the basic parameters usually in 𝑇𝑗 =

25℃ or 150℃ , it cannot represent the dynamic changes in 

various junction temperature and will cause deviations. The 

simulation results of the proposed model with temperature 

feature shows a good agreement with the experiment results. 
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 (a) (b) (c) 

Fig. 10 Switching loss (a) vs 𝑖𝑐, (b) vs 𝑣𝑐𝑒 , (c) vs 𝑇𝑗 . 

 

Fig. 11 3D plot of switching loss (𝑇𝑗=150℃).  

 

(a) 

 

(b) 

Fig. 12 Boost converter setup, (a) block diagram, and (b) testbed. 

Fig. 9 shows the turn-on and turn-off of IGBT collector 

current and collector-emitter voltage transient waveforms under 

the test condition (𝑇𝑗 = 150℃). The switching details such as 

current and voltage spikes, tail current, interaction of diode 

reverse recovery and the effect of parasitic inductance and 

capacitance are clearly seen from the transient waveforms. 

Because of the parasitic parameters of the test bench, there are 

small oscillations of current after IGBT completely turning on 

which is not considered in the model. The PSCAD simulation 

results show good agreement with the experimental results. 

The computed power losses in simulation by PLEM are also 

compared with the measured results which are obtained by 

integrating the product of measured voltage and current during 

switching process in Fig. 10. A series of load voltage and 

current can be set to obtain the power loss table by the multiply-

run function in PSCAD. As can be seen in Fig. 10, the switching 

loss changes with the voltage, current and temperature 

increasing as well as the proportion of turn-on and -off losses. 

The simulation results have reasonable accuracy with variation 

of voltage and current especially in rated operating condition. 

Fig. 11 shows an example of a 3D plot of losses. Although only 

one layer is graphically demonstrated in Fig. 11, multiple layers 

with various temperatures are resulted in the simulator. A 4-D 

table is stored in the simulator and ready for circuit simulations. 

B. System Level Model Validation 

The proposed model can be applied to various PE 

applications such as buck or boost converter for semiconductor 

loss estimation. In order to evaluate the switching cell model 

and switching losses of a converter simulating in PSCAD, a 

boost converter, shown in Fig. 12(a), is implemented in PSCAD 

using the proposed model and methods. The corresponding 

boost converter test bed with cooling system shown in Fig. 12(b) 

has been designed and implemented for validation of the 

simulations. The main parameters of the test bed are listed in 

Table III. The designed boost converter setup includes the main 

circuit board, DC power supply, oscilloscope, resistive load and 

other measure equipment. The same semiconductor, Infineon 

IKW40T120 IGBT, is used for testing. Wakefield-Vette 394-

2AB heat sink is chosen as the cooling system. 

TABLE III PARAMETERS OF BOOST CONVERTER 

Parameter Value Parameter Value 

𝑣𝑠 150V 𝑣𝑜 300V 

L 7.17mH 𝐶𝑜 940µF 

𝑅 77Ω 𝑓𝑠𝑤 10kHz 

Duty cycle 0.5 𝑅𝐺 15Ω 
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 (a) (b) 

Fig. 13 System simulation (a) overall performance, and (b) detail power loss. 

 

Fig. 14 Measured overall system waveforms of boost converter test bed. 

The experiment is conducted at various voltages with a 

fixed 10kHz switching frequency controlled by DSP. The same 

circuit and condition is simulated in PSCAD using the proposed 

model with standard microsecond (µs) time-step. The overall 

system performance waveform as well as the details of power 

loss estimation in simulation are shown in Fig. 13. It can be seen 

that the detail loss power including turn on and off power losses 

and conducting loss power are well estimated during each 

switching cycle. Fig. 13(a) shows the start-up transient 

waveforms in the PSCAD simulation. As the output voltage and 

current increase to steady-state, the inductor current was ringing 

during the transient and the instantaneous average power can 

still be estimated and change accordingly. 𝑝𝑎𝑣𝑔𝑡 is the average 

power loss of power semiconductor in one switching cycle. Fig. 

13(b) shows the simulated losses in PSCAD in switching cycle 

scale for the IGBT. During each switching cycle, the turn on 

and turn off losses as well as the conduction power are updated 

according to the corresponding operating conditions which 

validates the dynamic performance of the proposed model. 

The measured overall system waveforms in the boost 

converter test bed are shown in Fig. 14. The detailed turn-on 

and turn-off waveforms of the IGBT are captured by 

oscilloscope and shown in Fig. 15 (a) and (c), respectively. And 

the instantaneous switching power can be obtained by the 

product of 𝑣𝑐𝑒  and 𝑖𝑐  using MATH function in oscilloscope 

which is then exported and integrated for power loss computing. 

In order to determine the accuracy of the proposed loss models, 

the transient waveforms of switching voltage, current, power 

and loss under the same test conditions in PSCAD are shown in 

Fig. 15(b) and (d).  

By comparing the experiment and simulation results, it can 

be seen that the overlap of voltage and current during switching 

process correspond to the turn-on and turn-off power losses 

which are critical, especially when switching frequency 

increases. The simulation results have good agreement with the 

experiment results in terms of the dynamic switching turn on 

and off time as well as the switching loss estimated by the 

proposed model in simulation. 

The junction temperature of IGBT is also monitored by the 

thermal imager as shown in Fig. 16. Due to the TSEPs’ effect 

as mentioned above, the switching loss also will change a lot 

with the temperature increasing in Fig. 17. Comparing with 

power loss curve fitting method on datasheet which is only 

linear scaled the effects of temperature and other conditions, the 

simulation results of the proposed model with temperature 

feature have better agreement with the experiment results in a 

wide range of the operating conditions. Although the power loss 

is analytically estimated by the additional loss table, it is noted 

that this loss does not affect the electrical circuit simulation. 

C. Discussion of the Model Limitation and Efficiency 

The proposed model can be applied to Electromagnetic 

transient (EMT) simulator with custom program modelling 

functions (e.g. PSCAD/EMTDC, MATLAB/Simulink). 

Junction temperature of the switching cell is considered as a 

known constant value during the switching cycle and has to be 

provided by the user. 

As for the efficiency of the model, it is a trade off between 

accuracy and speed. The device simulation is recommended to 

run under nano-second (ns) simulation time step for reasonable 

accuracy. Therefore, to obtain the power loss look-up table, it 

needs to choose suitable simulation time step and the operating 

condition range based on the application which will affect the 

simulation time and size of the data capacity. Furthermore, 

comparing with the system simulation time results of various 

switching models in Fig. 18, it is noted that system simulation 

using the proposed LUT method with ns time step has a faster 

simulation speed than using the detail ETM and both of them 

are only suitable for a short duration simulation because of the 

out of memory problem. However, as mentioned above, the 

proposed model can be run under µs time step with reasonable 

accuracy by device simulation. In this way, the system 

simulation can be run for a longer period as well as keeping 

similar simulation speed comparing with ideal switch.  
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 (a) (b) 

    
 (c) (d) 

Fig. 15 Turn on waveforms (a) experiment, (b) simulation, and Turn off waveforms (c) experiment, (d) simulation. 

    

Fig. 16 Thermal image of boost converter. 

 

Fig. 17 Switching Loss Vs 𝑇𝑗. 

 

Fig. 18 System simulation time using various models and time step. 

VI. CONCLUSION 

The paper presented a new simulating approach to obtain 

semiconductor losses in an EMTP (PSCAD) circuit simulation. 

The approach can maintain the fast simulating speed as well as 

reasonable accuracy. The EMTP firstly creates switching 

waveforms of the targeting IGBT-Diode switching cell in the 

device-level simulation based on the proposed semiconductor 

Electrical Transient Model, using the parameters from the 

device datasheet. Switching losses can be further calculated 

from the waveforms and stored in a power loss LUT with 

various conditions. The EMTP starts the circuit-level 

simulation regularly with simple switch model and obtains 

power losses in every switching cycle by searching from the 

LUT. The proposed ETM of IGBT-diode switching cell and 

PLEM were implemented in PSCAD and successfully resulted 

semiconductor power losses during circuit simulations. Two 

hardware testbeds have been implemented to evaluate the 

accuracy of the proposed ETM and PLEM, including a Double-

pulse tester and a boost converter. The simulation and 

experimental results show a good agreement. The approach is 

industry oriented and promising for future high switching 

frequency converter simulations and system optimizations. It is 

noted that a suitable selection of simulation time step and 

operating condition range based on the application in the 

device-level simulation is still needed which will significant 

affect the size of data capacity and simulation time. Moreover, 

research on close-loop electro-thermal coupling simulation 

instead of a given constant temperature are required for a better 

evaluation of efficiency of PE system. 
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