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Abstract 

Insulated Gate Bipolar Transistor (IGBT) based voltage source converter (VSC) applica-

tions embedded in power systems are growing. Optimal design of thermal management 

systems for such converters requires estimation of IGBT losses under various operating 

conditions, both normal and abnormal. Therefore, development of tools for estimating 

IGBT losses in EMT simulators is important as converters embedded in large power sys-

tems are simulated in EMT simulators.  

Two circuit models are developed to simulate turn-on and turn-off transients using a be-

havioral approach. These circuit models mimic the observed behavior in distinct phases 

of the turn-on and turn-off transients under the inductive load switching. In this model, 

the nonlinear nature of the circuit model of the IGBT is treated and converter specific in-

fluential parameters are taken in to account. An excellent correlation between the meas-

ured and simulated waveforms as well as measured and estimated switching losses is ob-

served. Finally, an efficient method to incorporate switching loss calculation in an EMT 

program in the form of a lookup table created using the developed transient model is pro-

posed.  
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  Chapter 1

Introduction 

In this chapter, the background, motivation, objectives and the scope of the research re-

ported in this thesis are described. A brief overview of the organization of the thesis is al-

so provided for easy navigation.     

1.1 Background 

Application of voltage source converters (VSCs) in power systems is rapidly growing due 

to advantages such as absence of commutation failures, ability of independently control-

ling the active and reactive power, and fast dynamic response [1]. In applications ranging 

from a few kilowatts to hundreds of megawatts, Insulated Gate Bipolar Transistors (IG-

BTs) are used [2] as the power electronic switch. In the past, application of VSC technol-

ogy was limited to low power levels due to lower voltage and current ratings of IGBTs 

when compared with the thyristor switches used in Line Commutated Converters (LCCs). 

However, the voltage and current ratings of IGBTs have been significantly improved dur-

ing the recent past due to advancements in device manufacturing technology [3]. Moreo-
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ver, the introduction of new device structures such as punch-through IGBTs, field-stop 

IGBTs [4], and improved fabrication technologies [5] enhanced the steady state and tran-

sient characteristics of modern IGBTs.  

Unlike thyristors, which rely on zero crossing points of its current to turn-off, IGBTs are 

fully controlled switches; i.e. they can be turned on and off at any desired instant of time 

using the voltage applied to the gate. This enables VSC based inverters to craft sinusoidal 

signals with low distortion, if they are switched at a frequency much higher than the fre-

quency of the sinusoid to be synthesized. Therefore, the switching frequency of the IG-

BTs in a VSC producing 50 Hz or 60 Hz waveform is typically in the range of several 

kilohertz. As a result, the switching loss, which is the product of energy loss per switch-

ing event and the number of switching events per second, constitute a significant portion 

of the power losses in a VSC. Therefore, having an accurate estimate of the switching 

loss component is important in designing the cooling systems for IGBTs in a VSC [6]. 

Power losses can occur in an IGBT switch during the conduction state, blocking state, 

and during switching transients. During the conduction period, although the current 

through the IGBT could be high, the voltage across the IGBT is small and equals its for-

ward voltage drop. The conduction losses can be easily estimated if the collector current 

and the forward voltage drop are known. In the blocking state, voltage across the IGBT is 

high and the losses are due to small leakage currents, which are in the range of microam-

peres. In contrast, during the switching transients, both the voltage across the IGBT and 

the current through it undergo changes. There is a period in which a high voltage and a 

high current exist in the IGBT simultaneously. Thus, the instantaneous power dissipated 

during a switching transient could rise up to several megawatts in large capacity IGBTs 
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used in power system applications [7]. However, the switching energy loss per event is 

small because the duration of switching transient is typically within several hundred na-

noseconds. Turn-on energy loss largely depends on the pre-switching voltage across the 

IGBT and the post-switching current. Similarly, turn-off energy loss largely depends on 

the pre-switching current through the IGBT and the post-switching voltage. The switch-

ing losses are also dependent on the power circuit stray inductances, IGBT internal ca-

pacitance values and its transfer characteristics, and characteristics of the gate drive. 

It is obvious that the most important step in estimation of the switching losses is the cal-

culation of the currents and voltages that the IGBT is subjected to during the operation of 

the VSC. These currents and voltages can be calculated through detailed circuit simula-

tions. Power electronics converters embedded in power systems are usually simulated in 

electromagnetic transient (EMT) simulation programs. In these simulation programs, a 

power electronic switch is represented as a two-state resistor in series with a voltage 

source that represents the forward voltage drop [8]. Although this simple model allows 

accurate calculation of voltages and currents of an IGBT device in a VSC, it does not 

simulate the current and voltage variations during switching transients. Simulation time 

steps used in EMT simulations are generally dictated by the dynamics of the power sys-

tem components such as transmission lines, and simulation time steps in the range of 5-

50 µs are typical [9].Thus switching events that occur in a few hundreds of nanoseconds 

are considered as instantaneous. Fast switching transient are not transferred to the rest of 

the system via elements having large time constants [10]. Therefore, this characterization 

does not affect the accuracy of the estimated transient behavior of the rest of the system. 

Consequently, the real behavior of IGBT switches during the switching transient is ig-
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nored in the typical EMT type simulations. This enables simulation of large power sys-

tems having embedded power electronic modules within a feasible simulation period. 

However, the impact of the energy dissipated in an IGBT due to switching cannot be ig-

nored, as these losses significantly contribute to device heating. Thus the results of a typ-

ical simulation do not accurately represent the thermal stress on the IGBT switches be-

cause the switching losses are ignored or inaccurately estimated. Although the impact of 

switching losses may not be very significant in the overall scheme for most cases, the 

simulation approaches that ignore the switching losses do not accurately represent the ac-

tual available energy and the energy distribution in a power system at a given time in-

stant. Therefore, it is beneficial to develop an accurate switching loss model to estimate 

power loss through IGBT switches. Such a power loss estimation model is useful if it can 

be implemented in an EMT simulation environment without excessively degrading the 

speed when simulating large power systems with embedded power electronics. That is 

the models should be capable of estimating the power losses that occur within few hun-

dred nano-seconds (100 ns -300ns) long IGBT switching transients in a simulation envi-

ronment that typically uses time steps of 5μs -50μs.  

1.2 Motivation 

There are two main factors that motivated this research: (i) need for an appropriate model 

for estimation of switching losses of an IGBT, using EMT simulations, which is evident 

from the lack of switching loss models incorporated in the industry standard EMT simu-

lation software programs, and (ii) impacts of the inaccurate estimation of switching losses 

on the design of converter thermal management systems. 
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EMT simulation programs are used to design and analyze the behavior of power systems 

with embedded power electronic converters as well as low power converter applications. 

In the context of power systems, a high-power embedded power converter refers to VSC 

based high voltage direct current (HVDC) transmission systems and flexible AC trans-

mission systems (FACTS) devices. Low-power converter applications include power 

electronics systems such as motor drives. According to [7], in a 350MW VSC HVDC 

transmission system, 70% of the power losses occur in the converters. A significant part 

of the converter loss is due to the switching power losses, which increase with the switch-

ing frequency. Hence, accurate estimation of switching losses in VSCs is important. An-

other aspect is the importance of simulating the converter with the surrounding power 

system. Use of EMT programs to simulate the power electronic converter together with 

the power system allows analysis of normal as well as abnormal operating conditions that 

the converter may be subjected to during its service. Isolated simulation of a converter 

would not allow realistic analysis of such abnormal operating conditions, during which 

the IGBTs may be subjected to higher thermal stress.  

Energy dissipated in an IGBT device is converted into thermal energy and raises its junc-

tion temperature. The thermal management system of a converter, which comprises of 

heat sinks, cooling fans, or liquid cooling systems, is designed to remove this thermal en-

ergy. The thermal management system consumes a significant portion of the total cost of 

a converter, and the space taken by the module. Therefore, due to economic reasons, the 

thermal management systems of the converters are designed and manufactured with rela-

tively low safety margins [6]. Increase of IGBT losses beyond the maximum safety limit 

significantly raises the risk of failure. The ability to accurately simulate the losses and 
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corresponding thermal stress on IGBT devices in a converter can help identification of 

the risks of failure during the design stage. This kind of prediction is especially helpful 

for the designers of power electronic systems to optimize the thermal management sys-

tems [11]. With the growing number of applications of VSCs in power systems, the need 

for an accurate switching losses estimation facility in EMT programs as a design tool is 

well justified.  

There are a number of published research papers that describe different attempts to de-

velop IGBT switching loss models [6], [12]-[16]. However, these previous models fail to 

meet three key requirements which are vital for successful implementation in an EMT 

program. These requirements are (i) accuracy of estimation of switching loss, (ii) man-

ageable level of model complexity, and (iii) accessibility to parameters of the model. The 

gap identified between the requirements and the available models can be examined by di-

viding the various previously proposed models into three broad categories as (i) empirical 

models, (ii) circuit models, and (iii) physics based models.  

The model complexity of the empirical fittings and circuit models is less when compared 

to the complexity of physics based model. In empirical modeling, total device power loss 

or switching energy loss is fitted as a function of the load current because supply voltage 

is fixed for a two level converter. These models facilitate the estimation of losses at dif-

ferent load currents, once the parameters of the function are estimated from experimental 

measurements made under certain test conditions [13], [15]. However, switching loss is 

not merely determined by the characteristics of the IGBT. The switching losses are highly 

influenced by the gate drive and stray inductance of the converter power circuit. Use of 

switching loss variations with load currents as specified in the data sheets to find the loss 
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functions ignores the impact of gate drive and stray inductance. This contributes to signif-

icant loss of accuracy. On the other hand, conducting of loss measurements on high pow-

er IGBT devices demand facilities that are beyond the approach of most users. The accu-

racy of estimation could be dubious when the operating voltages and currents are allowed 

to vary beyond the range of data used for developing the model.  

Use of circuit models is another potential approach due to its lower complexity. Circuit 

models use basic circuit elements to mimic the nonlinear transient behavior. Therefore, it 

is possible to estimate the transient trajectories of the currents and voltages using these 

models and use them to estimate the energy loss. Because factors such as stray induct-

ances and gate drive characteristics can be incorporated to the model, switching loss can 

be estimated more accurately than empirical models. However, since the circuit model at-

tempts to capture the current and voltage variations during the switching transient, the 

model needs to be solved in very small times steps in the range of several nanoseconds. 

Therefore, it is not feasible to run such circuit models at each switching event happening 

in a long EMT simulation due to drastic increase in the computational burden and the 

simulation time. Consequently, the direct adoption of circuit models into EMT simulation 

programs is not feasible.  

The boundary between circuit and physics model is becoming more and more blurred due 

to the use of complex physics based mathematical formulations in some circuit models 

such as [17]. In physics based modeling, switching behavior of an IGBT is modeled by 

applying physical laws that governs the dynamics of the semiconductor. Physics based 

models are capable of predicting the switching behavior more accurately than the empiri-

cal or circuit models. The physics based models, which are based on partial differential 
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equations of time and space also need to be simulated at very small time steps, and are 

more complex than the circuit models. However, the most significant issue of the physics 

based models is the need for large number of unfamiliar and inaccessible parameters. 

1.3 Objectives of the Thesis  

The main goal of the research is to develop a switching loss model of an IGBT used for 

switching an inductive load. Several primitive objectives are to be achieved to fulfill the 

goal of this research. They are listed in the approximate order to be accomplished. 

 Identification of the factors influencing the transient variations of the current and 

voltage of an IGBT during the switching transients through survey of literature 

and experimental measurements. 

 Development of suitable circuit models that can be used to mimic different phases 

in IGBT turn-on transient. 

 Development of suitable circuit models that can be used to mimic different phases 

in IGBT turn-off transient. 

 Development of procedures for extraction of various parameters in the switching 

transient models.  

 Incorporation of switching loss calculation into an electro-magnetic transient 

(EMT) simulation program through a suitable procedure to approximate the 

switching loss based on the switched current and voltage.  
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1.4 Organization of the Thesis 

After this introduction, a comprehensive literature review is presented in Chapter 2.  It in-

troduces a test circuit, referred to as the unit switching cell, for measuring IGBT switch-

ing waveforms, and describes details of the possible methods of evaluating switching 

losses in a switching cell. In addition, a brief description of previous approaches used for 

modeling IGBTs and diodes are presented, and the expected requirements of the models 

are identified,  

Chapter 3 describes the approach used to model the turn-on switching transient. First, the 

turn-on behavior of an IGBT in a unit switching cell is explained. Then, a set of circuit 

models that mimic the behavior of each distinct phase is explained. Thereafter, a proce-

dure for extracting parameters of the turn-on transient model is described. Chapter 4 de-

tails the turn-off transient model, and the organization of this chapter is similar to Chapter 

3. In addition, extracted parameters from the turn-on and turn-off transient measurements 

are compared.  

Chapter 5 presents the validation of the proposed switching transient models. Measured 

and estimated trajectories are compared at different operating conditions and for different 

IGBT devices. Performance of both turn-on and turn-off models are evaluated against 

load current, supply voltage, and gate resistance changes. Chapter 6 evaluates the switch-

ing loss estimation performances of the two models and demonstrates the predicted 

switching loss characteristics. Conclusions and future work are listed in Chapter 7.    
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  Chapter 2

Literature Review 

In this chapter, the independent unit required to model a switching transient of an IGBT 

in a VSC is shown. Currently utilized approaches and potential approaches for estimating 

switching losses in the basic building block of a VSC are described and compared. The 

construction and the typical behavior of an IGBT and a power diode are explained. Phys-

ics based and circuit modeling approaches for simulating IGBT behavior are detailed. An 

approach for switching loss estimation in EMT type simulations is explained.   

 

2.1 Voltage Source Converters (VSC) 

Voltage source converters are utilized to transform AC electrical power to DC and vice 

versa. Two converters are used in HVDC systems and typical motor drives.  One con-

verter is used to rectify the AC and the other converter to synthesize AC electrical power 

from DC. However, functionality of a converter is independent of the arrangement of the 

switches. The same converter can be operated either as a rectifier or as an inverter by 
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properly selecting the operating sequence of the switches. This feature enables power 

transfer in both directions with the help of two converters connected through a DC link. 

A voltage source inverter utilizes six electronic switches to craft a sinusoidal waveform 

from a direct current source. Figure 2-1depicts the circuit diagram of a three-phase VSC. 

An anti-parallel diode is necessary to be connected across each IGBT switch to ensure 

proper operation under inductive loads. An IGBT is a controlled switch that can be 

turned-on or turned-off via its gate input. However, a diode cannot be turned off or on via 

an external input and conducts whenever the voltage of the anode terminal is higher than 

cathode voltage. Therefore, diodes are classified as uncontrolled switches. 

 
Figure 2-1 Three-phase voltage source converter topology 

According to Figure 2-1, each phase of the load can be connected to the DC source via an 

IGBT. Three upper IGBTs enable current flow in the direction from source to ground and 

lower IGBTs facilitate current in opposite direction. Anti-parallel diodes facilitate current 

flow in the opposite direction to the IGBT in the same arm. This circuit arrangement 

makes it possible to craft a bidirectional or alternating current waveform through each 

phase of the load using set of unidirectional switches.  
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Controllability of the conduction through IGBTs via its gate drive enables crafting a si-

nusoidal waveform across the load. Anti-parallel diodes avoid discontinuity of the current 

when IGBT switches are open and this conduction phase is referred to as freewheeling. 

Switches connected to each phase operate independently as no interactions take place 

among them under normal operation. Therefore, it is possible to treat switches connected 

to each phase separately. Similarly, it is possible to generate a DC voltage across the DC 

bus with the help of an appropriate switching sequence when a three phase supply is 

available at the terminals connected to the load. 

2.1.1 Independent Unit-Switching Cell 

The switching circuit connected to each separate phase is called a half bridge. Figure 2-2 

shows the circuit diagram of a half bridge switch. Two switches in a half bridge operate 

in a complementary manner. Simultaneous conduction of both upper and lower switches 

would short circuit the DC bus resulting in disastrous consequences. Thus at the instant 

of turning-on the IGBT in the upper arm, the IGBT in the lower arm is always in the off 

state, and vice-versa. Suppose the upper IGBT is conducting and the lower IGBT is in the 

off state. When the conducting upper IGBT is turned-off, the current through the induc-

tive load, which cannot change instantaneously, is transferred to the anti-parallel diode in 

the lower arm. The reversal of the voltage induced across the inductive load due to de-

creasing current provides the forward bias condition required for the diode to conduct. If 

the upper IGBT is turned on again, the load current is transferred from the anti-parallel 

diode in the lower arm to the IGBT. Thus, during the turn-on switching transient, the load 

current in the anti-parallel diode in the opposite arm is transferred to the IGBT, while the 
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load current in the IGBT is transferred to the freewheeling diode in the opposite arm dur-

ing the turn-off transient. Therefore, for the purpose of modeling the switching transient 

of an IGBT, it is adequate to represent only one arm of the half bridge, together with the 

anti-parallel diode in the opposite arm connected across the load as depicted in Figure 

2-2. Fast current transients that take place during a switching event induce significant 

voltages across the stray inductances along the current path. Figure 2-3 illustrates typical 

components of the path inductance involved in a half bridge switch. Path inductances be-

tween reservoir capacitor Creservoir and switch are represented by Lp_C-SW and Ln_C-SW.  

 
Figure 2-2-Half bridge switch 

 
Figure 2-3-Transient model of half bridge 

The inductances Lp-CS and Ln-CS are the path inductance between the DC source and the 

reservoir capacitor. Le and Lc are total stray inductance between the collector and emitter. 

These stray inductances can be added and represented as a single equivalent inductance 

when the same transient current flows through all inductances. Importance of including 

the stray inductance of the path in transient analysis is emphasized in the literature [18]. 

Occasionally, path inductance of the gate drive circuit is also included in this model [19], 

[20]. Often, the sum of all stray inductance components on the output side is represented 

as a single lumped inductance in the unit switching cell circuit [19], [20] as shown in 



 

 14 

Figure 2-4 in switching transient analysis. The simplified unit switching cell circuit 

shown in Figure 2-4 imposes the conditions that the IGBT is subjected to, if it was used 

in a three-phase VSC circuit, therefore it is considered as suitable for analysis of the 

IGBT switching transients.   

 
Figure 2-4-Simplified unit cell model 

Consequently, this circuit model of the unit switching cell is used for analysis and exper-

imental measurements in this thesis. The unit switching cell circuit is characterized by the 

layout parameter Ls. The stray inductance Ls is approximately equal to the total series 

stray inductances up-to the reservoir capacitor because in typical designs, the reservoir 

capacitance provides the transient currents. The gate drive is characterized by the gate re-

sistance RG and a step source VGDH having a finite ramp up/down time. Thevenin re-

sistance of the power supply is ignored as the voltage drop across it is much smaller than 

the voltage drop across the path inductance during transients. The role of the reservoir 

capacitor shown in Figure 2-3 is to maintain a constant supply voltage during transients. 

This facilitates use of an ideal source in the model. The load is assumed highly inductive 

so that the load current remains continuous and almost constant during the switching 
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transient.  This assumption is valid because the time constants of practical loads are in the 

order of milliseconds or higher while the switching transients last only a few hundreds of 

nanoseconds.   

A switching event in a VSC always involves a pair of switches connected to the load at 

the time of switching. Most of the time, the IGBTs in a VSC are turned-on when a diode 

is carrying the load current, and if not the case, the situation can be considered as a zero 

load current. Variation of the load current during the conduction of the switches can be 

calculated through EMT simulations. Furthermore, it is assumed that the collector-to-

emitter voltage remains at the supply voltage Vcc before a turn-on transient and the volt-

age across the IGBT is raised to Vcc after a turn-off transient. Transient behavior of the 

unit switching cell is explained in the next section.  

2.1.2 Switching Behavior of Unit Cell  

Switching loss is exclusively determined by the shape of the trajectories of the collector-

to-emitter voltage and the collector current during the switching transient. Typical varia-

tions of the switching trajectories are shown in Figure 2-5. When the IGBT is in the off 

state, the total supply voltage can be assumed to appear across it because the forward 

voltage drop of the freewheeling diode is insignificantly small when compared with the 

supply voltage.  

During the IGBT turn-on process, the freewheeling diodes does not turn-off until the total 

load current is transferred to the IGBT. Therefore, the current through the IGBT increases 

rapidly during first stage of the turn-on process as depicted in Figure 2-5. During this cur-

rent rising period, the voltage across the IGBT drops due to induced emf on the stray in-
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ductance Ls. Once the total load current is transferred to the IGBT, the turn-off process of 

the freewheeling diode begins. 

 
Figure 2-5-Switching transients 

A negative current is visible through the terminals of the diode during turn-off due to re-

lease of stored charges in the diode. This current is called the diode reverse recovery cur-

rent, and it causes IGBT current to overshoot beyond the constant load current as depict-

ed in the Figure 2-5. Following the peak of the IGBT current, the voltage across the 

IGBT starts to falls as the diode starts to gain reverse voltage, and the collector current 

drops to the load current as the reverse recovery current starts to decay. Existence of a pe-

riod where there is a high current through the switch simultaneously with a high voltage 

across it results in a significant power loss during the turn-on process. In addition to the 

IGBT, a switching power loss occurs in the diode during its turn-off process.  

In the IGBT turn-off process, the load current is transferred back to the freewheeling di-

ode. The diode does not start to conduct until the voltage across the diode is forward bi-

ased. Therefore, at first, the voltage across the IGBT increases and the diode becomes 
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forward biased when this voltage rises close to the source voltage. When the diode starts 

conducting, the current through the IGBT decreases gradually as depicted in the turn-off 

transient in Figure 2-5. The induced voltage across the stray inductance due to rapidly 

falling IGBT current appears as an overshoot of the collector-to-emitter voltage. Power 

dissipation in the diode is comparatively small during its turn-on process and can be ig-

nored.   

The focus of this research is to develop a circuit model that mimics switching behavior in 

terms of the variations of the collector-emitter voltage and the collector current. These 

variations are adequate to obtain a good estimate of the power losses during the switching 

transients, and therefore, this thesis does not aim to deal with the physics of the IGBT de-

vice in detail. However, the circuit model should capture the individual device dynamics 

and interactions during the switching processes. The nonlinear nature of the diode and 

IGBT characteristics during the switching transients make the modeling process a chal-

lenging task. 

2.2 Approaches for Estimating Switching Losses 

The techniques proposed in literature for estimation of switching losses [6], [12]- [16] 

can be broadly classified as (i) empirical models obtained by fitting appropriate curves to 

actual loss measurements [12], [13], [16]. (ii) approaches that directly simulate the 

switching transient using circuit or physics-based dynamic models [19], [20], and (iii) 

models that use loss equations derived from switching transient models [6], [14]. Brief 

descriptions of these different approaches are given in the next three sections.   
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2.2.1 Empirical Switching Loss Models 

Empirical models utilize equations fitted to experimental data, or lookup tables for esti-

mating the switching losses of an IGBT at different operating currents and voltages. The 

main advantage of empirical models is the simplicity. Empirical models require only a 

few model parameters and a little computational effort. In the lookup table approach, a 

set of measured switching losses at some intervals of operating conditions are stored in a 

table. This table is prepared during development of the model. Five to ten entries per each 

variable is generally sufficient for applications like loss estimation. During the simula-

tion, the loss for a particular switching event is approximately estimated through interpo-

lation, based on the device current, voltage, temperature or combination of these factors. 

The lookup table approach helps to strike a balance between simulation speed, accuracy, 

and memory requirements in simulating complex power electronics circuits. The applica-

tion of a lookup table approach for loss estimation through unit cell is described in [13]. 

In this study, IGBT and diode losses are estimated at different load currents, voltages, 

and junction temperatures from the measurements and stored in tables. According to the 

authors of [13], simulation speeds can be increased by a factor of 10 to 20 times, if the 

detailed switch models that simulate the switching transients in SABER or PSPICE pro-

grams are replaced by the ideal switch models and utilize lookup tables for switching loss 

estimation. Use of polynomials to fit switching loss characteristics can be found in [15], 

[16], and [23]. In [23], a polynomial in the form given in Equation 2-1 is suggested to es-

timate the switching losses.  

𝐸𝑆𝑊  = 𝐴𝑂𝑁𝑖𝐵𝑂𝑁  +  𝐴𝑂𝐹𝐹𝑖𝐵𝑂𝐹𝐹  2-1 
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where Esw is the total switching loss, and i is the current being switched. The constants 

AON, AOFF, and BOFF are found by fitting Equation 2-1 to measured data. The fitted con-

stants are dependent on the employed IGBT. A single quadratic polynomial of load cur-

rent is used for total switching loss estimation in [24]. Reference [25] shows that the total 

switching loss of an IGBT used in a voltage source converter is directly proportional to 

the product of the switched current and voltage. Nonlinear equations with three terms fea-

turing products of the different powers of the switched voltage and current have been 

used to accurately fit the total switching loss in zero current and zero voltage switching 

converters [15]. Use of a set of polynomials fitted to different loss components (turn-on, 

turn-off, and diode loss components) is proposed in [26].  

Another approach, which is distinct from the above but can be categorized as empirical, 

is explained in [12]. In this approach, collector-to-emitter voltage, collector current, and 

diode currents during switching transients are synthesized with the help of measured 

waveforms. Three measurements are used to synthesize collector current and voltage dur-

ing the switching transients. However, the voltage transient is assumed to be independent 

of load current and represented by a single measurement. One of the switching wave-

forms measured at load currents of 40A, 100A, or 170A has been used to synthesize the 

waveforms for a given load current (in the range of 0-200 A) by scaling the amplitude. 

The circuit representation of the model is shown in Figure 2-6. The voltage source Vce 

and Ic synthesis waveform in transient simulation and voltage source Vsat1 mimic satura-

tion behavior during steady conduction. Similarly, the voltage source VForward and current 

sources ID mimic the transient behavior of the freewheeling diode. Estimated switching 

loss is claimed to have an accuracy level above 90%.  However, this approach still needs 
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simulation to run at a time step small enough to capture the variation of transient wave-

forms and therefore, it is computationally inefficient. Although empirical models are 

simple and efficient, there are a number of limitations. First, application of the empirical 

models is valid only for the converters, which are identical to the converter on which the 

measurements are taken.   

 

Figure 2-6-Circuit used to inject measured current and synthesis measured voltage in the 
circuit [12]  

This is because factors such as stray inductances and gate drive characteristics, which 

highly affect the transient behavior and losses during the switching, are not explicitly rep-

resented in the empirical models. Therefore, the influence of such factors cannot be taken 

into account when applying to a converter with different layout. Although some authors 

suggest use of loss measurements given in the data sheets [14], [15], those measurements 

also suffer from the same limitation. Furthermore, simple formulations such as loss func-

tions that only depend on the collector current magnitudes often ignore other significant 

influential factors. The representation of complex switching transients having number of 

distinct regions of operation with a simple fitting equation as done in [15], [23], [25] 
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causes inaccuracies. In addition, approaches that require simulation step sizes in the order 

of nanoseconds [12] are not appropriate for EMT simulation environments. 

2.2.2 Switching Loss Estimation Based on Dynamic Models  

It is possible to estimate switching losses using models that enable numerical simulation 

of the switching transients.  Understanding of the dynamic behavior of IGBTs and power 

diodes is essential to develop suitable models. Behavior of power electronic devices such 

as power diodes and IGBTs share some commonalities due to similarity in the structures. 

There are two possible modeling approaches. The switching dynamics of an IGBT can be 

represented using a simple equivalent circuit comprising nonlinear circuit elements. 

These models can be used to generate the switching waveforms of IGBT voltage and cur-

rent at terminals [27]. The second approach, which is sometimes referred to as the phys-

ics based modeling, involves simulation of the differential equations that govern the vari-

ations of internal fields, charge distribution, etc. in the device and relating them with the 

terminal voltage and current [28]. Although models based on both these approaches can 

be accurate, they require small simulation steps, high computational effort, and a large 

number of model parameters.  

2.2.3 Switching Loss Estimations Using Algebraic Equations  

The switching loss estimation models based on this approach rely on algebraic equations 

that are functions of not only the device current and voltage, but also of other parameters 

that depend on the circuit layout, device properties, and the gate driver characteristics. 

These loss equations are derived considering the circuit models that describe the transient 
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behavior of IGBTs and diodes. In [6], the product of two mathematical functions that de-

scribe the transient variations of the collector current and collector-to-emitter voltage of 

the IGBT has been integrated to obtain an expression for the switching loss. A refinement 

of the loss equations reported in [6] to obtain a simpler set of formulae with fewer param-

eters can be found in [14]. A similar approach has been applied in [29] to estimate the 

switching losses in a MOSFET based low power converter. In [29], the dynamics of the 

converter has been modeled in terms of a behavioral switching transient model of a 

MOSFET. Switching loss has been expressed as a function of the MOSFET parameters 

and operating condition (current and voltage) of the converter.  

2.3 Construction and Transient Behavior of 

Power Diodes 

The structure of a high-power diode is different from a conventional low power p-n junc-

tion diode. The semiconductor structure and the typical doping profile of a power diode 

are depicted in Figure 2-7. A lightly-doped long base semiconductor region called the 

drift region is included to increase the reverse voltage rating as depicted in Figure 2-7. 

This lightly-doped region significantly alters the transient behavior [30] and increases the 

forward voltage drop [31] of a power diode. Conductivity of the diode is considerably 

dependent on the availability of mobile carriers in the drift region. When P+ and N- junc-

tion at x=0 is forward biased, charge carriers are injected through junctions, P+ and N- as 

well as N- and N+. These charge carriers facilitate conduction of current between the 
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terminals. However, if the diode switches on with a high di/dt rate, it takes some time be-

fore this lightly-doped region is flooded with charge as depicted in [31]. 

 
Figure 2-7-Power diode construction and doping profile [31] 

The curves marked as t1 – t5 in Figure 2-8 represent the charge concentration levels at dif-

ferent times after the diode is forward biased with a high di/dt. Continuous  injection of 

holes through both junctions causes gradual increase in the free carrier concentration in 

the drift region as depicted in Figure 2-8.  

 
Figure 2-8- Carrier concentration profile 

 
           Figure 2-9-V-I Transients 

Gradual increase of conductivity due to increase of the excess carrier concentration in the 

drift region is called conductivity modulation. This kind of phenomena takes place within 

other electronic power semiconductor devices such as IGBTs. Lower conductivity at the 

initial phase during the turn-on transient causes an overshoot in voltage if the current ris-

es very rapidly as shown in Figure 2-9 [31]. This turn-on process of a power diode is 



 

 24 

called forward recovery process and results in a power loss in the diode during the turn-

on transient. Once the diode goes through the forward recovery transient, its forward 

voltage remains constant at its forward saturation voltage determined by the voltage drop 

across the junctions and drift region. However, the observed diode voltage overshoot is 

insignificant when compared with the typical supply voltages applied to the unit cell. 

Therefore, diode can be considered as an ideal switch during its turn-on transient (coin-

cides with IGBT turn-off transient).   

During the turn-off transient, excess carriers in the N- region do not disappear instantane-

ously as it takes some time for the stored charges to decay via extraction by the external 

circuit or recombining with accepter atoms as shown in Figure 2-10 [31].The depletion 

process of the stored charges is influenced by the external circuit [32]. In the unit cell, the 

diode reverse recovery process takes place when the load current is transferred from the 

diode to the IGBT. Once the load current is completely transferred to the IGBT, the 

stored charges within the diode depletes through the IGBT causing an overshoot in the 

collector current. However, the rate of increase of collector current is governed by the in-

stantaneous gate-to-emitter voltage and transconductance of the IGBT. Therefore, during 

the initial phase of depleting stored charges, the time rate of decreasing diode current is 

governed by the IGBT behavior. The collector current approximately follows a linear in-

crease before the reverse recovery phase. This variation follows even after starting the re-

verse recovery phase as there is no significant change in collector-to-emitter voltage. 

Therefore, an approximately linear increase of negative current through the diode is visi-

ble through the period between t0 to t3 as depicted in the Figure 2-11. However, some 

charge is depleted by the recombination process that takes place within the drift region 
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while extracting the charges via an external circuit. A space charge region starts to devel-

op around the junction at t3 and this space charge region facilitates development of re-

verse voltage across the diode. At this point the diode is unable to support further in-

crease of its reverse current as dictated by the IGBT behavior. However, still it is possible 

to increase the negative current but not at the same rate as before. 

 

 

Figure 2-10-Instanatanoues carrier concen-
tration during turn-off [30] 

 

Figure 2-11-V-I Transients during turn-off 
[31] 

Therefore, diode current increases up to t4 while the slope is decreasing. Finally, the slope 

of the diode current reaches to zero at t4. Voltage across the diode must be equal to the 

supply voltage at t4 as the time rate of current is zero. After time t4, diode current starts to 

decrease. The negative slope of the reverse recovery current induces an emf across the 

stray inductance. Induced emf causes an increase in the reverse voltage across the diode 

beyond the supply voltage as the collector-to-emitter voltage of the IGBT does not 

change rapidly. The diode reverse voltage reaches the peak at t5. Diode current and volt-

age decreases at a rate determined by the charge dynamics inside the diode. Behavior of 

the power diode after instant t3 can be represented using differential equations that de-

scribe the charge physics inside the diode [32], [33].   
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2.4 IGBT Construction and Operation 

An IGBT is a power switching device designed to achieve improved output characteris-

tics similar to a Bipolar Junction Transistor (BJT) switch and superior input characteris-

tics similar to that of a Metal Oxide Silicon Field Effect Transistor (MOSFET). An IGBT 

can be represented as a cascaded MOSFET and a BJT in circuit modeling. Figure 2-12 

shows construction of a typical IGBT and its symbol. As depicted in Figure 2-12, three 

consecutive regions p+, n-, and p+ forms a PNP bipolar transistor. The n- region marked 

is called the drift region. The drift region acts as the effective base of transistor. This bi-

polar transistor determines the output characteristics as it provides the conduction path 

between the collector and emitter terminals of the IGBT.  

 
Figure 2-12-Semiconductor structure and symbol of IGBT 

The gain of the bipolar transistor is said to be small [34]. Furthermore, a MOSFET struc-

ture is fabricated below the gate terminal of IGBT. This MOSFET input stage lowers the 

driving power requirement of the IGBT. The switching characteristic of an IGBT is sig-
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nificantly affected by this MOSFET input stage. When the gate terminal voltage is great-

er than a certain threshold level, electrons in the p+ region beneath the gate terminal are 

attracted towards the surface under gate, and the holes are repelled away. In this way, a 

layer of negative movable charges is formed beneath the gate. This conduction layer is 

referred to as the inverted layer. The inverted layer provides a path between the external 

emitter terminal of the IGBT and the collector region of the internal bipolar transistor 

(pnp-collector). In the absence of an inverted layer, there is no conduction path between 

the external emitter pin and the collector of the internal bipolar transistor as the junction 

Jcb is reverse biased when the voltage between external collector and the external emitter 

terminal is positive. In the presence of the inverted channel, application of a positive 

voltage between the collector and emitter terminals of the IGBT causes holes in the p+ 

emitter region (pnp-emitter) to be injected through the forward biased base-emitter junc-

tion of the internal PNP BJT. The electron current supplied by the MOSFET makes the 

internal bipolar transistor turn-on as it provides a base current via recombination of holes 

and electrons. Increase of voltage between the IGBT collector and emitter terminals rais-

es the positive bias on the emitter-base junction, Jeb, of the internal BJT. Increase of for-

ward bias across Jeb injects more holes from the P+ emitter region into the base region of 

the internal BJT. At a certain value of IGBT collector-emitter voltage, the hole concentra-

tion eventually exceeds the background doping level of n- drift region. The excess carri-

ers drift through the reverse biased collector-base junction, Jcb, of the bipolar transistor 

due to large electric field that appearing across it. The above internal conduction mecha-

nism can be represented with the help of the circuit shown in Figure 2-13 [28]. This cir-

cuit model represents the mechanisms that aid the operation of an IGBT. The circuit rep-
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resents the control action of the MOSFET over the BJT via supply of base current to the 

BJT. 

 

Figure 2-13-Circuit representation of an IGBT 

In addition, this circuit model represents the requirement of an appropriate external volt-

age to achieve the bias requirements of the BJT. However, the above circuit model is in-

adequate for dynamic modeling purposes simply due to the complex nature of interac-

tions within the device during the turn-on and turn-off. The region marked n- drift region, 

which is act as the base of the internal BJT, has a number of implications. This region is 

lightly doped and made wider to support high blocking voltage. In contrast, the base of a 

low power transistor is thinner when compared with the other two regions. During the 

turn-off process, once the MOSFET channel is rapidly removed, the internal BJT acts as 

an open base transistor [28]. During the turn-off process, first the IGBT collector current 

decreases rapidly due to the decrease of the base current supplied by the MOSFET. How-

ever, this collector current decay is abruptly slowed down once the base of the internal 

BJT is opened. After the base is opened, the ability to control the flow of charges in the 
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drift region via the gate-to-emitter voltage disappears. Stored charges in the drift regions 

decay via recombination when the base is open. This process causes a slowly varying 

current through the terminals of the IGBT called tail current. Therefore, the turn-off col-

lector current transient is characterized by a rapid decrease followed by a slow decaying 

phase. This type of phenomena cannot be explained using the simple circuit model shown 

in Figure 2-16. 

2.5 Physics-Based Modeling of IGBT and Power 

Diode Dynamics 

Physic-based models of power semiconductor devices are developed with the help of the 

following basic relationships [35]. 

 Current density equation  

 Current continuity equation  

 Charge neutrality equation  

 PN Junction equation 

 Poisson equation  

 Kirchhoff’s laws at the device terminal 

A combination of different basic relationships is used depending on the phenomenon to 

be modeled. Resistivity modulation, charge storage effect, and metal oxide semiconduc-

tor (MOS) capacitive effects are the major classes of physical phenomena taking place 

within an IGBT device. The behavior of charges in the lightly-doped drift region signifi-

cantly affects the conduction characteristics of power switching devices. This effect is re-
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ferred to as charge storage effect. Charge storage effect is modeled using a partial differ-

ential equation known as the ambipolar equation [22]: 

𝐷
𝜕2𝑝
𝜕2𝑥 =

𝑝
𝜏 +

𝜕𝑝
𝜕𝑡  2-2 

where D is the ambipolar diffusion constant, τ is the carrier life time. The ambipolar 

equation is solved to find the excess carrier concentration p in a point x of the drift region 

at a given time t. Solution for this partial differential equation is obtained by applying 

proper boundary conditions to the space with appropriate initial conditions. Therefore, 

physical dimensions of the IGBTs are essential for modeling using this approach. Meth-

ods of solving the ambipolar equation have been described in [30]. As mentioned earlier, 

the turn-off transient of an IGBT lasts for a long period of time due to the time needed to 

remove the stored charges in the open collector base junction of the internal BJT. The 

ambipolar equation is often used to model the charge storage effect in the estimation of 

the tail current.   

The resistance between output terminals of a power diode or an IGBT is highly deter-

mined by the amount of free charge carriers present in the lightly doped layer. Hole con-

centration in lightly doped drift layer is determined by the forward bias applied across the 

junction Jcb as described in Section 2.4. As explained earlier in Section 2.3 and Section 

2.4 conductivity modulation impacts the behavior of IGBTs and power diodes signifi-

cantly. 

Storage of charges in the zones bounded by the potential differences existing between the 

zone boundaries creates parasitic capacitances. These capacitances are called as MOS ca-

pacitances. Devices with an isolated gate such as IGBTs and MOSFETs have large MOS 



 

 31 

capacitances that vary with the voltages across the relevant zones [36]. Thus physics 

based modeling involve a number of partial differential equations. In addition, physics 

based formulations should be solved with small time steps. A substantial amount of com-

putational effort is required to simulate physics-based formulations at small time steps. 

Furthermore, physics based formulations include a number of parameters such as base 

width, carrier life time, area of the IGBT structure. Such design parameters are not easily 

accessible. The physics-based approach is unable to achieve the objectives of the research 

due to the high computational requirement and use of inaccessible parameters.  

Some of the above phenomena can be represented in an approximate way in circuit mod-

els. For example, the effect of zones with stored charge can be represented as lumped 

parasitic capacitances between the external electrodes. Therefore, in analyzing the 

switching behavior an IGBT, it can be approximately modeled as shown in Figure 2-14. 

 
Figure 2-14-MOS capacitances of an IGBT 

The capacitance between the collector and the emitter, Cce, is called the junction capaci-

tance, the capacitance Cge between the gate and the emitter is called the gate capacitance, 

and the capacitance Cgc between the collector and the gate is referred to as the transfer ca-
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pacitance or Miller feedback capacitance. These capacitances are nonlinear: the change in 

stored charge per unit voltage variation is not constant at all possible voltages. Therefore, 

these nonlinear capacitances are represented as voltage dependent MOS capacitances in 

modeling of the transient behavior. The typical variations of the three capacitances with 

the collector to emitter voltage are shown in Figure 2-15.  

   
Figure 2-15-Collector-to-emitter voltage dependency of MOS capacitances 

2.6 Circuit Model of an IGBT  

Circuit models imitate the terminal voltages and currents variation during a switching 

event with the help of a lump parameter model. The formulations of a circuit model con-

tain a set of ordinary differential equations rather than partial differential equations. 

Therefore, significantly lower computational effort is required to solve circuit models 

when compared to the computational effort required to solve physics-based models. In a 

circuit model, the switching behavior of an IGBT is represented with inter-electrode 

MOS capacitances and a controlled source. The controlled source mimics the coupling 

between the gate-to-emitter voltage and the collector current of an IGBT. Figure 2-16 

shows the switching model of an IGBT used to simulate the switching behavior of an 
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IGBT. This circuit model of an IGBT is also called as macro-model or behavioral model 

of the IGBT. MOS capacitances represent the dynamic behavior as explained in Section 

2.5. 

 
Figure 2-16-Circuit model of IGBT dynamics 

The DC current gain of the IGBT is modeled by combining gain characteristics of 

MOSFET and bipolar transistor [37], [38]. During the switching transients, variation of 

collector-to-emitter voltage causes changes in the depletion layer width Wdep shown in 

Figure 2-12. The change in the depletion layer width results in a displacement current in 

the drift region. The direction of this current flow could be into the drift region or out 

from the drift region depending on whether the drift region width grows or shrinks. In the 

circuit model this phenomena is represented as charging or discharging of a voltage de-

pendent capacitor. Therefore, in order to preserve the accuracy, the voltage dependency 

of the MOS capacitances must be taken into account in modeling. Influence of Miller 

feedback capacitor Cgc  on switching behavior cannot be ignored [36]. This capacitor is a 

nonlinear function of collector to gate-to-emitter voltage and represents the state of the 

stored charges underneath the gate. In the circuit modeling of an IGBT, gain characteris-
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tic of an IGBT is approximated with help of individual gain characteristic of the bipolar 

transistor and the MOSFET.  Therefore, the gain of the IGBT should be the product of 

the gains of the MOSFET and the BJT as per Figure 2-13.  

The gain of a MOSFET obeys two different laws below and above a certain voltage be-

tween drain and source called saturation voltage. The drain-to-source saturation voltage 

of a MOSFET is defined as Vds (sat) = Vge-VT, where VT is the threshold voltage and Vge is 

the gate-to-emitter voltage of the IGBT. If the drain-to-source voltage is larger than the 

saturation voltage, the device is said to be operating in the saturation region. Equation 2-3 

expresses the gain of a MOSFET when it is operated in the saturation region [38].  

𝐼𝐷 = 𝑘𝑝�𝑉𝑔𝑒 − 𝑉𝑇�
2
 2-3 

where kp is a constant.  

When the drain-to-source voltage is less than the saturation voltage, the MOSFET is said 

to be operating in the linear region. The gain of the MOSFET is given by Equation 2-4 

when it is operated in the linear region [38].  

𝐼𝐷 = 𝑘𝑝 ��𝑉𝑔𝑒 − 𝑉𝑇�𝑉𝑑𝑠 − 𝑉𝑑𝑠
2

2� � 
2-4 

 

Overall gain of the IGBT can be approximated by the gain of the cascaded MOSFET and 

BJT. The current through the emitter terminal of the BJT is (1+β) times the MOSFET 

output current. β is the  DC current gain of the bipolar transistor. According to Figure 

2-13, voltage between the drain and source Vds of the MOSFET is such that Vds=Vce-Vd . 

Vd  represents voltage drop in the forward biased emitter base junction of the bipolar tran-

sistor. Therefore, saturation voltage Vce (sat) =Vge-VT+Vd. Therefore, the overall gain of 
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the IGBT in the linear and saturation regions can be expressed respectively by Equation 

2-5 and Equation 2-6.  

𝐼𝐶 = 𝑘𝑝(1 + 𝛽) ��𝑉𝑔𝑒 − 𝑉𝑇�(𝑉𝑐𝑒 − 𝑉𝑑) − (𝑉𝑐𝑒 − 𝑉𝑑)2

2� � 
2-5 

 

𝐼𝐶 = 𝑘𝑝(1 + 𝛽)�𝑉𝑔𝑒 − 𝑉𝑇�
2
 2-6 

The behavior described by the above two equations does not consider the high level in-

jection condition and drop across the drift region [38] as in the physics-based approach of 

modeling. However, two polynomials fitted with the help of experimental observations 

can be used to correct the behavior. Equation 2-7 and Equation 2-8 depicts the modified 

gain characteristics.  

𝐼𝐶 = 𝑘𝑝(1 + 𝛽) ��𝑉𝑔𝑒 − 𝑉𝑇�(𝑓1 ∙ 𝑉𝑐𝑒 − 𝑉𝑑) − (𝑓1 ∙ 𝑉𝑐𝑒 − 𝑉𝑑)2

2� � 2-7 

where  𝑓1 = 𝑎0 + 𝑎1𝑉𝑔𝑒 + 𝑎2𝑉𝑔𝑒
2  

The function f1 makes the saturation voltage of the MOSFET equals to the saturation 

voltage of the IGBT.  

𝐼𝐶 = 𝑘𝑝(1 + 𝛽)𝑓2�𝑉𝑔𝑒 − 𝑉𝑇�
2
 2-8 

where 𝑓2 = 𝑏0 + 𝑎𝑏1𝑉𝑔𝑒 + 𝑏2𝑉𝑔𝑒
2  

These correction functions assure a smooth transition of gain characteristics between sat-

uration and linear region.  Collector current transients of IGBT switches occur at much 

larger collector-to-emitter voltages when compared with gate-to-emitter voltage as de-

picted in the Figure 2-5. The MOSFET is operated well above the saturation voltage. 

Therefore, correction of gain characteristics is not essential in estimating collector current 

transients of the unit switching cell.  
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2.7 Methodology Suggested for Switching Loss 

Estimation in EMT Simulations 

In this chapter, details of the mechanisms involved in power diodes and IGBT devices 

were described in simple terms. Various approaches employed for modeling the switch-

ing processes were discussed. Based on the survey presented in this chapter, physics 

based detailed models are not appropriate due to model complexity and the need for large 

number of parameters, which are generally not disclosed by the manufacturers. The sim-

plest approaches such as lookup tables based on measurements do not take into account 

the effect of parameters specific to a given converter implementation, and therefore are 

not accurate. It is apparent that behavioral models based on the empirical fittings or loss 

equations based on the unit cell behavior are reasonable approaches for loss estimation in 

EMT type simulation environment. In behavioral models, computational effort, model 

complexity, and the data requirements are moderate, and at the same time they take into 

account important internal and external influential factors such as stray inductances and 

gate drive characteristics.  With this approach, it is possible to more accurately estimate 

switching losses at different possible operating conditions.  

In terms of incorporation of the loss model into the EMT simulation environment, the 

easiest approach is to represent losses as functions of the switched current and voltage 

imposed on the device. The loss data can be represented using look up tables or using fit-

ted curves.  The loss data required to create the lookup tables can be generated using a 

circuit model. The circuit model can be used to estimate switching losses at intervals of 

load currents and voltages with specified IGBT parameters, gate drive parameters, and 
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stray inductance values for a given unit cell prior to the actual simulation. Then the 

lookup table generated using the unit switching cell circuit model can be used to estimate 

switching losses during the simulation. Pre-switching and post-switching collector-to-

emitter voltages and currents across the IGBT device is determined by EMT simulation 

with help of ideal switch model.   

Circuit models that mimic device behavior at each distinct phase during the switching 

transient are developed by considering the dominant dynamics and interactions in the unit 

switching cell in the respective phases.   
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      Chapter 3

Turn-on Transient Model 

In this chapter, turn-on behavior of the unit cell is explained. Design of the turn-on tran-

sient model is described step-by-step with the rationale behind the design. A procedure 

for extracting the parameters required for the turn-on transient model is also proposed.      

3.1 Turn-on Behavior  

The turn-on transient of the unit switching cell follows several distinct phases. These dis-

tinct phases of the collector-to-emitter voltage and collector current variations are due to 

different dynamics that dominate during each of the periods. Therefore, terminal charac-

teristics of the IGBT can be described using the most prominent phenomenon in each 

phase. Other less significant dynamics can be ignored to simplify the circuit model for 

the IGBT.  Figure 3-1(a) shows the measured trajectories of the collector-to-emitter volt-

age and collector current during the turn-on transient. Transient measurements are done 

using a digital storage oscilloscope with the help of a test setup described in Section 5.1. 

Figure 3-1(b) depicts the approximate variations of the voltage and current for the same 

transient. Minor oscillations in the voltage and current are ignored in the approximated 
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waveforms. The emitter terminal voltage of the IGBT is taken as the reference voltage of 

the unit cell model shown Figure 2-5. 

  
(a) 

 
(b) 

Figure 3-1-Distinct phases of the turn-on transient (a) measured waveforms, (b) approxi-
mated waveforms 

Therefore, collector-to-emitter (Vce) voltage might be referred to as the collector voltage 

and the gate-to-emitter voltage (Vge) might be referred as the gate voltage in this thesis.  

The collector current is referred as IC. Important dynamics of each distinct phase after the 

approximation are explained below. 
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3.1.1 Turn-on Delay Period 

Once a positive gate drive is applied to the gate terminal, the gate-to-emitter voltage 

starts to increase. However, output of the IGBT does not respond to the gate-to-emitter 

voltage variation until it reaches a certain level, which is referred to as gate threshold 

voltage VT. Time taken by the gate-to-emitter voltage to reach the threshold value of the 

IGBT is called turn-on delay and is denote by td. 

3.1.2 Collector Current Rising Period 

As shown the Figure 3-1 (a), the collector current rises simultaneously with the gate-to-

emitter voltage when the gate-to-emitter voltage is higher than the threshold voltage VT. 

The growth of collector current results in a drop in the collector-to-emitter voltage due to 

induced emf across the stray inductance. The collector-to-emitter voltage is often consid-

ered as following a plateau during this period. However, occasionally collector-to-emitter 

voltage slightly increases again at the end of this phase or subsequent phase when the rate 

of rise of the collector current slows down.   

3.1.3 Initial Reverse Recovery Period 

The collector current overshoots beyond the load current IL as depicted in the Figure 3-1 

(a). This is due to the reverse recovery current of the outgoing freewheeling diode. Since 

the collector current and the gate-to-emitter voltage are tightly related during this phase, 

the gate-to-emitter voltage rises with the collector current. The collector-to-emitter volt-

age does not vary significantly during this phase. As already described in Section 2.3 and 

depicted in Figure 2-12, voltage across the freewheeling diode is insignificantly low for 
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most of the time in this phase. However, at the end of the phase, diode voltage suddenly 

reaches a level that is equal to the difference between the collector-to-emitter voltage 

plateau and the supply voltage, as the rate of change of the collector current becomes al-

most zero at the end of the initial reverse recovery period.  

3.1.4 Diode Reverse Voltage Gaining Period 

The reverse recovery current starts to decay in this phase. The collector-to-emitter volt-

age falls rapidly when the diode starts to gain reverse voltage during this phase. The gate-

to-emitter voltage decreases slightly as the collector current decreases following the tight 

relationship between the two. Careful examination of Figure 3-1(a) shows that although 

the collector current is equal to the load current at the end of this phase as well as at the 

end of the collector current rising phase (or at the beginning of the initial reverse recov-

ery period), the gate-to-emitter voltage at the end of this phase is slightly less than the 

gate-to-emitter voltage at the end of collector current rising phase. This discrepancy is 

due to variations in the transconductance (or gain) of the IGBT in the two phases.  

3.1.5 Gate-to-Emitter Voltage Plateau Period 

After the diode reverse voltage gaining period, the turn-on transient follows a phase 

where the average gate-to-emitter voltage remains at a constant value below the peak gate 

drive voltage as seen in Figure 3-1 (a) [14], [22]. The collector-to-emitter voltage de-

creases and the rate of falling of collector-to-emitter voltage decreases continually. The 

later part of the collector-to-emitter voltage trajectory is called the collector-to-emitter 

voltage tail [21].  
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3.1.6 Final Gate-to-Emitter Voltage Rising Period 

Once the collector-to-emitter voltage reaches a value closer to the saturation voltage, the 

gate-to-emitter voltage starts to rise as depicted in Figure 3-1 (a). The rate of rise of the 

gate-to-emitter voltage during this phase is less than the rate of the rising gate-to-emitter 

voltage during the turn-on delay period.  

3.2 Modeling of Turn-on Transient  

When an IGBT is used in a circuit, its terminal behavior (as described by the variations of 

the collector current and the collector-to-emitter voltage) is determined not only by the  

internal processes represented by the equivalent circuit shown in Figure 2-17, but also by  

the characteristics of the external circuit. Therefore, it is best to focus on the specific be-

havior of the IGBT within the unit cell for more accurate modeling when a behavioral 

approach is used. The switching model of the IGBT shown in Figure 2-17 is duplicated in 

Figure 3-2 for reference in the following discussion.  

 
Figure 3-2-Switching model of IGBT 
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Dynamics represented by each element of this IGBT model may or may not be significant 

during a given phase in the turn-on transient. Therefore, modeling is achieved by select-

ing only the essential and dominant process in each distinct phase as described in Sec-

tions 3.2.2 through 3.2.7. This involves selection of the components that reflect processes 

inside the IGBT from the switching model, modeling of the interaction of the IGBT with 

the external circuit, identification of the parameters that represent selected phenomena, 

and utilization of special simulation techniques if needed.    

3.2.1 Pre-Switching Condition of the IGBT 

Pre-switching voltages between the terminals reflect the level of stored charges in the 

equivalent capacitors or accumulated charges within the physical regions between the 

terminals. Therefore, it is required to set the stored charges in each capacitor before start-

ing the simulation. Pre-switching voltage across capacitor Cce is approximately the supply 

voltage as the forward voltage drop across the diode is very small when compared with 

supply voltage. The saturation voltage of the gate driver appears across Cge. The differ-

ence between the above two voltages appears across the Cgc. However, the voltage across 

Cgc almost equals the supply voltage as the output saturation voltage level of the gate 

driver and the diode forward voltage drops are very low.  The collector side of the Cgc 

contains positive charges and gate side contains negative charges at this state.  

3.2.2 Phase-1: Turn-on Delay Phase Model 

Rise of the gate-to-emitter voltage in this phase occurs due to change in stored charges in 

Cge. In addition, since the collector-to-emitter voltage is fixed, the rising gate-to-emitter 



 

 44 

voltage also requires decreasing the voltage across Cgc by reducing the amount of stored 

charges within Cgc. This is achieved by supplying positive charges to the negatively 

charged gate side terminal of Cgc from gate drive. Therefore, the gate-emitter capacitance 

Cge is getting charged and the gate-collector capacitance Cgc is getting discharged via gate 

resistance RG during this phase. The circuit shown in Figure 3-3 (a) represent behavior of 

the unit cell in this phase.  

 
(a) 

 
(b) 

Figure 3-3- Turn-on delay model (a) Model representing the dynamics (b) An approxi-
mated model 
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The freewheeling diode carries the load current IL as depicted in Figure 3-3 (a) and the 

collector-to-emitter voltage does not vary during this stage. Alternatively, behavior of the 

unit cell can be simulated with the circuit model shown in Figure 3-3 (b) as the variation 

of collector current and collector-to-emitter voltage are insignificant during this phase. 

The finite rise time of the voltage pulse applied by the gate drive affects the switching 

transient. The ramp up time of the voltage pulse can be comparable with the turn-on de-

lay in some applications. In such situations, the gate drive can be modeled with a DC step 

source having a finite ramp up time. During this phase, the capacitance Cge is much larger 

than Cgc and Cce. Also the capacitances Cge as well as Cgc are considered fixed capacitors 

as it is found to be a fair approximation. In addition, internal gate resistance of the IGBT 

and driver output resistance may need to be taken into account, especially when a lower 

external gate drive resistance RG is utilized. Once the gate-to-emitter voltage reached to 

the threshold voltage level, the circuit model is modified to simulate the approximated 

dynamics of the next phase with the proper initial conditions estimated during this phase.  

3.2.3 Phase-2: Model of the Collector Current Rising Phase 

During Phase-2, the collector current increases with the gate-to-emitter voltage as shown 

in the Figure 3-4. As the collector-to-emitter voltage is much higher than the gate-to-

emitter voltage during this phase, the transfer characteristic between Vge and IC is speci-

fied by Equation 2-6 [38], [39]. The gate-to-emitter voltage rises as the gate-emitter ca-

pacitance is still getting charged. A fraction of the current supplied by the gate drive dis-

charges the capacitor Cgc during this phase. Increase of gate-to-emitter voltage causes an 

increase in the collector current. 
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Figure 3-4-Transients during Phase-2 

Transient behavior during the phase can be modeled by the circuit depicted in Figure 3-5. 

 
Figure 3-5-Model of the collector current rising phase 

As already mentioned, the transfer characteristic between Vge and IC is specified by Equa-

tion 2-6 [38], [39], which is reproduced here for the convenience.  

𝐼𝐶 = 𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡𝑘𝑝(1 + 𝛽)�𝑉𝑔𝑒 − 𝑉𝑇�
2
 3-1 
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All terms in Equation 3-1 are already defined under Equation 2-6 except the constant 

𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡 which represents the ratio between the actual gain at Phase-2 and Phase-3 in the 

turn-on transient to the nominal gain of the IGBT, which is observed in the subsequent 

phases. It is observed that the estimated gain during Phase-2 and Phase-3 in the turn-on 

transient is less than the nominal gain estimated during the other phases in the turn-on 

transient. The factor 𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡 is used to represent the reduced gain during this phase. 

Transconductance is defined as the rate of change of the collector current with the gate-

to-emitter voltage, and its value depends on the gate-to-emitter voltage. Therefore, trans-

conductance can be expressed as in Equation 3-2.     

𝑔𝑓𝑒�𝑉𝑔𝑒� =
𝜕𝐼𝐶

𝜕𝑉𝑔𝑒
�

𝑉𝐶𝐸=𝐶𝑜𝑛𝑠𝑡

= 2𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡(1 + 𝛽)𝑘𝑝�𝑉𝑔𝑒 − 𝑉𝑇� 3-2 

where β is the DC current gain of the bipolar transistor in IGBT, kp is a constant, Vge is 

the gate-to-emitter voltage of the IGBT, and VT is the threshold voltage of the IGBT. An 

increase of collector current which flows through the IGBT causes a corresponding de-

crease of current through the freewheeling diode.  

The reason behind the collector-to-emitter voltage drop during this phase is the induced 

emf across the stray inductance Ls due to changing current through it. Furthermore, time 

taken to discharge stored charges within the capacitance Cce affect the time rate of falling 

collector-to-emitter voltage. These effects are represented by the stray inductance Ls and 

the collector-to-emitter capacitor Cce in the model circuit shown in the Figure 3-5. Reflec-

tion of the collector-to-emitter voltage variation to the gate side due to Miller feedback is 

apparent from the practical observations. The effects of feedback from the collector-to-

emitter voltage variation to the gate side as well as the diversion of gate drive current to 
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discharge the Miller capacitor (Cgc) are represented by the capacitance Cgc connected be-

tween the gate and the collector. As the variation of capacitance of each capacitor is in-

significant at higher collector-to-emitter voltages, the capacitors are simulated with fixed 

values during this phase to achieve a certain degree of simplicity as in [37]. The equiva-

lent circuit shown in the Figure 3-5 is simulated to include all of the above dynamics. 

This phase is simulated until the collector current reaches the load current IL. At this 

point, transfer of load current from the freewheeling diode to the IGBT is completed. 

3.2.4 Phase-3: Model of Initial Reverse Recovery Phase 

The reverse recovery process of the freewheeling diode begins once the collector current 

reaches the load current. Stored charges within the base region of the power diode dis-

charge during this phase as explained in Section 2.3. During this phase, the rate of dis-

charging of stored charges in the diode, (or the diode current) is determined by the exter-

nal circuit [32]. Thus, it is assumed that the collector current continues to rise as (as 

shown in Figure 3-6(a)) dictated by the increasing gate-to-emitter voltage according to 

Equation 3-1 [21], as in the previous phase.  
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(b) 

Figure 3-6-Transients during Phase-3 (a) Transients of Vce, Ic, Vd, and Id  (b) Transi-
ent of Vge  

This is clearly observed in practical measurements. In Phase-3, the ideal diode in the cir-

cuit model is replaced with a short circuit as shown in Figure 3-7.  

 
Figure 3-7-Model of the initial reverse recovery phase 

The diode is replaced with a short circuit because, (i) the voltage across the diode is still 

very small in this phase, (ii) the current that depletes the stored charge in the diode is de-
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termined by the external circuit, and (iii) the current is in the reverse direction. The col-

lector current is governed by the instantaneous gate-to-emitter voltage of the IGBT. The 

dynamics that determine the collector-to-emitter voltage is the same as in the previous 

phase. The model is similar to the model used in Phase-2, except for a short circuit that 

representing the ideal diode. This circuit is simulated until the collector current reaches 

(IL + IRM), where IRM is the peak reverse recovery current. Estimation of the IRM is ex-

plained in Section 3.2.8.   

3.2.5 Phase-4: Diode Reverse Voltage Gaining Phase 

The freewheeling diode gains reverse voltage during this phase and the reverse recovery 

current decreases as shown in Figure 3-8 (a). In order to retain the simplicity of the mod-

el, and based on experimental observations, the fall of diode reverse recovery current is 

assumed to be linear as in [21], [14]. Therefore, the falling reverse recovery current is 

modeled with an independent controlled current source that injects a current that falls 

from IRM to zero during the period tb shown in Figure 3-8 (a). The current source connect-

ed in parallel with the load current source shown in Figure 3-9 represents the variation of 

diode current during this phase. Instantaneous voltage across the diode is determined by 

the variation of the collector-to-emitter voltage. Thus the ideal diode is replaced with an 

open circuit (by opening switch S1 in Figure 3-9) in Phase-4. The collector current is 

equal to the sum of instantaneous diode current and the constant load current, and in this 

phase, both of them are externally defined. Therefore, in contrast to the previous phases, 

the collector current is driving the circuit dynamics. 



 

 51 

 

(a) 

  
(b) 

Figure 3-8-Transient during Phase-4 (a) Transients of Vce, Ic, Vd, and Id  (b) Transi-
ent of Vge 

Since the collector current is no longer determined by Vge, the controlled current source 

that determined the collector current is removed from the circuit (by opening switch S2 

and short circuiting the current source with S3). The collector current passes through the 

controlled voltage source depicted as Vsyn in Figure 3-9 , which sets the collector-to-

emitter voltage. However, since Vge and IC are still tightly coupled through Equation 3-1, 

with the fall of collector current, the gate-to-emitter voltage is also forced to decrease in 

this phase of the transient. 
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Figure 3-9-Model of the later reverse recovery phase 

This drop in gate-to-emitter voltage is clearly visible in measurements, and is modeled in 

the circuit using the gate side control voltage source Vcont shown in Figure 3-9. The in-

stantaneous voltage across gate side control source is calculated from Equation 3-3, 

which is obtained by rearranging Equation 3-1.   

𝑉𝑔𝑒(𝑡) = 𝑉𝑇 + ��𝐼𝑐(𝑡)
𝑔𝑎𝑖𝑛(𝑡)� � 3-3 

Variables used in Equation 3-4 are already defined under the Equation 3-1 except the 

term 𝑔𝑎𝑖𝑛(𝑡) which represents the variable IGBT gain during this phase. It is assumed 

that gain increases linearly from the adjusted gain to the nominal gain during this phase. 

The variation of gain with the collector-to-emitter voltage is estimated using Equation 

3-4.   
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𝑔𝑎𝑖𝑛(𝑡) =
𝑘𝑝(1 + 𝛽)(1 − 𝑘𝑔_𝐴𝑑𝑗𝑢𝑠𝑡)(𝑡0 − 𝑡)

𝑡𝑏
+ 𝑘𝑔_𝐴𝑑𝑗𝑢𝑠𝑡𝑘𝑝(1 + 𝛽) 3-4 

where 𝑡0 is the time instant of starting the phase and 𝑡𝑏 is the duration of the phase.   

Slope of the collector to emitter voltage falling trajectory gradually decreases as shown in 

Figure 3-8. Time taken to release the stored charges in a charge accumulation layer that 

was developed under the gate during turn-off is described as the reason behind gradual 

decrease of the rate of change of the collector-to-emitter voltage [22]. This phenomenon 

is manifested as a variation of the capacitance of Cgc. In Figure 3-1, rapid decrease of the 

collector-to-emitter voltage is apparent during the early period of this phase where Cgc is 

small. Later, the collector-to-emitter voltage falling rate decreases as Cgc increases with 

the decreasing collector-to-emitter voltage. The process behind development of the col-

lector-to-gate voltage due to depletion of the stored charges in the nonlinear capacitor Cgc 

can be modeled as explained below. The discharging current is equal to the rate of change 

of the stored charge in Cgc, which is a function of Vgc 

𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
𝑑�𝐶𝑔𝑐�𝑉𝑔𝑐� ∙ 𝑉𝑔𝑐�

𝑑𝑡
 

where IDischarge is the current that supplies the charges to Cgc. Alternatively the above ex-

pression can be written using the chain rule as  

𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐶𝑔𝑐�𝑉𝑔𝑐�
𝑑𝑉𝑔𝑐

𝑑𝑡
+ 𝑉𝑔𝑐

𝑑𝐶𝑔𝑐�𝑉𝑔𝑐�
𝑑𝑉𝑔𝑐

𝑑𝑉𝑔𝑐

𝑑𝑡
 

Cgc is only depended on Vgc. Hence, the derivative of Cgc with respect to the Vgc is a func-

tion of Vgc. Therefore, 

                                     𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = � 𝐶𝑔𝑐�𝑉𝑔𝑐� + 𝑉𝑔𝑐𝑓�𝑉𝑔𝑐��
𝑑𝑉𝑔𝑐

𝑑𝑡
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Consequently the discharging current and the change in collector-to-gate voltage can be 

related with the help of a fictitious Miller capacitor Cgc’ as given in Equation 3-5 

 𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =  𝐶𝑔𝑐′�𝑉𝑔𝑐�
𝑑𝑉𝑔𝑐

𝑑𝑡
 3-5 

where Cgc’ is the sum of real capacitance Cgc and another component that is also depend-

ent on Vgc as given in Equation 3-6 

              𝐶𝑔𝑐′�𝑉𝑔𝑐� = 𝐶𝑔𝑐�𝑉𝑔𝑐� + 𝑉𝑔𝑐𝑓�𝑉𝑔𝑐� 3-6 

The decrement of the voltage between collector and gate during a small time period ΔTs 

can be found by discretizing Equation 3-5. Equation 3-7 relates small change in collector-

to-gate voltage to the charging current with help of fictitious Miller capacitance Cgc’ de-

fined in Equation 3-6.  

                                ∆𝑉𝑔𝑐 ≈
𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒∆𝑇𝑠

𝐶𝑔𝑐′�𝑉𝑔𝑐�
 3-7 

Positive current flowing into the gate side of the Cgc depletes the negative charges stored 

in the gate side. Therefore, IDischarge results in a decrease of the voltage across Cgc or the 

voltage between collector and gate terminals.  Therefore, Equation 3-7 estimates the de-

crease of collector-to-gate voltage during a time step of ∆Ts (at a particular value of Vgc). 

The discharge rate of Cgc is depended on the current supplied from the gate drive and the 

additional current supplied due to discharging of Cge. Based on the circuit model, the dis-

charging current can be calculated using Equation 3-8. 

𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) =
�𝑉𝐺𝐷𝐻 − 𝑉𝑔𝑒(𝑡)�

𝑅𝐺
+ 𝐶𝑔𝑒

𝑑𝑉𝑔𝑒(𝑡)
𝑑𝑡

 3-8 

where VGDH is the output voltage of the gate driver and Cge is the gate to emitter capaci-

tance. The collector-to-emitter voltage is the sum of the voltage across Cgc and gate-to-
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emitter voltage. However, the collector-to-emitter voltage variation can be attributed to 

the variation of the voltage across the Cgc as the variation of the gate-to-emitter voltage is 

very small compared to the variation of voltage across Cgc. Hence, variation of the collec-

tor-to-emitter voltage is assumed to be solely determined by the discharging process of 

Cgc and the effects of Cce are neglected hereafter. Estimated collector-to-emitter voltage is 

synthesized with the help of a controlled voltage source depicted as Vsyn in Figure 3-9. 

Note that the Miller capacitor is removed from the model circuit (by opening switch S4) 

at this phase as the effect of the Miller capacitor is modeled with a controlled sourced 

Vsyn. The value of Vsyn is updated in each time step using ∆𝑉𝑔𝑐 estimated using Equation 

3-7. Equation 3-9 describes instantaneous voltage of source Vsyn. 

𝑉𝑠𝑦𝑛(𝑡 + ∆𝑇𝑠) = 𝑉𝑠𝑦𝑛(𝑡) − ∆𝑉𝑔𝑐(𝑡) 3-9 

Sudden disappearance of the decreasing diode current causes an oscillation of collector-

to-emitter voltage-to-emitter voltage as well as gate-to-emitter voltage at the end of this 

phase. The gate-to-emitter voltage oscillation is more visible than collector-to-emitter 

voltage oscillation as seen in Figure 3-1. The collector current is no longer determined by 

the gate-to-emitter voltage after this phase. Therefore, this oscillatory behavior of the 

gate-to-emitter voltage is not modeled.  

3.2.6 Phase-5: Gate-to-Emitter Voltage Plateau 

The gate-to-emitter voltage remains at a more or less constant value during this phase. 

The collector-to-emitter voltage variation last even after decaying the diode transient as 

depicted in the Figure 3-10. As already described in the previous section, the gate-to-

emitter voltage is determined by the collector current which remains almost constant dur-
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ing the phase.  Therefore, gate-to-emitter voltage also does not vary during this phase. 

This phase can be simulated by applying a number of modifications to the model that 

simulated the previous phase. The circuit model shown in the Figure 3-11 is used to 

simulate the IGBT response during this gate-to-emitter voltage plateau phase. 

 
Figure 3-10-Transients at Phase-5 

No current flows through the diode at this phase. Current through the variable current 

source that represented the diode current variation reaches to zero at the beginning of this 

phase (simulated by opening S1 and closing S2). Thus, in phase-5, the collector current is 

equal to the load current. Therefore, the diode has insignificant effect on circuit behavior. 

Since the collector current remains constant, there is no voltage drop across the stray in-

ductance. The voltage of the controlled voltage source connected to the gate is required to 

be fixed at the estimated gate-to-emitter voltage level at the end of the previous phase as 

depicted in Figure 3-11. Equation 3-7 is used to estimate the collector-to-emitter voltage 

change as in the previous phase and the controlled source Vsyn is used to simulate the col-

lector-to-emitter voltage variation in the circuit model. The value of Vsyn is calculated us-

ing Equation 3-7, Equation 3-8, and Equation 3-9 as in Phase-4. However, contribution to 
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the discharging current given in Equation 3-8 from Cge is zero, as the gate-to-emitter volt-

age remains constant at a plateau.   

 
Figure 3-11-Model of the gate-to-emitter voltage plateau phase of turn-

on transient  

The voltage across the diode during this phase is the difference between the supply volt-

age and the varying collect-to-emitter voltage. Once the collector-to-emitter voltage 

drops to the saturation voltage corresponding to the operating condition, the model is 

switched to simulate the final gate-to-emitter voltage rising phase. 

3.2.7 Phase-6: Final Gate-to-Emitter Voltage Rising Phase 

As depicted in Figure 3-1 (b), only the gate-to-emitter voltage changes during this phase. 

Gate-to-emitter voltage starts to increase from the gate-to-emitter voltage plateau and 

moves towards positive gate drive voltage level VGDH. The rate of increasing gate-to-

emitter voltage is determined by Cies (Cge + Cgc) as gate drive has to charge both capaci-

tors. For this phase, capacitors can be considered as having fixed capacitance. However, 
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the value of Cies in this phase is much larger than the fixed capacitance value used in 

phases 1 and 2 due to low collector-to-emitter voltage (see Figure 3-1(a)).  In practical 

measurements, a small reduction in the collector-to-emitter voltage can be observed. 

However, this is ignored in the model by considering the impact on the accuracy of the 

loss estimation.  

3.2.8 Diode Turn-off Model 

The diode follows a reverse recovery process during the turn-on transient of the IGBT as 

already explained.  The reverse recovery process follows two distinct sub-transients as 

explained in Section 2.3. Turn-off behavior of a typical power diode is illustrated in Fig-

ure 3-12.  

  
Figure 3-12-Power diode turn-off behavior 

The main feature that affects the power losses in the freewheeling diode is the reverse re-

covery current. The peak reverse recovery current IRM increases with the forward load 

current it carried before the turn-off. Greater the rate of decreasing of the diode current, 

smaller the fraction of stored charges depleted via recombination. Therefore, when the 

rate of decrease of diode current is higher, a large proportion of the stored charges are 
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depleted as a current through the external circuit. Hence, IRM is increased with the rate of 

decrease of the diode current during turn-off. 

Since the rate of decrease of diode current is usually dictated by the external circuit, the 

peak reverse recovery current IRM can be approximated by Equation 3-10 [21]:   

𝐼𝑅𝑀 = �2𝜏𝐼𝐹
𝑑𝐼𝐹

𝑑𝑡
 3-10 

where τ is the carrier life time, IF is the pre-switching forward diode current, and dIF/dt 

is the rate of decrease of diode current. Manufacture’s data sheets contain measured IRM 

value under a given forward current IF and cut off rate of current dIF/dt. Therefore, re-

verse carrier life time τ can be estimated using the data sheet value of IRM with the meas-

ured condition (forward current IF and cut-off rate dIF/dt). Once carrier life time of the 

power diode is determined, IRM corresponding to a switching transient at a given load cur-

rent is calculated with the help of estimated τ, load current IL, and slope of current trajec-

tory, which can be estimated during the simulation of Phase-2. In the first phase of re-

verse recovery where the reverse current is increasing, the diode forward voltage drop 

remains at the value it had during the forward conducting stage. This phase continues un-

til the collector current reaches the peak reverse recovery current. Note that the peak re-

verse recovery current is also used as the terminating condition of Phase-3 of the IGBT 

turn-off process explained in the Section 3.2.4.  

The diode reverse voltage gaining phase is simulated as soon as the diode current reaches 

IRM. The voltage across the diode is negligibly small during the initial reverse recovery as 

described before. However, the diode reverse voltage suddenly increases to the difference 

between the supply voltage (Vcc) and the collector-to-emitter voltage plateau level at the 
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end of the initial reverse recovery phase. This is because the time rate change of the re-

verse recovery current becomes suddenly zero at this point, and therefore, the voltage 

drop across the stray inductance becomes zero. As voltage across the IGBT capacitances 

cannot vary suddenly, the difference between the collector-to-emitter voltage and supply 

voltage Vcc appears across the diode. The diode current variation during the later reverse 

recovery phase is considered independent and therefore, it is an input to the rest of the 

circuit. Thus the diode is again represented as a current source in the reverse voltage 

gaining period. The diode reverse current is assumed to fall in a linear fashion during pe-

riod tb depicted in Figure 3-12. The linear drop in current is assumed for simplicity, also 

it closely resembles the practical observations. The parameter tb can be extracted from 

data sheets for a given operating condition.  

A diode gains the reverse voltage with formation of an immovable space charge region as 

explained in Section 2.3 [30]. However, it is required to remove charges stored in Cgc to 

enable change in the collector-to-emitter voltage as explained in Section 3.2.5. Therefore, 

diode voltage is assumed to vary as a response to the collector-to-emitter voltage varia-

tion of the IGBT. Estimation of diode voltage is important to estimate the reverse recov-

ery power loss through the freewheeling diode. The effect of the induced voltage across 

the stray inductance Ls on the diode voltage is taken into account when estimating voltage 

across the diode. According to the circuit model shown in Figure 3-9, diode voltage var-

iation is evaluated by subtracting the instantaneous collector-to-emitter voltage from the 

sum of the supply voltage plus the induced voltage across Ls  as described in Equation 

3-11.  
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𝑉𝐷(𝑡) = 𝑉𝑐𝑐 − 𝐿𝑠
𝑑𝐼𝑐(𝑡)

𝑑𝑡
− 𝑉𝑐𝑒(𝑡) 3-11 

However, diode voltage can overshoot because collector current is decreasing. This sim-

plified model of the diode greatly simplifies the overall model complexity. This diode 

model is relies on the assumption of the domination of IGBT behavior over the diode 

during turn-on transient and the validity this assumption will be verified in validation sec-

tion of the thesis.   

3.3 Parameter Extraction 

Simulation of significantly important dynamics at each phase leads to a situation where 

there is a one-to-one relationship between one unknown parameter and a part of the re-

sponse. Thus the parameters can be evaluated using a measured IGBT turn-on waveform. 

The IGBT parameters to be determined are (i) gate-to-emitter capacitance Cge, (ii) collec-

tor-to-emitter capacitance Cce, (iii) stray inductances Ls, (iv) constant gate-to-collector ca-

pacitance (Miller feedback capacitor) Cgc  at higher collector-to-emitter voltages, (v) a set 

of capacitance values that represent the variation of Cgc’, the fictitious Cgc’ at lower collec-

tor-to-emitter voltages after Phase-3, (vi) the nominal gain constant 𝑘𝑝(1 + 𝛽) and (vii) 

the gain adjusting factor kg_Adjust to estimate gain at lower collector-to-emitter voltages. 

Furthermore, diode parameters (i) carrier life time τ and (ii) later reverse recovery period 

tb need to be estimated. The following section explains parameters that can be estimated 

during each of the distinct period using measured waveforms.  
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3.3.1 Parameters from Measurements of Phase-1 

Initial gate-to-emitter voltage rise is basically determined by the gate resistance RG, gate-

to-emitter capacitance Cge, and the gate drive characteristics. The gate resistance is the to-

tal external resistance between the gate drive and the IGBT plus the internal gate re-

sistance of the IGBT. Ramp up time of a given gate drive can be measured with the help 

of an oscilloscope. Although Cgc is included in the model circuit, Cgc has insignificant ef-

fect on gate-to-emitter voltage in this phase since Cge is much larger than Cgc (often Cge is 

more than twenty times larger than Cgc at this phase). Therefore, Cies is approximated to 

Cge during this phase for parameter extraction purpose. Considering the charging of Cge 

from a constant gate drive voltage 𝑉𝐺𝐷𝐻  through 𝑅𝐺   during a time interval from 𝑡𝑖  to 𝑡𝑓 

(𝑡𝑖 is an instant after the ramp up time of the gate drive), Equation 3-12 is obtained by 

applying the charging equation for an instant 𝑡𝑓 where the voltage across the capacitor is. 

𝑉𝑔𝑒_𝑓 = 𝑉𝐺𝐷𝐻

⎝

⎛1 − 𝑒

−(𝑡𝑓−𝑡𝑖)
𝑅𝐺𝐶𝑔𝑒

�

⎠

⎞ + 𝑉𝑔𝑒_𝑖

⎝

⎛𝑒

−(𝑡𝑓−𝑡𝑖)
𝑅𝐺𝐶𝑔𝑒

�

⎠

⎞ 3-12 

where 𝑉𝑔𝑒_𝑖 is the gate-to-emitter voltage at 𝑡𝑖 and  𝑉𝑔𝑒_𝑓 is the gate-to-emitter voltage at 

𝑡𝑓. Then the value of 𝐶𝑔𝑒 can be found using Equation 3-13 which is derived by rearrang-

ing Equation 3-12.  

𝐶𝑔𝑒 = �
𝑡𝑓 − 𝑡𝑖

𝑅𝐺
�  ×

1

ln �
�𝑉𝐺𝐷𝐻−𝑉𝑔𝑒_𝑖�
�𝑉𝐺𝐷𝐻−𝑉𝑔𝑒_𝑓�

�
  

3-13 

The gate-to-emitter voltage measurements are usually more impacted by the noise due to 

relatively low voltage level. The gate-to-emitter voltage is also subjected to transient os-

cillations due to dynamics ignored in this model, for example those due to inductance of 
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the gate drive circuit.  The following considerations can be used to enhance the accuracy 

of the Cge estimation when gate-to-emitter voltage measurements are noisy. The first 

measurement 𝑉𝑔𝑒_𝑖  should be taken after the decaying the oscillation of Vge that occurs 

immediately after the gate pulse is applied. This fluctuation of Vge occurs [see Figure 3-1 

(a)] due to oscillation of energy between the stray inductance of connecting wires of the 

gate drive and the capacitor Cge. The second measurement of 𝑉𝑔𝑒_𝑓 should be taken before 

the oscillation of the gate-to-emitter voltage that appears just before the instant of starting 

the conduction of the IGBT, i.e before Vge exceeds the threshold voltage. If the gate-to-

emitter voltage measurement is severely impaired by noise, a comparison of Vge meas-

urements and assessed response of Vge with an initial estimation of Cge can be used to re-

fine the estimation. Extracted Cge in Phase-2 can be used to simulate next phase as well.   

3.3.2 Parameters from Measurements of Phase-2 

Accuracy of the collector-to-emitter capacitance Cce does not significantly influence the 

accuracy of the estimated response as Ic is much larger than 𝐶𝑐𝑒
𝑑𝑉𝑐𝑒

𝑑𝑡
 . The collector-to-

emitter capacitance Cce is normally ignored in simulating switching transients [40]. The 

impact of Cce is only accounted during Phase-2 and Phase-3 of the turn-on transient mod-

el. Therefore, it is suggested to use the data sheet value of Cce in the simulation. The gate-

to-emitter voltage threshold value VT is the gate-to-emitter voltage at which the collector 

current Ic  starts to flow. Therefore, VT can be directly estimated from a concurrent meas-

urement of Ic and Vge during a turn-on transient.   
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Equation 3-14 can be used to estimate the adjusted gain constant for Phase-2 and -3. It is 

derived from Equation 3-1 that describes the transfer characteristic of the IGBT.  

𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡𝑘𝑝(1 + 𝛽) =
𝐼𝑐𝑚

�𝑉𝑔𝑒𝑚 − 𝑉𝑇�
2 3-14 

where 𝐼𝑐𝑚 and 𝑉𝑔𝑒𝑚 are respectively a collector current measurement and a gate-to-

emitter voltage measurement taken during Phase-2 when the collector-to-emitter voltage 

variation is minimum. According to the model circuit shown in Figure 3-5, this equation 

is more accurate when current through Cce is minimum or 
𝑑𝑉𝑐𝑒

𝑑𝑡
 is minimum. It is observed 

that often the rate of change of Ic   is constant around IL. Therefore, 𝑉𝑐𝑒 is more or less con-

stant when Ic is close to IL. Furthermore, it is found that measured gate-to-emitter voltage 

is more stable at around IL. Therefore, 𝐼𝑐𝑚 can be fixed to 𝐼𝐿 and then 𝑉𝑔𝑒𝑚 should be the 

gate-to-emitter voltage when 𝐼𝑐𝑚 = 𝐼𝐿.   

The induced emf across the stray inductance is solely determined by the slope of the col-

lector current trajectory. Therefore, stray inductance 𝐿𝑠 can be estimated from Equation 

3-15.    

𝐿𝑠 =
 𝑉𝐿𝑠

𝑑𝐼𝑐
𝑑𝑡�

=
(𝑉𝑐𝑐 − 𝑉𝑐𝑒𝑚)

�𝑑𝐼𝑐
𝑑𝑡� �

𝑡=𝑡𝑚

 
3-15 

where 𝑉𝑐𝑒𝑚 is the collector to emitter voltage at an instant t=tm and denominator of 

Equation 3-15 denotes the estimated slope of the collector current Ic  when t=tm. Taking 

accurate measurements of 𝑉𝑐𝑒  and Ic  is not challenging when compared with the gate–to-

emitter voltage measurement.  However, it is suggested to avoid measurements at the be-
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ginning of Phase-2 as there are fluctuations in 𝑉𝑐𝑒  and Ic  .  Reliable estimations of  𝐿𝑠 

can be obtained by considering measurements of 𝐼𝑐 that lies between IL/2 and IL.   

According to the model circuit depicted in Figure 3-5, current through the Miller capaci-

tance Cgc is given by Equation 3-16 .  

𝐶𝑔𝑐
𝑑𝑉𝑐𝑔

𝑑𝑡
= �

𝑉𝐺𝐷𝐻 − 𝑉𝑔𝑒

𝑅𝐺
� − 𝐶𝑔𝑒

𝑑𝑉𝑔𝑒

𝑑𝑡
 3-16 

where 𝑉𝐺𝐷𝐻 is the gate drive voltage and 𝑉𝑐𝑔 is the collector-to-gate voltage. Therefore, 

Miller capacitance Cgc can be estimated using Equation 3-17. 

𝐶𝑔𝑐 =
�(𝑉𝐺𝐷𝐻−𝑉𝑔𝑒)

𝑅𝐺 
− 𝐶𝑔𝑒

𝑑𝑉𝑔𝑒

𝑑𝑡
�

�𝑑𝑉𝑐𝑒
𝑑𝑡

− 𝑑𝑉𝑔𝑒

𝑑𝑡
�

 3-17 

The first term in the numerator is the current drawn from the gate drive and can be easily 

estimated with the help of a gate-to-emitter voltage measurement taken during Phase-2 or 

-3. The second term in the numerator stands for the current through 𝐶𝑔𝑒. Accurate estima-

tion of the slope of the gate-to-emitter voltage is required for estimation of the current 

through 𝐶𝑔𝑒 as well as to evaluate the numerator of Equation 3-17. If the gate-to-emitter 

voltage measurement is noisy, the initial estimation of Cgc can be refined by comparing 

the measured responses and the assessed response.   

3.3.3 Parameters from Measurements of Phase-3  

The model of the IGBT remains the same as the previous phase during this phase. A sin-

gle new parameter required to simulate this phase is the carrier life τ. Carrier life τ can be 

estimated with help of Equation 3-18.  
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𝜏 =
𝐼𝑅𝑀

2

�2𝐼𝐹
𝑑𝐼𝐹

𝑑𝑡� �
 

3-18 

where 𝐼𝐹 is the forward current through the diode and 𝑑𝐼𝐹
𝑑𝑡�  is the cut-off rate of the di-

ode current. Carrier life time can be estimated with the help of measurements or even us-

ing manufactures data sheet information as data sheet information are not as inaccurate as 

the IGBT switching capacitances given in the data sheets.  

3.3.4 Parameters from Measurements of Phase-4   

Parameters required to simulate this phase are later reverse recovery period tb, gain ad-

justing factor, and some values of Cgc’ at number of collector-to-emitter voltages. An ac-

curate estimation of tb cannot be done without simulating diode model based on under-

line physics.  However, a certain degree of simplification can be done using information 

given in the manufactures data sheets. Data sheets contain plots showing the variation of 

tb and/or total reverse recovery time with different forward currents at different the cut-

off rates. When merely the total reverse recovery time is specified in the data sheet, tb can 

be calculated by subtracting the estimated initial reverse recovery period from the total 

reverse recovery period. The initial reverse recovery period can be estimated via simula-

tion. Furthermore, tb can be estimated using softness factor S which is defined as the ratio 

of the between later reverse recovery period and the initial recovery period. With a 

known softness factor S, tb is can be determined using Equation 3-19 

𝑡𝑏 =
𝑆𝑡𝑟𝑟

𝑆 + 1
 3-19 
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where trr is the total reverse recovery time. This approach assumes the softness factor 

does not vary with the load current and cut-off rate of the diode current.  

The gain adjusting factor 𝑘𝑔_𝐴𝑑𝑗𝑢𝑠𝑡 can be determined as described below. Nominal gain 

of the IGBT can be estimated by applying Equation 2-6 for gate voltage plateau period 

(Phase-5). Equation 3-20 is obtained by applying Equation 2-6 to the gate voltage plateau 

phase and rearranging the terms.     

𝑘𝑝(1 + 𝛽) =
𝐼𝑐𝑚

�𝑉𝑔𝑒_𝑃𝑙𝑎𝑡𝑒𝑎𝑢 − 𝑉𝑇�
2 3-20 

𝐾𝑔_𝐴𝑑𝑗𝑢𝑠𝑡 is the ratio between the gain estimated from Equation 3-14 and the gain esti-

mated from Equation 3-20 

According to the described behavior of the model, the collector-to-emitter voltage is sole-

ly determined by the discharging current estimated from Equation 3-8 and the profile of 

fictitious capacitance Cgc’. If the collector-to-emitter voltage variation estimated from 

Equation 3-7 is approximated to the variation of collector-to-emitter voltage Cgc’ should 

be able to estimate from Equation 3-21.   

�𝐶𝑔𝑐′�
𝑉𝑐𝑒_𝑚𝑖𝑑

= −�𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒�
𝑉𝑐𝑒_𝑚𝑖𝑑

(𝑡𝐻 − 𝑡𝐿)
�𝑉𝑐𝑒_𝐻 − 𝑉𝑐𝑒_𝐿�

 3-21 

where 𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the discharging current estimated with help of Equation 3-8, 𝑉𝑐𝑒_𝐻 is 

a collector-to-emitter voltage measurement taken at t=tH and 𝑉𝑐𝑒_𝐿 is a collector-to-

emitter voltage measurement taken at t=tL. Also, 𝑉𝑐𝑒_𝐻 > 𝑉𝑐𝑒_𝐿 and therefore 𝑡𝐿  > 𝑡𝐻 . 

The estimated value of Cgc’ is corresponds to the average value of the collector-to-emitter 

voltage ( 𝑉𝑐𝑒_𝑚𝑖𝑑 ) of the above two collector-to-emitter voltage measurements because 

Equation 3-21 is applied around this operating point. However, accurate variation of the 
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gate-to-emitter voltage variation is required to estimate 𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 . Equation 3-8 de-

scribes two components of currents that discharge Cgc’. The discharging current compo-

nent due to the release of the stored charges from Cge has to be estimated with the help of 

the time rate of measured gate-to-emitter voltage variation during this phase. A very 

small variation of gate-to-emitter voltage results in a significantly large current from Cge 

as shown subsequently.  

According to Figure 3-1, huge oscillations of gate-to-emitter voltage appears during this 

phase. Therefore, it is almost impossible to use Equation 3-21 to estimate Cgc’ with prac-

tical measurements on gate-to-emitter voltage.  This is one reason why Equation 3-21 

cannot be used to estimate Cgc’. Furthermore, as mentioned in Section 3.2.5, estimated 

gate-to-emitter voltage during this phase is not accurate as gain adjustment (which is 

done with a constant factor) is only performed to fix the gate-to-emitter voltage at the end 

of this phase in the measured gate-to-emitter voltage level. Impact of inaccurate estima-

tion of collector-to-emitter voltage variation due to inaccurate estimation of gate-to-

emitter voltage variation can be evaluated as follows. If the whole current supplied by 

discharging Cge flows through Cgc’, corresponding voltage variations are given by the fol-

lowing the equation.    

𝐶𝑔𝑐′
𝑑𝑉𝑔𝑐

𝑑𝑡
= 𝐶𝑔𝑒

𝑑𝑉𝑔𝑒

𝑑𝑡
 

The error in estimating collector-to-gate voltage when there is ∆𝑉𝑔𝑒 error in estimating 

gate-to-emitter voltage can be found from the following expression.   

∆𝑉𝑔𝑐 =
𝐶𝑔𝑒

𝐶𝑔𝑐′
∆𝑉𝑔𝑒 
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Typical values of Cgc' is in the few tens of pico-Farads. Typical values of Cge are in the  

few hundreds pico-Farads to few nano-Farads. Therefore, a one tenth of a volt error in es-

timating gate-to-emitter voltage can probably causes tens of volts of error in estimating 

collector-to-gate voltage. Due to above two reasons, the following trial and error ap-

proach is suggested to estimate Cgc'. The suggested approach seeks an appropriate value 

of Cgc’ that synthesizes collector-to-emitter voltage at the estimated gate-to-emitter volt-

age transient by the model rather than measurement. Therefore, actual capacitance at ac-

tual gate-to-emitter voltage might be different. A comparison of measured collector-to-

emitter voltage transient and estimated value of collector-to-emitter voltage (done with a 

trial value of Cgc’) is used to refine initial estimation of Cgc’. It is enough to estimate ca-

pacitance at few collector-to-emitter voltage values. The capacitance values in between 

those points can be estimated with interpolation during simulation. During the parameter 

extraction, a new capacitance value at a new collector-to-emitter voltage is estimated 

when the estimated collector-to-emitter voltage with the help of the previously deter-

mined Cgc’ significantly deviates from the measured collector-to-emitter voltage. Figure 

3-13 shows collector-to-emitter voltage transient measurement of IGBT-IRGP4072DPBF 

and estimations of collector-to-emitter voltages done with calculated values of Cgc’. 

 
Figure 3-13-Cgc’  estimation by trial and error 
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It is found that the estimated collector-to-emitter voltage deviates from the measured col-

lector-to-emitter voltage at around 50V unless Cgc’ is increased as shown in Figure 3-13. 

Via trial and error, 60 pF is found to be a good estimation Cgc’ at a collector-to-emitter 

voltage of 50V. The model is again simulated by creating another entry for the nonlinear 

capacitor model at a collector-to-emitter voltage of 50V and the response is again com-

pared with the measurement. The next significantly deviating point is identified as 25V 

which is marked in the Figure 3-13. Phase-4 ends at this instant of time as depicted in 

Figure 3-13. Hereafter  𝐼𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒   comprises of a single current component which flows 

from the gate drive. Therefore, Equation 3-21 can be applied. Seven values for Cgc’ are 

estimated from trial and error approach to represent collector-to-emitter voltage falling 

transient of IGBT-IRGP4072DPBF is shown in Table 3-1. Each raw of Table 3-1 repre-

sent collector-to-emitter voltage and estimated value of Cgc’ at the given collector-to-

emitter voltage.   

Table 3-1-Miller capacitance extraction 
Collector-to-

emitter Voltage(V) 

Capacitance 

Cgc’(pF) 

400 25 

150 40 

50 60 

25 120 

15 400 

10 1200 

2 2500 
 



 

 71 

 



 

 72 

   Chapter 4

Turn-off Transient Model 

In this chapter, turn-off switching behavior of the unit cell is first described. Design of 

the model circuit that mimics each phase in the turn-off process is explained. Finally, a 

comparison is made between the estimated parameters of the turn-off transient model and 

those extracted for the turn-on transient model.   

4.1 Turn-off Behavior and Approximations  

Measured switching trajectories of the turn-off switching transient are illustrated in Fig-

ure 4-1 (a). The turn-off transient is measured using a digital storage oscilloscope with 

help of the test setup described in Section 5.1. The turn-off transient is divided in to four 

distinct phases. Figure 4-1 (b) depicts approximated switching behavior that is to be 

modeled.  
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(a) 

 
Figure 4-1-(a) Measured and (b) Approximated turn-off behavior 

Sections 4.1.1 through 4.1.4 describe the important dynamics during each of these four 

phases.   

4.1.1 Phase-1: Turn-off Delay Period 

Once the gate drive voltage changes from its ‘high’ value to ‘low’ value, the gate-to-

emitter voltage starts to decrease. However, both the collector current and collector-to-

emitter voltage remain more or less unchanged. At the end of this period, the gate-to-

emitter voltage enters into a plateau as depicted in Figure 4-1(a) . The gate-to-emitter 

voltage plateau level is the minimum gate-to-emitter voltage required to maintain the load 
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current with the nominal gain of the IGBT, when collector–to-emitter voltage is at its sat-

uration level.   

4.1.2 Phase-2: Gate-to-Emitter Voltage Plateau Period 

Similar to the gate-to-emitter voltage plateau observed in the turn-on transient, the gate-

to-emitter voltage remains at a more or less constant value after the initial decrease of 

gate-to-emitter voltage. During this phase, collector-to-emitter voltage starts to increase. 

The rate of rise of the collector-to-emitter voltage continually increases as seen in Figure 

4-1(a). No apparent collector current variation takes place during this phase. However, a 

slight decrease in collector current is observed at higher collector-to-emitter voltages, and 

when the rate of rise of collector-to-emitter voltage is high.  

4.1.3 Phase-3: Collector Current Falling Period 

Once the collector-to-emitter voltage reaches the supply voltage Vcc, the load current 

transfer from the IGBT to the freewheeling diode begins. The collector current starts to 

decrease rapidly and the collector-to-emitter voltage overshoots beyond the supply volt-

age as can be seen in the Figure 4-1(a). Simultaneously the gate-to-emitter voltage de-

creases as the collector current and the gate-to-emitter voltage are related through the 

gain equation of the IGBT. A sudden change in the rate of change of the collector current 

results in an oscillation of the collector-to-emitter voltage at the end of this phase. Simul-

taneous oscillation is visible in the gate-to-emitter voltage.     
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4.1.4 Phase-4: Collector Current Tail and Final Gate-to-Emitter 

Voltage Fall 

The rate of decreasing of the collector current suddenly drops at a certain current level 

and the collector current enters into a regime of gradual fall. This collector current trajec-

tory is termed as the collector current tail in literature. In addition, the gate-to-emitter 

voltage decays at a lower rate in this phase than the previous phase.  

A kind of duality can be observed between turn-on transients and turn-off switching tran-

sient of the unit cell. Obviously, after applying the gate pulse, both transients are fol-

lowed by a delay period before variations in the collector side are started. Whereas turn-

off transients initiate after a turn-off delay period that follows a phase of the gate-to-

emitter voltage decrease and turn-on transients happen after an initial increase of the 

gate-to-emitter voltage. During turn-on, first the collector current increases and then the 

collector-to-emitter voltage starts to decrease. The reason behind this sequence is the 

freewheeling diode starts to turn-off only after load current is totally transferred to the 

IGBT. Therefore, voltage across the IGBT does not begin to fall until the freewheeling 

diode turns-off. In contrast, the collector-to-emitter voltage increases before decreasing 

the collector current during the turn-off transient. This is because the freewheeling diode 

does not begin to conduct until it gains a sufficient voltage in correct polarity to forward 

bias the junction. Once the collector-to-emitter voltage reaches the supply voltage, the 

freewheeling diode becomes forward biased and starts taking over the load current from 

the IGBT.  
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4.2 Behavioral Model of Turn-off Transient 

Once the dominant dynamics in each phase are identified, a circuit model is developed 

for each phase including relevant components of the IGBT switching model shown in the 

Figure 3-2. Interactions of the IGBT with the rest of the circuit are modeled with some 

additional circuit components. The effect of the collector-emitter capacitance Cce is as-

sumed to be insignificant during the early phases as described in [21], [40].  In addition, 

dynamics of the diode is found to be merely a response to the behavior of the IGBT, ex-

cept for a small contribution to the load current when the collector-to-emitter voltage var-

iation of the IGBT is very rapid. Sections 4.2.1 through 4.2.5 detail the approach of mod-

eling the selected dynamics.  

4.2.1 Pre-Switching Condition  

The IGBT gate-to-emitter voltage is maintained at the high value of the gate drive VGDH, 

and the collector-to-emitter voltage is at the saturation level. The saturation voltage is de-

pendent on the gate drive voltage, collector current, and temperature. Therefore, capacitor 

Cge is charged to the positive gate drive voltage prior to the simulation. Voltage across the 

Miller capacitance Cgc is set to the difference between the gate drive voltage and the col-

lector-to-emitter saturation voltage.   

4.2.2 Phase-1: Turn-off Delay 

The major occurrence during this phase is the decay of the gate-to-emitter voltage due to 

change of the gate drive voltage to zero. The load current flows through the collector 
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terminal of the IGBT. The freewheeling diode is still reverse biased. The collector current 

will not start to change until the gate-to-emitter voltage drops to a certain threshold volt-

age. The variation in collector-to-emitter voltage is also assumed to be negligible as per 

the observations.  The circuit model for this period is shown in Figure 4-2.  

Decrease of the gate-to-emitter voltage requires removal of stored charges in the gate-

emitter capacitance Cge. Since the collector is at a lower voltage than the gate-to-emitter 

voltage, decreasing gate-to-emitter voltage also requires discharge of the Miller capacitor 

Cgc as well. Therefore, in the circuit model, this phase can be represented as discharging 

of capacitances Cge and Cgc via the effective gate resistance RG as depicted in Figure 4-2.  

 
Figure 4-2-Turn-off delay model 

Ramp down time of the gate drive and finite output resistance of the gate drive can be in-

cluded to enhance the accuracy especially at small gate resistances. Once the gate-to-

emitter voltage reaches the estimated gate-to-emitter voltage plateau level, the circuit 

model of the next phase is simulated.   
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4.2.3 Phase-2: Gate-to-Emitter Voltage Plateau 

As explained in Section 4.1.2, the collector-to-emitter voltage rises during this phase 

while the gate-to-emitter voltage remains at a constant level. This gate-to-emitter voltage 

level is called gate-to-emitter voltage plateau. However, the collector current does not de-

crease as the freewheeling diode is still forward biased.  The model circuit used to simu-

late this phase is shown in Figure 4-3.  

 
Figure 4-3-Model of the gate-to-emitter voltage plateau during turn-off 

The gate-to-emitter voltage plateau 𝑉𝑔𝑒_𝑃𝑙𝑎𝑡𝑒𝑎𝑢is estimated applying Equation 3-3 when 

the collector current equals the load current.  Equation 4-1 is obtained by applying Equa-

tion 3-3 for gate-to-emitter voltage estimation.   

𝑉𝑔𝑒_𝑃𝑙𝑎𝑡𝑒𝑎𝑢 = 𝑉𝑇 + ��𝐼𝐿
𝑘𝑝(1 + 𝛽)� � 4-1 

A constant voltage source is positioned at the gate side of the model circuit shown in Fig-

ure 4-3 to mimic this gate-to-emitter voltage behavior.  The voltage across the gate re-
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sistance is fixed at (Vge_Plateau – VGDL) and therefore a constant current flows through the 

gate resistance. The direction of this current flow is from the gate pin of the IGBT to the 

gate drive as the gate drive voltage is less than the gate-to-emitter voltage plateau.  

Since the gate-to-emitter voltage remains constant, the charge level in Cge does not 

change during this phase. Thus, this constant current removes the stored positive charge 

from the gate side of Miller capacitance Cgc. Removal of positive charges from the gate 

side of Cgc increases the voltage at the collector side of Cgc with respect to the gate side. 

This charge removal process continues until the collector-to-emitter voltage becomes 

equal to the supply voltage. The collector-to-emitter voltage varies at the same rate as 

collector-to-gate voltage because the gate-to-emitter voltage is fixed. Shape of the collec-

tor-to-emitter voltage trajectory should be solely dependent on the profile of the fictitious 

Miller capacitance Cgc’ as in the case of the gate-to-emitter voltage plateau phase of the 

turn-on transient.  The collector-to-emitter voltage variation is synthesized in the same 

way as Phase-5 of the turn-on transient. The source VSyn shown in the Figure 4-3 repre-

sents a dependent source that simulates the collector-to-emitter voltage variation. The 

collector-to-emitter voltage at a given time step 𝑉𝑠𝑦𝑛 is updated at each time step with es-

timated value of collector-to gate voltage change ∆𝑉𝑔𝑐 as depicted in Equation 4-2.   

𝑉𝑠𝑦𝑛(𝑡 + ∆𝑇𝑠) = 𝑉𝑠𝑦𝑛(𝑡) − ∆𝑉𝑔𝑐(𝑡) 4-2 

Equation 4-3 is used to estimate the collector-to-gate voltage variation during a time step.  

                                ∆𝑉𝑔𝑐 ≈
𝐼𝐶ℎ𝑎𝑟𝑔𝑒∆𝑇𝑠

𝐶𝑔𝑐′�𝑉𝑔𝑐�
 4-3 

Variation of the collector-to-emitter voltage during a small time step is estimated by ap-

proximating collector-to-emitter voltage variation to the estimated collector-to-gate volt-
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age variation.  The gate-to-emitter voltage Vge remains constant at a plateau during this 

phase. Therefore, the charging current is estimated using Equation 4-4:
 

𝐼𝐶ℎ𝑎𝑟𝑔𝑒 =
�𝑉𝐺𝐷𝐿 − 𝑉𝑔𝑒_𝑃𝑙𝑎𝑡𝑒𝑎𝑢�

𝑅𝐺
 4-4 

where VGDL is the negative output level of the gate voltage drive that is used to turn-off 

the IGBT. Note that the actual value of ICharge is negative in this phase. The collector cur-

rent slightly decreases when the collector-to-emitter voltage starts to rise towards the 

supply voltage Vcc. Rising collector-to-emitter voltage reduces the reverse voltage across 

the freewheeling diode, and a small portion of the load current is diverted for depletion of 

the stored charges in the reverse biased junction capacitance of the freewheeling diode. 

This diode junction capacitance is voltage dependent and Equation 4-5 [41],[42] is often 

used to model it.  

𝐶𝑗�𝑉𝑗� =
𝐶𝑗0

�1 − 𝑉𝑗
𝑉𝑏

� �

𝑚 
4-5 

where Cj0 is the zero voltage junction capacitance, Vj is the junction voltage, and Vb is the 

barrier voltage. The exponent m is called the gradient factor and lies between 0.33 and 

0.5[41]. However, fairly accurate estimations can be done with a constant capacitance as 

in [21], and therefore, the average diode capacitance is used to retain the simplicity of the 

overall model. Due to two reasons, the rate of change of collector current is high when 

the collector-to-emitter voltage is approaching the supply voltage: firstly, the rate of 

change of collector-to-emitter voltage is large at this voltage due to low Cgc, and second-

ly, the diode capacitance is large at low reverse voltages and therefore, a relatively larger 
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portion of load current is diverted to deplete the stored charges in the reverse biased junc-

tion capacitance.  

4.2.4 Phase-3: Collector Current Falling Period 

Once the collector-to-emitter voltage reaches the supply voltage, the freewheeling diode 

becomes forward biased and starts conducting, and therefore at this point, the circuit 

model for Phase-3 needs to be introduced. Figure 4-4 shows the circuit model of Phase-3.   

 
Figure 4-4-Model circuit of IC falling  

Once the freewheeling diode is forward biased, the load current can transfer to the free-

wheeling diode allowing the collector current to change. Since the collector current is 

now allowed to change, the gate-to-emitter voltage which was held at a plateau due to 

coupling with the constant collector current in the previous phase, also becomes free to 

change. Thus the controlled source Vge_Plateau is removed by opening switch S1.  Now, the 

collector current decreases simultaneously with the gate-to-emitter voltage and the diode 

current increases at the rate of decreasing collector current. The rate at which the gate-to-
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emitter voltage falls is governed by the discharging rate of the gate-to-emitter capacitance 

Cge through RG.  Since the lowering gate-to-emitter voltage also requires supplying some 

negative charge to the gate side of the Miller capacitance Cgc, the combined effect can be 

represented as discharging of both Cge and Cgc. The value of Cgc used in Phase-2 and 3 of 

the turn-on model is used in this phase as the collector-to-emitter voltage is high. Cou-

pling between the gate-to-emitter voltage and collector current is still governed by the 

Equation 2-6 which is re-written as Equation 4-6.  

𝐼𝐶(𝑡) = 𝑘𝑝(1 + 𝛽)�𝑉𝑔𝑒(𝑡) − 𝑉𝑇�
2
 4-6 

The proportional constant 𝑘𝑝(1 + 𝛽)  is the nominal gain of the IGBT. The voltage con-

trolled current source shown in Figure 4-4 models the collector current during this phase.  

The controlled source Vsyn is disconnected by opening switch S2, allowing Vce to be freely 

determined by the other circuit constraints. The collector-to-emitter voltage overshoots 

beyond the supply voltage due to induced voltage on the stray inductance during rapid 

fall of the collector current. Measured waveforms show some oscillations on both collec-

tor-to-emitter and gate-to-emitter voltages at the end of this phase, which is visible in the 

Figure 4-1(a). Ringing of the collector-to-emitter voltage occurs due to oscillation of en-

ergy between the stray inductance and the collector-emitter capacitance Cce plus the diffu-

sion capacitance CD of the diode. The effect of two capacitances is simulated with a single 

capacitor connected between the collector and emitter terminals as shown in Figure 4-4.  

4.2.5 Phase-4: Collector Current Tail Period  

In this phase, the gate-to-emitter voltage continuously drops due to discharging of Cies 

(Cge + Cgc). The constant capacitance estimated for Phase-2 and Phase-3 of the turn-on 
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model is used for Cgc. However, Cge is different from other phases. The reason behind the 

difference of the capacitance value of Cge is explained in Section 4.3. The circuit model 

for this phase is shown in Figure 4-5. 

 
Figure 4-5-Model circuit of the collector current tail phase 

The slow collector current fall visible in this phase is often approximated as an exponen-

tial decay [43], [44]. The controlled current source used to represent the collector current 

variation during the previous phase is replaced with an exponentially decaying current 

source specified in Equation 4-7 [44].  

𝐼𝐶_𝑇𝑎𝑖𝑙(𝑡) = 𝐼𝑇𝑎𝑖𝑙  𝑒
−𝑡 𝜏𝑇𝑎𝑖𝑙�  4-7 

where ITail is the amplitude of the collector current tail obtained from measurements and 

𝜏𝑇𝑎𝑖𝑙 is the measured time constant from measurement. Loss estimation is stopped when 

collector current approximately reaches to the zero. 
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4.3 Parameters of the Turn-off Model and Their 

Correlation with Turn-on Model Parameters 

Simulation models proposed by many authors use the same set of capacitance in turn-on 

and turn-off transient models [21], [39], [45]. It is found that estimated MOS capacitanc-

es from the turn-off transient measurements are different from the estimated capacitance 

values for turn-on transient. This difference in the capacitance values can be justified by 

considering the differences in the collector-to-emitter and gate-to-emitter voltage levels 

in the two transients. As explained in Chapter 2, these capacitances are voltage dependent 

and nonlinear; data sheets usually show the collector-to-emitter voltage dependency of 

Miller capacitance (Cgc), output capacitance (Cgc + Cce), and input capacitance (Cgc + 

Cge). Those measurements are taken at zero gate-to-emitter voltage Vge. However, these 

capacitances are also significantly dependent on the gate-to-emitter voltage as described 

in [46].  

Two capacitance values have been used for Cge as well as for Cgc in [47]. One set of the 

capacitances is used when the gate-to-emitter voltage is higher than a certain threshold 

level; otherwise the second set of values is used. In [38], four different values of capaci-

tances are assigned for Cge in different phases of the turn-on and turn-off transients. These 

references confirm the dependency of IGBT capacitances on the gate-to-emitter voltage, 

and the need for taking into account such variation in modeling to retain a sufficient level 

of accuracy. On the other hand, changes of the supply voltage (Vcc) do not significantly 

change the MOS capacitances because the collector-to-emitter voltage dependency of the 

MOS capacitances becomes weak at the higher collector-to-emitter voltage as depicted in 
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Figure 2-16. Although the MOS capacitances are dependent on the gate-to-emitter volt-

age, and the collector current is related to the gate-to-emitter voltage when operating in 

the active region, only a very small variation of gate-to-emitter voltage is required for a 

large change in the collector current. Therefore, changes of the load current do not signif-

icantly affect the MOS capacitances. This is because the collector current is proportional 

to the square of the difference between the gate-to-emitter voltage and the threshold volt-

age as given in Equation 3-1. This can be explained using the measured turn-on wave-

form shown in Figure 4-6.  

  
Figure 4-6-Gate-to-emitter voltage and collector current  

Note that the maximum collector current is directly related to the load current. According 

to Figure 4-6, the gate-to-emitter voltage level when the collector current reaches 3.15 A 

is 6.78V. When the collector current is doubled to 6.3 A, the gate-to-emitter voltage in-

creases only to 7.37 V as shown in the Figure 4-6. The above numerical figures show that 

in order to increase the collector current by 100%, only 8.7% increase of gate-to-emitter 

voltage is required. This indicates that the final collector current has only a very limited 

impact on the gate-to-emitter voltage, and therefore the effect of load current on the MOS 

capacitances is negligible. Therefore, a constant capacitance can be used to represent Cge 
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during the entire period from Phase-1 to Phase-3 of the IGBT turn-on transient without 

scarifying the accuracy. On the other hand, in the turn-off transient, the initial decrease of 

the gate-to-emitter voltage (during Phase-1) takes place at a very low collector-to-emitter 

voltage (saturation voltage). Although a constant capacitance can be used to represent Cge 

in this period as well, its value has to be different from the value used to represent Cge in 

the initial period of turn-on transient due to the difference of the collector-to-emitter volt-

age.   

In addition to the dependency of the IGBT capacitances with voltages (Vce and Vge) , de-

pendency of the capacitances on the state (on or off) has also been described in the litera-

ture. Two different capacitances for Cce are suggested for the turn-on and turn-off transi-

ent models by considering the state of the stored excess carriers [48]. In conclusion, the 

reasons behind the variations of the MOS capacitances and different ways of modeling 

the variation of switching capacitances are evident in the literature.  

4.3.1 Gate to Emitter Capacitance Cge 

The turn-on transient is simulated with Cge estimated during the turn-on delay period. A 

slight variation of Cge is observed during the final gate-to-emitter voltage rising period. 

However, the same capacitance value of the Cge can be used as any inaccuracy in the es-

timation of the gate-to-emitter voltage at this phase has only a very small influence on the 

switching power loss. During the turn-off switching event, the rate of decreasing the gate-

to-emitter voltage during the turn-off delay period is found to be different from the rate of 

decreasing of the gate-to-emitter voltage during the collector current falling phase. In 

terms of switching power loss estimation performance, accurate estimation of Cge during 
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the collector current falling phase is more important. However, two capacitance values 

are utilized for Phase-1 and Phase-3 of the turn-off transient model as in [37]. The meth-

od explained in Section 3.3.1 can be applied to find the capacitance Cge with the help of 

turn-off transient measurements.  

4.3.2 Fictitious Miller Feedback Capacitance Cgc’ 

The second term of the charging current depicted in Equation 4-4 is difficult to estimate 

without an accurate estimation of the gate-to-emitter voltage transient. However, a de-

tailed model of the internal mechanisms of the IGBT is required to estimate the gate-to-

emitter voltage transient during Phase-4 of the turn-on transient. Therefore, a set of Cgc’ 

values that gives observed collector-to-emitter voltage transient under the estimated gate-

to-emitter voltage transient are found for the turn-on transient. Therefore, estimated val-

ues of Cgc’ provides some sort of compensation for the possible errors in estimated gate-

to-emitter voltage transient at Phase-4 of the turn-on transient. Use of compensated val-

ues of Cgc’ estimated for the turn-on transient do not yield accurate estimations of collec-

tor-to-emitter voltage during the fixed gate-to-emitter voltage region observed in the turn-

off transient. Therefore, a different set of Cgc’ values is necessary for accurate simulation 

of the turn-off transient. A set of capacitance values can be estimated by applying Equa-

tion 3-21 to the turn-off transient measurements.   

4.4 List of Model Parameters  

All parameters used in the model are listed in Table 4-1. Model utilizes thirteen parame-

ters and three of them extracted from data sheets.   
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Table 4-1-List of parameters used in the model 

Parameter Symbol Source of Information  

Total Path Inductance of the converter Ls Meas. @Ic  rising phase 

Carrier life time of the diode  τ Manufacture’s Data Sheet 

Diode later reverse recovery period tb Manufacture’s Data Sheet 

Diode junction capacitance  𝐶𝑗𝑢𝑛𝑐  Meas. @Collector voltage rising 

phase 

Diode diffusion capacitance  𝐶𝐷 Meas. @ Ic  falling phase 

Gain of the IGBT 𝑘𝑝(1 + 𝛽) Meas. @Gate voltage plateau 

phase 

Gain adjusting factor  kg_Adjust Meas. @Ic  rising phase 

Collector-to-emitter capacitance Cce Manufacture’s Data Sheet 

Gate-to-emitter capacitance for turn-

on switching event 

Cge Meas. @Turn-on delay phase 

Gate-to-emitter capacitance for turn-

off switching event 

Cge Meas. @ Ic  falling phase 

Miller capacitance or collector-to-gate 

capacitance at higher collector voltage 

Cgc Meas. @Ic  rising phase 

Fictitious Miller capacitance for turn-

on transient 

Cgc’ Meas. @Turn-on Phase-4 and 

Phase-5 

Fictitious Miller capacitance for turn-

off transient 

Cgc’ Meas. @Collector voltage rising 

phase 
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  Chapter 5

Validation of the Switching Transient 

Models 

In this chapter, a brief description of the test setup and the method of measuring the 

switching transients are given. Then the validation of the turn-on transient model and im-

portant observations made during the validation are presented. Finally, the, validation of 

the turn-off transient model is presented. 

5.1 Test Setup and Measuring Transients 

Development of a hardware setup that offers minimal undesirable electromagnetic cou-

pling is a challenging task, but it is very important for the model validation. Adverse 

electromagnetic coupling can cause spurious waveforms that are different from the typi-

cal waveforms considered in the model development. Hardware is decomposed into two 

sections to avoid adverse effects due to interference. An IGBT switch, a freewheeling di-
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ode, and a reservoir capacitor are placed on a separate board that handles higher voltages 

and currents (power board). Another board called the driver board is designed to provide 

the gate drive. A four-channel high bandwidth digital storage oscilloscope with differen-

tial inputs is utilized to capture switching voltage transients. A Hall effect based clip-on 

sensor is utilized to capture current waveforms.  

5.1.1 Hardware Setup Design 

The effect of electro-magnetic interferences (EMI) is extremely difficult to quantify. 

Electromagnetic coupling between signal paths causes various dynamics that are not in-

volved in the simulation model. Negative impacts of stray inductance on switching per-

formance of IGBTs and capturing switching waveforms are explained in [49]. Higher 

path stray inductance lowers the reliability of operation due to large overshoots in the col-

lector-to-emitter voltage and results in very high level of electromagnetic interferences. 

There are practical guidelines that help in the design of converter hardware setups with 

minimum path stray inductance. Guidelines for low stray inductance busbar design and 

detailed description of bus bar modeling is given in [50]. Generally, the printed circuit 

boards (PCB) of large power hardware are designed with minimum path length and larger 

thickness to minimize the stray inductance. Selected path thickness can be checked 

against the ability to carry expected maximum current. Space between the paths must be 

adequate to avoid flashover between the paths. The most important aspect is the layout of 

the PCB. The layout determines the coupling between paths. If the path that connects the 

gate drive with IGBT is not kept away from the collector side paths having large swing of 

currents and voltages, induced voltages from collector side might modify the gate drive 
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signal. All of the above measures are taken to minimize the discrepancy between simulat-

ed model and actual hardware to be simulated.  

In addition, variation of DC bus voltage during rapid rise of collector current acts as a 

disturbance to the converter operation and strong DC bus is often utilized in practical 

converters. The position of the reservoir capacitor determines the voltage drop during fast 

transients. Therefore, the reservoir capacitor is soldered closer to the terminals of the 

switching cell. Estimation of minimum capacitance that keeps bus voltage variation with-

in an acceptable voltage tolerance at turn-on transient can be calculated as follows. In the 

worst case, the total transient current can be assumed supplied by the capacitor. The cur-

rent contribution from the supply becomes negligible due to large stray inductance of 

connecting wires. If the expected maximum load current is 20A and the switching period 

is assumed to be 100ns, the amount of charge depleted during the transient, ∆𝑄𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 

can be approximately estimated assuming a linear rise of current.  

∆𝑄𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
1
2

× 20𝐴 × 100𝑛𝑠 = 1𝜇𝐶  

The minimum capacitance of the reservoir capacitor that limits the voltage changes at the 

terminal of the capacitor to 3V is calculated as.   

𝐶𝑚𝑖𝑛 =
∆𝑄𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉
=

1𝜇𝐶
3𝑉

= 333𝑛𝐹  

According to the above result, in order to maintain a constant supply voltage during the 

switching period, a large capacitor is not essential. Generally larger capacitors have high-

er series inductance. Therefore, a combination of large and smaller capacitances is often 

used in practice. In such situations, larger capacitors serve better during load current tran-
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sients that last for longer periods and smaller capacitors support the voltage during 

switching transients. 

For validation of the turn-on transient model, it is required to capture turn-on switching 

transient behavior at a non-zero load current. This is achieved by applying a number of 

consecutive pulses to the IGBT by means of a special control board and then turning-off 

the IGBT for a longer period to minimize rise of temperature. Figure 5-1 illustrates func-

tions of the control board. 

 

Figure 5-1- Control board of the gate drive  

Multiplication of a low frequency signal with a continuous switching pulse train causes a 

number of consecutive switching pulses when the low frequency pulse is high and then a 

period where there are no pulses when the output of the low frequency oscillator is low. 

The ratio between pulse train and the pause period can be adjusted by the duty ratio of the 

low frequency oscillator.  
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The periodic of the switching pulses is set to a fraction of time constant of the load. Ap-

plication of a number such gate pulses facilitates taking measurements at different load 

currents as depicted in Figure 5-2.  

 

Figure 5-2-A snap-shot of the gate drive signal 

The rationale behind the selection of such a waveform is explained below. The frequency 

of the consecutive gate pulses having higher frequency is referred to as the switching fre-

quency and the frequency of the pulse that enables or disables the switching pulses to 

pass through the gate is referred to as the burst frequency. Suppose an inductive load hav-

ing a time constant of 0.5ms is used as the load, then the time taken to raise the current 

through the inductor to the maximum current is 2.5ms if the duty cycle of the gate drive 

is 100%. If the switching frequency is set to 2 kHz (periodic time is 0.5ms), it is possible 

to capture exponentially increasing collector current at least at five equally spaced points 

during a burst. It is possible to sample the collector current at about 10 points when the 

duty cycle of the switching signal is 50%. The maximum percentage variation of the load 

current during a period of 1μs is only 0.2% when the time constant of the load is 0.5ms. 

Switching events do not last for more than 1μs. Therefore, load current can be assumed 

constant during the switching period without any loss of accuracy.  The ability to adjust 
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the switching frequency between 1 kHz-6 kHz is used to capture collector current varia-

tion at finer steps at different loads. The difference between the two consecutive left edg-

es of the pink bars (collector current traces shown in Figure 5-2) shows the possible steps 

of collector current at the turn-on transients.  

The special gate drive signal facilitates a shorter conduction time of the IGBT when 

compared with the time that the IGBT that does not conduct. Hence, less dissipation 

through the IGBT and negligible temperature rise during the experiment. Such a gate 

drive signal overcomes the need to take temperature measurements during switching 

transient measurement. Converter is fed with a high power DC amplifier AE TECHRON 

224. The amplifier is used to vary the supply voltage to the converter.  

5.1.2 Switching Trajectory Measurements 

An isolated 4-channel oscilloscope model Tektronix TPS2024 is used to capture the 

switching transients. The bandwidth of the TPS2024 is 200MHz and the bandwidth re-

quirement is tested as explained below. The rise time of the output signal of the oscillo-

scope amplifier is estimated for an ideal step input with Equation 5-1[51].  

𝑡𝑟 ≈
0.35

𝐵𝑎𝑛𝑑 𝑊𝑖𝑑𝑡ℎ
 5-1 

Equation 5-1 gives an approximated rise time of the amplifier by assuming single pole 

dynamic and the estimated rise time is 1.79 ns. This oscilloscope is selected to obtain 

voltage measurements as the estimated rise time of the amplifying system of the oscillo-

scope is much less than the rise time of the transient to be captured. A number of ways 

that can be used to measure current is listed in [52]. Considering ease of use and availa-

bility, a Hall effect sensor TEKTRONIX P6303 is selected. The bandwidth of the select-
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ed Hall sensor is 15MHz. The estimated rise time of the probe using Equation 5-1 is 

about 20 ns. This period is about one fifth of the typical rise time of the measured current 

transients. Limitation of the performances of this current sensor is kept noted when faster 

transits are captured.  

Application of bursts of gate pulses leads to a challenging situation in capturing transients 

at a desired point as there is no assurance of switching occurring at the same current. Se-

lection of the appropriate combination of trigger signal source, trigger event, and type of 

coupling of the trigger signal is used to solve the above problem. If it is required to cap-

ture the turn-off transient at different collector currents, the amplitude of collector-to-

emitter voltage is used to capture the turn-off transient as the collector-to-emitter voltage 

overshoot is a unique signature that distinguish turn-off transient at different collector 

currents. This signature enables taking a snapshot within a small fraction of time. The 

captured data sequence is compared with the simulation response by superimposing the 

simulation response on to the measured sequence with help of resampling and aligning as 

in the Section 5.2 and 5.3 

5.2 Turn-on Transient Model Validation 

Models are validated for a range of values of each input to the model. When possible, 

measurements are obtained at different model parameter values. This is to ensure the va-

lidity of model under changing operating conditions and parameters. The load current and 

the supply voltage are the two model inputs to be varied.  Converter specific model pa-

rameters that can be varied are the characteristics of the gate drive and the path induct-
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ances of the converter. Gate characteristics include gate resistance, rise time of the gate 

pulse, and the gate drive voltage.  

The extraction of IGBT parameters is illustrated in Sub-section 5.2.1. Then, the turn-on 

transient model is evaluated under different operating conditions by changing the possi-

ble model inputs described above. In this chapter, the accuracy of the model is evaluated 

qualitatively via visual comparison of similarity between the estimated and measured 

transient trajectories.  In Chapter 6, the accuracy is estimated quantitatively, in terms of 

the closeness between the estimated and measured switching losses. As the collector cur-

rent is increasing during both phases 2 and 3, hereafter, the total period of phases 2 and 3 

is referred to as the “collector current rising” period. Similarly, phases 4 and 5 together 

are called collector-to-emitter voltage falling period.  

5.2.1 Parameter Extraction  

Parameter extraction of the IGBT-IRGP4072DPBF is illustrated here. The turn-on transi-

ent measurement of IRGP4072DPBF shown in Figure 5-3 is used to apply the parameter 

extraction procedure explained in Section 3.3. The gate-to-emitter capacitance 𝐶𝑔𝑒 can be 

estimated with the help of Equation 3-13 applied to the duration between the instances 1-I 

and 1-f shown in Figure 5-3.  

 𝐶𝑔𝑒 = �𝑡𝑓−𝑡𝑖

𝑅𝐺
�  × 1

ln �
�𝑉𝐺𝐷𝐻−𝑉𝑔𝑒_𝑖�

�𝑉𝐺𝐷𝐻−𝑉𝑔𝑒_𝑓�
�
 

Substituting the values shown in the graph and 100Ω for RG 

𝐶𝑔𝑒 = �
10 × 10−9

100
�  ×

1

ln �(15−1.81)
(15−2.23)�

= 3.09𝑛𝐹   
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The above equation uses the measured time duration between the instances 1-I and 1-f of 

10ns. The gain constant during phases 2 and 3 is estimated by applying Equation 3-14 to 

the Instant-3 shown in Figure 5-3. The threshold voltage VT  of the IGBT is 5.2V.  

  𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡𝑘𝑝(1 + 𝛽) =
𝐼𝑐𝑚

�𝑉𝑔𝑒𝑚 − 𝑉𝑇�
2 

       𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡  𝑘𝑝(1 + 𝛽) =
5.50

(7.33 − 5.2)2 = 1.21 𝐴/𝑉2  

  
Figure 5-3-Measured turn-on transient of IRGP4072DPBF at Vcc=172V, IL=5.5A, and 

RG=100Ω 

Stray inductance 𝐿𝑠 is estimated using Equation 3-15 with estimated numerical values in-

dicated around Instant-2 of Figure 5-3.  

 𝐿𝑠 =
 𝑉𝐿𝑠

𝑑𝐼𝑐
𝑑𝑡�

=
(𝑉𝑐𝑐 − 𝑉𝑐𝑒𝑚)

�𝑑𝐼𝑐
𝑑𝑡� �

𝑡=𝑡𝑚

=
(172.0 − 151.6)

�(3.45−2.18)

12×10−9 �
= 192.76𝑛𝐻 

The above equation uses the interval between two collector current measurements Icm1 

and Icm2 of 12ns. Nominal gain can be estimated from Equation 3-20 to the Instant-4.   

  𝑘𝑝(1 + 𝛽) =
𝐼𝑐𝑚

�𝑉𝑔𝑒𝑝 − 𝑉𝑇�
2 
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  𝑘𝑝(1 + 𝛽) =
5

(6 − 5.2)2 = 8.60  

Therefore gain adjusting factor 𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡 is the ratio between 1.21 and 8.6 or 0.14. The 

measured collector-to-emitter voltage at the end of the Phase-3 is 145.3V. The set of ca-

pacitance values found for the fictitious Miller capacitance for Cgc’  is shown in Table 3-1 

of the Section 3.3.4. Miller capacitance Cgc’  used to simulate Phase-2 and Phase-3 is as-

sessed first by applying Equation 3-17 to obtain an initial guess and then refining it by 

comparing the estimated response with the measurement. The estimated capacitance val-

ue is 20pF. For Cce , the value given in the data sheet, 75pF (at higher voltages) is used.  

The IGBT which is designated as APT12GT60BR also used for the model validation and 

extraction of parameters of the APT12GT60BR is shown below. The turn-on transient 

measurement of APT12GT60BR shown in Figure 5-4 is used for parameter extraction.  

The gate-to-emitter capacitance 𝐶𝑔𝑒 is estimated by applying Equation 3-13 to the in-

stances 1-I and 1-f shown in Figure 5-4. The measured duration between these two instant 

is 4ns and gate resistance RG  is 150Ω.   

𝐶𝑔𝑒 = �
4 × 10−9

150
�  ×

1

ln �(15−2.05)
(15−2.71)�

= 0.509𝑛𝐹   

The gain constant is estimated with help of gate-to-emitter voltage and collector current 

measurements at Instant-3 (when Icm = IL) shown in Figure 5-4. The estimated threshold 

voltage of this IGBT is 4.1V. 

𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡𝑘𝑝(1 + 𝛽) =
4.65

(8.55 − 4.1)2 = 0.24  
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Figure 5-4-Measured turn-on transient of APT12GT60BR when Vcc=180V, IL=4.65A, 

and RG=150Ω 

Stray inductance 𝐿𝑠 is estimated using Equation 3-15 with numerical figures as depicted 

at around Instant-2 in Figure 5-4 and elapsed time duration of 6ns between Icm1 and Icm2.  

𝐿𝑠 =
(180 − 161)

�(2.54−1.90)
6×10−9 �

= 178.13𝑛𝐻  

The nominal gain can be estimated from Equation 3-1 at Instant-4.    

𝑘𝑝(1 + 𝛽) =
4.65

(6.06 − 4.1)2 = 1.21  

Therefore, the gain adjusting factor is 0.20. Table 5-1 shows estimated values for the fic-

titious Miller capacitance for Cgc’. 

Table 5-1-Estimated fictitious Miller capacitances for APT12GT60BR 

Vce (V) 400 100 50 25 15 10 2 

Cgc’ (pF) 18 25 40 80 100 1500 2800 

 

Estimated Miller capacitance Cgc used to simulate Phase-2 and Phase-3 is 30pF. The data 

sheet value 25pF is used for Cce.  
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The other IGBT used for the validation is IRG6I320UPBF. Figure 5-5 shows the turn-on 

transient measurement used to extract the parameters.  

    
Figure 5-5-Measured turn-on transient of IRG6I320UPBF at Vcc=185V, IL=6.5A, and 

RG=150Ω 

Estimated parameters using numerical values shown in the Figure 5-5 is shown below. 

Elapsed time between instances 1-I and 1-f  is about 9.4ns and gate resistance is 150Ω.   

𝐶𝑔𝑒 = �
9.4 × 10−9

150
�  ×

1

ln �(15−2.02)
(15−2.94)�

= 852𝑝𝐹   

 

The gain constant using the threshold value of 4V.   

𝐾𝑔_𝑎𝑑𝑗𝑢𝑠𝑡𝑘𝑝(1 + 𝛽) =
6.5

(7.51 − 4)2 = 0.53  

Stray inductance is estimated below using the measured duration of 8.4ns between meas-

urements Icm1 and Icm2. 

𝐿𝑠 =
(185 − 160.5)

�(3.75−2.64)
8.4×10−9 �

= 185.41𝑛𝐻  

The nominal gain is estimated from the measurement at Instant-4.   

𝑘𝑝(1 + 𝛽) =
6.5

(5.1 − 4)2 = 5.37  
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Therefore, the gain adjustment constant    𝐾𝑔_𝐴𝑑𝑗𝑢𝑠𝑡 is 0.098. 

Table 5-2 shows estimated values for the fictitious Miller capacitance for Cgc’. 

Table 5-2-Estimated fictitious Miller capacitances for IRG6I320UPBF 

Vce (V) 400 100 65 30 15 10 0 

Cgc’ (pF) 10 15 20 50 125 600 1000 

 

The estimated Miller capacitance Cgc’  used to simulate Phase-2 and Phase-3 is 12 pF. The 

data sheet value 20pF is used for Cce 

5.2.2 Impact of Anti-parallel Diode of the Conducting IGBT   

Figure 5-6 depicts a comparison between the estimated response and the measured re-

sponse. The turn-on transient model described in Chapter-3 ignores the effect of the anti-

parallel diode of the conducting IGBT. The antiparallel diode of the IGBT has a finite re-

verse junction capacitance. 

 

Figure 5-6- Estimated and Measured waveforms during turn-on transient of 
RGP4072DPBF at Vcc=180V, IL=5A, and RG=70Ω  
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Variation of collector-to-emitter voltage should be facilitated via discharging this nonlin-

ear reverse junction capacitance. Depletion of the stored charge in junction capacitance 

decreases the collector current as the load current is fixed. Junction capacitance is signifi-

cant at lower voltages where the rate of change of the voltage is not high. Therefore, this 

effect is ignored as significant deviation of collector current could not be observed in the 

measurements. Measurements are taken from a co-pack IGBT –IRGP4072DPBF which 

contains both an IGBT switch and an antiparallel diode ISL91560P2. These measure-

ments are used to check whether the anti-parallel diode of the IGBT significantly affects 

the accuracy of the model.  A close match between the estimated and the measured re-

sponses shows that the antiparallel diode does not significantly affecting the accuracy of 

the switching trajectory prediction. Therefore, the model of the turn-on transient is sim-

plified by ignoring the effect of this nonlinear junction capacitance.  All measurements 

are made with the freewheeling diode ISL91560P2.   

5.2.3 Effect of Load Current Changes 

With a fixed supply voltage and gate drive, increase of the load current elongates Phase-2 

as well as Phase-3. The duration of the Phase-2 increases because a longer time is re-

quired to reach greater current level at a given slope. In addition, the maximum reverse 

recovery current also increases with the load current. Therefore, the period of Phase-3 al-

so becomes longer. Therefore, increase of load current increases the duration of phases 2 

and 3, because the rate of increasing of collector current is independent from the load cur-

rent. The capability to track the load current changes of the model is compared with the 

help of Figure 5-7 and Figure 5-8. Figure 5-7 compares the model responses at a load 
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current of 4.15A and Figure 5-8 compares the responses at about 50% higher load cur-

rent. However, the increment of time taken to reach load current may not proportional to 

the increment in load current. Later reverse recovery period tb slightly increases with the 

load current. 

 

Figure 5-7- Turn-on transient of IRG6I320UPBF at Vcc=185V and IL=4.15A when 
RG=150Ω 

 
Figure 5-8- Turn-on transient of IRG6I320UPBF at Vcc=185V and IL=6.5A when 

RG=150Ω 

Adequate correlation of estimated responses in both situations indicates the ability of the 

proposed model capture the turn-on behavior at different load currents. 
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5.2.4 Effect of Supply Voltage Changes 

Collector-to-emitter voltage variation is determined by the slope of the collector current 

trajectory during the collector current rising phase. For a given IGBT, the slope of the 

collector current trajectory is determined by the gate drive and is almost independent 

from the supply voltage. Consequently an increase or decrease of the supply voltage just 

brings the collector-to-emitter voltage trajectory up or down by the same amount during 

Phase-2 and Phase-3. Figure 5-9 compares the measured and estimated responses of the 

IRG6I320UPBF when the supply voltage is reduced from 185 V to 135V while keeping 

the gate resistance and the load current the same as in the measurements shown in Figure 

5-7. 

 

Figure 5-9- Turn-on transient of IRG6I320UPBF at Vcc=135V, IL=4.15A, and RG=150Ω 

According to Figure 5-7, the collector-to-emitter voltage trajectory more or less linearly 

decreases from 185V to 150V when supply voltage is 185V during the collector current 

rising phase. As indicated in Figure 5-9, the collector-to-emitter voltage drops from 133V 
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the collector-to-emitter trajectory below 98V should be the same in the measurements 

shown in Figure 5-9 and Figure 5-7. This happens because the shape of the collector-to-

emitter voltage trajectory during phases 4 and 5 is solely determined by the profile of the 

fictitious Miller capacitance and the charge extraction rate as explained in Section 3.2.5 

and Section 3.2.6. Profile of the fictitious Miller capacitance is fixed for a given device. 

The charge extraction rate is fixed at given gate drive and load current.  

5.2.5 Effect of Gate Resistance Changes 

Changes in the gate resistance do not merely speed up or slow down the switching pro-

cess. Gate resistance changes affect the turn-on switching process in a number of ways. A 

high rate of rising collector current at lower gate resistance increases the collector-to-

emitter voltage drop during the collector current rising phase. A rapid drop in the collec-

tor-to-emitter voltage resist increase of the gate-to-emitter voltage rise due to Miller 

feedback. Therefore, the feedback effect is more prominent at lower gate resistances. 

Therefore, a proper model should be able to capture changes in dynamics at different gate 

resistances. Figure 5-10 and Figure 5-11 compares the accuracy of estimated responses 

for IGBT-APT12GT60BR with two gate resistance values where one is approximately 

half of the other. According to Figure 5-11, the model is capable of estimating the in-

creased slope of the collector current trajectory as well as the increased collector-to-

emitter voltage drop at the lower gate resistance. Furthermore, decrease of the gate re-

sistance increases the charge supply rate to extract stored charges in Miller capacitances. 
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Figure 5-10- Turn-on transient of APT12GT60BR at Vcc=152V, IL=3A, and  RG=150Ω 

 

Figure 5-11- Turn-on transient of APT12GT60BR at Vcc=152V, IL=3A, and RG=70Ω 
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under a wide range of operating conditions in a wide range using a set of parameters es-

timated with a single test measurement.  Moreover, since the converter specific parame-

ters such as stray inductance and gate resistance are explicitly modeled, they can differ 

from the test circuit and can be substituted with the values applicable to the converter be-

ing studied. 

 
Figure 5-12- Turn-on transient of IRG6I320UPBF at Vcc=190V, IL=7A, and RG=100Ω 

 
Figure 5-13-Turn-on transient of IRG6I320UPBF at Vcc=170V, IL=5.75A, and RG=100Ω 
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Figure 5-14- Turn-on transient of IRG6I320UPBF atVcc=150V, IL=2.5A, and RG=100Ω 

  
Figure 5-15- Turn-on transient of IRG6I320UPBF at Vcc=190V, IL=5.5A, and RG=30Ω 

 
Figure 5-16- Turn-on transient of IRG6I320UPBF at Vcc=170V, IL=3.5A, and RG=30Ω 
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Figure 5-17- Turn-on transient of IRG6I320UPBF at Vcc=162V, IL=6A, and RG=30Ω 
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collector-to-emitter voltage. The model circuit having a parallel Miller capacitance and 

Cge that simulates the turn-on delay appropriately indicates this effect. During Phase-2, 

the collector-to-emitter voltage decreases when slope of the collector current increases. 

The reduction of collector-to-emitter voltage should be supported by adding some 

amount of negative charge to the collector side plate and the same amount of positive 

charges to the gate side plate. Therefore, increase of the collector current slope decreases 

the collector-to-emitter voltage and diverts more current from gate drive through the Mil-

ler capacitor. This feedback mechanism limits the speed of the collector current rising tra-

jectory. Figure 5-18 depicts the sudden variation of the slope of the gate-to-emitter volt-

age variation when the collector-to-emitter voltage drops. Therefore, the Miller feedback 

effect does not allow to increase slope of the collector current continuously. This is one 

reason behind the approximately linear increase of collector current during the turn-on 

transient. Figure 5-18 depicts the nearly linear rise of the collector current trajectory as 

described in [6]. 

   
Figure 5-18 Reflection of variation of Vce to Vge  due to Miller feedback 
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emitter voltage from the gate-to-emitter threshold voltage. However, in the absence of 

Miller feedback or when it is insignificant (occurs when collector-to-emitter voltage vari-

ation is insignificant or during constant slope of the collector current), gate-to-emitter 

voltage should follow an exponential rise. Therefore, continued gain increase is counter 

balanced by the continuously decreasing rate of change of the gate-to-emitter voltage 

rise. In the suggested model, the collector current rising phase is simulated with a con-

stant Miller capacitance. Fine correlation between the estimated responses and the meas-

ured response shown in Section 5.2.3 to 5.2.6 reflects adequacy of the approach.   

5.3 Turn-off Transient Model Validation 

Suggested parameters that are different from the values used in the turn-on model are first 

estimated. The gate-to-emitter capacitance is estimated for Turn-on delay using the ca-

pacitor discharging equation. For the fast collector current falling phase, a rough value 

for Cge is estimated using the capacitor discharging equation by ignoring the Miller feed-

back effect. The value is refined by comparing the estimated gate-to-emitter voltage tran-

sient with measurement.  For the IRG6I320UPBF, two capacitance values 1100 pF and 

1300 pF are respectively estimated for turn-off delay phase and fast collector current fall-

ing phase. The estimated set of fictitious capacitances for the turn-off transient of 

IRG6I320UPBF is given in Table 5-3.  

Table 5-3-Estimated fictitious Miller capacitances of IRG6I320UPBF for turn-off 

Vce (V) 300 45 35 20 15 10 0 

Cgc’ (pF) 40 60 120 150 600 900 1400 
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Similarly those parameters are estimated for the APT12GT60BR. Two capacitance val-

ues 450 pF and 500 pF are respectively estimated for the turn-off delay phase and the fast 

collector current falling phase. The estimated set of fictitious capacitances for the turn-off 

transient of the IRG6I320UPBF is given in Table 5-4.  

Table 5-4-Estimated fictitious Miller capacitances for APT12GT60BR for turn-off 

Vce (V) 300 45 35 20 15 10 0 

Cgc’ (pF) 50 70 120 150 900 1800 3000 

 

Values of the other parameters are the same as values used in turn-on transient model. 

The turn-off transient model is validated once parameters are estimated. 

Figure 5-19 compares the estimated and measured trajectories of turn-off switching event 

of IRG6I320UPBF.  Figure 5-19 depicts good correlation between measured and estimat-

ed trajectories that is adequate for switching loss estimation. Although not significant, 

two noticeable deviations between the measured and estimated trajectories can be seen.  

 
Figure 5-19- Turn-off transient of IRG6I320UPBF at Vcc=180V, IL=9.65A, and RG=70Ω 
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drop is due to depletion of stored charges in the reverse biased freewheeling diode. Col-

lector current variation due to the discharging junction capacitance of the freewheeling 

diode is more prominent during turn-off because the rate of change of voltage across the 

diode is higher and the capacitance is large. This error could be a result of the approxi-

mate diode capacitance model. The estimation of the collector-to-emitter voltage trajecto-

ry is accurate at around the supply voltage level as depicted in Figure 5-19. Reverse junc-

tion capacitance of diodes is essentially a nonlinear capacitance as described in Equation 

4-5. However, use of fixed capacitance facilitates achieving certain level of simplicity 

and improves the computational efficiency.  Therefore, diode reverse capacitance is rep-

resented as a fixed capacitance. Simulation of current through the diode with fixed capac-

itances is a common practice [21].  

5.3.1 Reverse Voltage Transient of the Diode Voltage 

According to the suggested model, increase of the collector-to-emitter voltage of the 

IGBT is solely characterized by the gate drive and profile of Cgc’. The diode voltage vari-

ation is assumed to be merely a response to the collector-to-emitter voltage variation. Va-

lidity of the above model is investigated by comparing the measured diode voltage trajec-

tory and the estimated collector-to-emitter voltage trajectory which relied on the above 

assumption. Figure 5-20 compares the estimated collector-to-emitter voltage trajectory 

and measured diode voltage trajectory. This estimation is done for the IRG6I320UPBF 

with the freewheeling diode ISL91560P2. The green trajectory obtained by shifting the 

DC level of the diode voltage overlaps with the estimated collector-to-emitter voltage. 

The variation of the collector-to-emitter voltage must be equal to the diode voltage varia-
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tion when there is no current change through the stray inductance. Validity of the turn-off 

model is further elaborated with the help of graphs shown in Sections 5.3.3 through 5.3.4. 

The measured diode voltage trajectory shows an insignificantly small overshoot of diode 

voltage as explained in [53]. 

 
Figure 5-20- Turn-off transient of IRG6I320UPBF at Vcc=160V, IL=9A, and RG=70Ω 
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5.3.2 Effect of Load Current Changes 

Load current changes affect the collector current falling phase as well as the collector-to-

emitter voltage changing phase. Figure 5-21 (a) and (b) shows measured and estimated 

responses at two different load currents.  

  
(a) 

 
(b) 

Figure 5-21-Turn-off transients of IRG6I320UPBF at Vcc =184V and RG = 100Ω   (a) 

IL=3.25A (b) IL=6.2A 
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IGBT, the gate-to-emitter voltage plateau is determined by the load current. For the 

IRG6I320UPBF, estimated plateau voltage level shift is just 0.6V for a nearly 90% in-

crease of load. The change in charging current is due to the changes of voltage across the 

gate resistance. For a gate drive high level voltage of 15.5V, the reduction of charging 

current is just 4% for a 90% increase in the load current. Thus the change in charging cur-

rent with the load current change is not very significant due to the large gain of the IGBT. 

Therefore almost identical collector-to-emitter voltage rising trajectories can be observed 

despite of the load current changes depicted in Figure 5-21.   

According to Equation 4-6, the instantaneous time rate of decreasing collector current 

during the fast current falling phase is determined by time rate of changing gate-to-

emitter voltage and square of the distance of gate-to-emitter voltage from its plateau lev-

el. According to the Figure 5-21, the slope of the collector current trajectory gradually in-

creases, reaches a stage where the slope remains more or less constant, and then starts to 

gradually decrease. The end of the constant collector current slope period cannot be easi-

ly identified with visual inspection, as evident from Figure 5-21.  

5.3.3 Effect of Supply Voltage Changes 

Figure 5-22 (a) and (b) compare the collector-to-emitter voltage rising trajectories when 

the supply voltage is at 148V and 180V respectively.  The supply voltage level fixes the 

terminating point of the collector-to-emitter voltage rising trajectory. However, according 

to the proposed model, the shape of the collector-to-emitter voltage rising trajectory 

should not vary with the supply voltage at a fixed gate drive and for a given IGBT. Alt-

hough load currents in the measurements are different (by about a 1A), the two observa-
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tions are selected by considering the insignificant effect of load current changes on the 

collector-to-emitter voltage rising trajectory as explained in Section 4.3.   

 
(a) 

  
(b) 

Figure 5-22- Turn-off transient of APT12GT60BR at RG =100Ω (a) Vcc =148V and IL=3A 

(b) Vcc =180V and IL=4A. 

The measured diode voltage trajectories are also projected onto the collector-to-emitter 

voltage trajectories in the graphs (green curve). Correlation of estimated collector-to-

emitter voltages with the measured diode voltage variations further validates the assump-

tion of the domination of the IGBT dynamic over the diode behavior as explained in Sec-

tion 5.3.1.   
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5.3.4 Effect of Gate Resistance Change 

Figure 5-23 (a) and (b) demonstrate the validity of the model under changing gate re-

sistance values. The gate resistance used in the measurement shown in Figure 5-23-(a) is 

half of that used in the measurement shown in Figure 5-23-(b).  

 
(a) 

  
(b) 

Figure 5-23- Turn-off transient of IRG6I320UPBF at Vcc =184V (a) IL= 9.75A and RG 

=70Ω   (b) IL=8.6A and RG =35 Ω   
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due to changes in the charging current to the Miller capacitor. In addition, the period of 

collector current falling phases decreases when gate resistance is decreased as shown in 

Figure 5-23 (a) and (b). The amplitude of the collector-to-emitter voltage overshoot in-

creases when gate resistance is decreased due to high slope of the collector current fall. 

The green trajectory in Figure 5-23 (b) depicts correlation of diode voltage with collec-

tor-to-emitter voltage.  

5.3.5 Validation of Model under a Range of Operating Points  

Figure 5-24 through Figure 5-27 compare the measured responses with the estimated re-

sponse of the IRG6I320UPBF and freewheeling diode ISL91560P2 at different operating 

points. Again this comparison shows the ability to estimate the turn-off waveform at dif-

ferent operating conditions using a unique set of parameters.   

  
Figure 5-24- Turn-off transient of IRG6I320UPBF at Vcc=160V, IL=6.25A, RG =150Ω 
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Figure 5-25- Turn-off transient of IRG6I320UPBF at Vcc=160V, IL=4.5A, RG =150Ω 

 
Figure 5-26- Turn-off transient of IRG6I320UPBF at Vcc=155V, IL=7.5A, RG =35Ω 

 
Figure 5-27- Turn-off transient of IRG6I320UPBF at Vcc=145V, IL=5.75A, RG =100Ω 
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5.3.6 A Comparison Collector-to-Emitter Voltage Trajectories of 

Turn-on and Turn-off Switching Transients 

Figure 5-28 compares collector-to-emitter voltage changing trajectories at turn-on (Mir-

rored along the time axis) and turn-off transients.  

 
Figure 5-28-Switching transients of APT12GT60BR at 148V 

According to the suggested model, the one and only reason for any discrepancy is the 

second component of current expressed in Equation 3-8. The component of current re-

sulted via depleting stored charges in Cge speeding up the collector-to-emitter voltage fall-

ing trajectory during the later reverse recovery phase in the turn-on transient. According 

to Section 3.2.5, the magnitude of this current component depends on the gate-to-emitter 

voltage drop or diode current trajectory during later reverse recovery phase. Figure 5-28 

depicts close resemblance of collector-to-emitter voltage trajectories when the effect of 

the current supplied by depleting stored charges in Cge  is insignificant. 
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  Chapter 6

Switching Loss Estimation   

This chapter presents an evaluation of the accuracy of the estimated switching losses with 

the proposed turn-on and turn-off transient models, and a discussion of the characteristics 

of the switching energy losses during turn-on and turn-off switching transients. The chap-

ter also presents an approach for estimation of switching losses through electromagnetic 

transient simulations using a lookup table constructed with the energy losses estimated 

from the proposed transient models. 

6.1 Loss Estimation Performances of the Switch-

ing Transient Models 

A model of the IRGP4072DPBF IGBT is created in PSCAD and the model parameters 

are set to the estimated values listed in Section 5.2.1.  Loss estimation performance is 

evaluated at different load currents and supply voltages to evaluate the accuracy of 

switching loss estimation under different operating conditions. Table 6-1 compares the 

measured and estimated values of turn-on switching losses.   
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Table 6-1-Loss estimation performances for turn-on transient model evaluated with 
IRGP4072DPBF at RG=100Ω 

VCC (V) IL(A) Turn-on Switching Loss Accuracy (%) 

Measured (μJ) Estimated (μJ) 
190 7 86 88 97.7 

190 5.5 69 68 98.6 

190 3.85 45.5 45.9 99.1 

170 7.3 70.9 75.5 93.5 

170 3.3 31.1 32.8 94.5 

150 6.5 55.5 58.0 95.5 

 

The average energy 𝐸𝑎𝑣𝑒 loss between two sampling points n and n+1 of the measured 

transient waveform is calculated with Equation 6-1.   

𝐸𝑎𝑣𝑒  =
(𝑉𝑐𝑒

𝑛+1 − 𝑉𝑐𝑒
𝑛)

2
(𝐼𝑐

𝑛+1 − 𝐼𝑐
𝑛)

2
𝑇𝑠 6-1 

where 𝑉𝑐𝑒
𝑛+1 and 𝑉𝑐𝑒

𝑛 are respectively the measured collector voltages at the next and pre-

sent sampling points. 𝐼𝑐
𝑛+1 and 𝐼𝑐

𝑛  measured collector currents at the next and present 

sampling points. The total switching loss of the measured transient is calculated by add-

ing all individual average energy loss components over the switching transient period. 

Table 6-1 shows that estimated switching loss values are very close to the experimentally 

measured values. Accuracy of estimation remains above 93% in all test cases despite the 

changes in operating point.    

A number of IGBTs having different voltage and current ratings are selected for further 

validation of switching loss calculation models. Table 6-2 gives loss estimation accuracy 

for four different IGBTs at randomly selected operating points. The turn-on switching 
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losses of the different IGBTs are different and device dependent. However, regardless of 

the IGBT used, highly accurate estimations of the switching losses can be obtained with 

the proposed model when the model parameters are accurately estimated. 

Table 6-2- Estimated turn-on switching loss for different IGBTs 

IGBT VCC (V) RG (Ω) IL(A) Measured 
(μJ) 

Estimated 
(μJ) 

Accuracy 
(%) 

IRG4BC20WPBF 180 150 6.5 56.0 55.2 98.6 

G4PC30FBPF 160 150 4.25 35.7 34.2 95.8 

APT12GT60BR 140 150 5.5 78.6 77.0 98.0 

IRG6I320UPBF 140 150 4.25 31.9 30.0 94.0 

 

Table 6-3 compares the measured and estimated turn-off switching losses for a few IG-

BTs evaluated using the proposed turn-off transient model. The table shows an accuracy 

level comparable to that of the turn-on switching model.     

Table 6-3-Estimated turn-off switching losses of few IGBTs 

IGBT VCC 

(V) 

RG 

(Ω) 

IL  

(A) 

Measured 

(μJ) 

Estimated 

(μJ) 

Accuracy 

(%) 

IRG4BC20WPBF 180 70 4.8 106.0 107.2 98.8 

APT12GT60BR 178 70 3.9 55.8 60.6 91.3 

IRG6I320UPBF 180 100 3.15 48.3 50.7 95.0 
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Turn-off switching losses are estimated for a selected IGBT at random load currents and 

supply voltage levels. According to Table 6-4, the accuracy of the estimated turn-off 

switching loss is less at lower supply voltages. Reduced accuracy of the estimated losses 

at lower supply voltages may be attributed to use of fixed values for the Millar capaci-

tance in the phases where IGBT is presumed to operate at higher collector voltages. At 

low supply voltages this assumption may be violated, especially when stray inductance is 

high, resulting in increased errors in the estimated energy losses. The accuracy of esti-

mating turn-off switching losses is generally lower when compared with the accuracy of 

turn-on loss estimations. However, accuracy of the estimated losses is adequate for most 

of the operating points.  Table 6-1 through Table 6-4 shows the capability of the proposed 

IGBT turn-on and turn-off transient models to represent the switching behavior at differ-

ent operating conditions. Table 6-4 shows the accuracy of the estimated turn-off switch-

ing loss for the IRG6I320UPBF.  

Table 6-4-Loss estimation performances for turn-off transient of IRG6I320UPBF 

VCC (V) IL(A) RG (Ω) Turn-off Switching Loss Accuracy 

(%) Measured 

(μJ) 

Estimated 

(μJ) 

180V 9.65 70 155.0 159.2 97.8 

180V 6.30 100 114.8 104.2 90.8 

160V 9.00A 70 122.1 126.0 96.8 

160V 4.4A 100 47.7 53.6 87.6 

150V 6.5A 35 35.1 44.2 74.1 

144V 5.75 100 61.4 67.7 89.8 
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According to Table 6-4, the accuracy reduces at smaller gate resistances. The induced 

emf across the emitter inductance of the IGBT due to changes in collector current reduces 

the effective gate-to-emitter voltage applied to the IGBT. This is not accounted for in the 

model as the emitter stray inductance is lumped in the total path stray inductance to sim-

plify the model. Impact of such simplifications becomes significant at very fast collector 

current changes that happen at smaller gate resistances. The accuracy of IGBT gain esti-

mations can also be affected by the emitter inductance. In fact, the differences observed 

in the IGBT gain in different phases could be an artifact resulting from the emitter in-

ductance.   

6.2 Loss Characteristics 

Understanding of the switching loss behavior is important as it helps IGBT selection, gate 

drive design, and helps for accurate modeling of the loss behavior.  

6.2.1 Turn-on Loss Behavior  

Variation of switching losses with the load current and supply voltage is one important 

loss behavior.   Figure 6-1 shows the variation of the estimated turn-on switching loss of 
IRG4BC20WPBF evaluated at Vcc=180V and RG=150Ω. According to Figure 6-1, switch-

ing loss increases nonlinearly with the load current. 
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Figure 6-1-Load current versus turn-on switching loss 

Figure 6-2 shows the variation of the estimated turn-on switching loss with the supply 

voltage of the unit cell for IRG4BC20WPBF when IL=5A and RG=150Ω.  Again, the 

turn-on energy loss nonlinearly varies with the supply voltage. 

   
Figure 6-2-Supply voltage versus turn-on switching loss 

The proportion energy of loss occurring in each phase is determined by the instantaneous 

power dissipation during the phase and the duration of the phase. Figure 6-3 shows in-

stantaneous power dissipation and energy loss through the IRG4BC20WPBF evaluated at 

Vcc =180V, RG = 150Ω, and IL=6.6A.  Power and energy curves are scaled-up by a factor 

of 1.35 for ease of comparison. According to Figure 6-3, the power dissipation curve fol-
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lows the collector current variation during the collector current rising phase.     

 

Figure 6-3-Typical loss behavior of turn-on switching transient 

Conversely, the power dissipation curve follows the variation of the collector-to-emitter 

voltage trajectory during collector-to-emitter voltage falling phase. Therefore, under a 

given operating condition (switching current/supply voltage), energy loss during the col-

lector current rising phase can be approximately determined by Equation 6-2 with an ad-

equate level of accuracy. 

𝐸𝐼_𝑅𝑖𝑠𝑒 ≅ 𝑘𝑣𝑉𝑐𝑐 � 𝐼𝑐(𝑡)
𝑇𝐼_𝑅𝑖𝑠𝑒

0
𝑑𝑡 6-2 

where 𝐸𝐼_𝑅𝑖𝑠𝑒 is the energy loss during the collector current rising phase, 𝑘𝑣 is the ratio 

between average collector-to-emitter voltage during the phase and the supply voltage Vcc, 

𝑇𝐼_𝑅𝑖𝑠𝑒 is the period of the collector current rising phase.  

Likewise the energy loss during the collector-to-emitter voltage falling phase can be ap-

proximately determined by Equation 6-3.  

𝐸𝑉_𝐹𝑎𝑙𝑙 ≅ 𝑘𝑖𝐼𝐿 � 𝑉𝑐𝑒(𝑡)
𝑇𝑉_𝐹𝑎𝑙𝑙

𝑡0
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where 𝐸𝑉_𝐹𝑎𝑙𝑙 is the energy loss during the collector-to-emitter voltage falling phase, 𝑘𝑖 is 

the ratio between the average collector current during the phase and load current IL (This 

constant approximately equals 1 if IRM is smaller compared to IL), 𝑇𝑉_𝐹𝑎𝑙𝑙 is the period of 

the collector current rising phase.
 

However, the ratio between EI_Rise to EV_Fall is not constant and depends on many external 

parameters such as stray inductance as well as the parameters of the IGBT.  Table 6-5 

shows estimated proportions of energy losses during the collector current rising phase 

and the collector-to-emitter voltage decreasing phases of the turn-on transient. The cur-

rent ratings shown in the table are continues current ratings at 100° C. 

Table 6-5-Estimated proportions of the energy loss in different phases for a few IGBTs 

IGBT Rating  RG=50Ω RG=100Ω 

Ic Rising 

Phase (%) 

Vc Falling 

Phase (%) 

Ic Rising 

Phase (%) 

Vc Falling 

Phase (%) 

IRG4BC20WPBF 600V/6.5A 70.4 29.6 74.7 25.3 

IRG6I320UPBF 330V/16A 60.4 39.6 67.2 32.8 

G4PC30FBPF 600V/17A 52.3 47.7 57.8 42.2 

APT12GT60BR 600V/12A 36.7 63.3 38.3 61.6 

IRGP4072DPBF 300V/40A 50.8 49.2 56.2 43.8 

The above estimations are done when supply voltage is 190V and load current of 9A. For 

a given gate resistance, energy loss during the collector current rising phase is dependent 

on the gate-to-emitter capacitance Cge, gate-to-emitter threshold voltage level VT, gain of 
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the IGBT, and the value of the Miller capacitance at larger collector-to-gate voltage. 

These parameters are different for various IGBTs. For accurate loss modeling, switching 

behavior of the specific IGBT should be taken in to account or the model should include 

behavioral parameters of the IGBT. Energy loss during the collector-to-emitter voltage 

decreasing phase determined by the Miller  capacitance profile, gate voltage threshold 

level, and gate-to-emitter voltage plateau level which is determined by the trans-

conductance. The variation of the above ratio indicates that specific behavior of an IGBT 

cannot be ignored in loss estimation. Therefore, accurate loss estimation must rely on be-

havioral parameters of the specific IGBT.   

6.2.2 Turn-off Loss Behavior  

The behavior of the tail current is an important characteristic of the turn-off switching 

event.  Table 6-6 compares the measured total energy loss during the turn-off switching 

event with the energy loss during the tail current period for the IRG6I320UPBF at differ-

ent operating conditions. According to Table 6-6, energy losses during the tail current pe-

riod increase with the load current. The amplitude of the initial tail current is said to equal 

to about one tenth of the initial collector current in normal operating condition of the 

IGBT [14].  
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Table 6-6-Fraction of energy loss during tail current period 

IL(A) 

 

VCC (V) RG (Ω) Turn-on Switching Loss Percentage 

of Tail 

Loss (%) 

Measured  

Total Loss (μJ) 

Measured   

Tail Loss (μJ) 

9.65 180 70 155.0 45.8 29.5 

7.7 184 70 139.6 14.0 10.0 

8.6 184 35 86.7 9.8 11.3 

6.30 180 100 114.8 8.5 7.4 

9.0 160 70 122.1 41.8 34.2 

7.5 150 35 58.5 6.8 11.6 

6.5 150 35 35.1 5.0 14.2 

5.75 144 100 61.4 4.7 7.7 

3.1 146 70 41.2 7.4 18.0 

 

Figure 6-4 shows the estimated instantaneous power curve and energy variation for 

IRG6I320UPBF at Vcc =180V, RG = 70Ω, and IL=9.65A plotted with the collector-to-

emitter voltage and collector current trajectories.  

  
Figure 6-4-Typical loss behavior of turn-off switching transient 
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Similar to the turn-on transient, a strong correlation between the collector-to-emitter volt-

age trajectory and the power dissipation curve can be observed during the collector-to-

emitter voltage rising phase. Furthermore, the power dissipation curve is strongly corre-

lated with the collector current trajectory during the collector current falling phase. 

Therefore, energy loss can be estimated with the help of two equations in the form of 

Equations 6-1 and 6-2.   

6.3 Interpolation and Lookup Table Based Loss 

Estimation   

It is not feasible to run transient models at each switching instant in an EMTP like simu-

lation environment as it raises the computational requirement unnecessarily. Therefore, it 

is suggested to use a lookup table during simulation of power converters embedded in 

large power systems. The proposed switching transient models can be used to calculate 

the entries of the lookup table. A table can be created with suitable dimensions consider-

ing the expected range of currents and voltages (including the transient cur-

rents/voltages). Intervals of the lookup table can be determined as a tradeoff between the 

expected accuracy and the allowable time for creation of the lookup table. The lookup ta-

ble can be created during compilation of a simulation case (similar to T-line and Cable 

modules in PSCAD) and interpolation can be used during the retrieval of the data. Pre- 

and post-switching IGBT current and voltage at a switching event can be obtained from 

the EMTP simulation of the electrical circuit with ideal switches as described in [14]. An 

example of a lookup table is shown in Table 6-7.  Here, the energy losses estimated with 
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the turn-on transient model of the IRG4BC20WPBF are used to create the table. Turn-on 

switching losses at some random operating points are estimated applying linear interpola-

tion to Table 6-7. The units of switching losses shown in Table 6-7 is μJ.  

Table 6-7-Lookup table for turn-on energy loss of IRG4BC20WPBF 

 Vcc (V)       

IL (A) 140 180 240 320 400 480 

2 10.0 12.2 16.8 25.6 37.4 52.0 

4 23.2 28.3 37.1 54.1 77.4 106.6 

6 40.6 48.3 61.8 86.8 122.2 166.7 

8 62.6 72.8 91.0 123.5 170.5 230.0 

10 90.6 102.7 125.6 166.7 224.9 300.6 

Turn-on energy losses estimated using the lookup table model are compared with the en-

ergy losses estimated using the turn-on transient model in Table 6-8. The last column of 

the table shows estimation error due to use of linear interpolation/extrapolation between 

the points. Although use of a lookup table adds an additional error to the estimation, error 

percentages are very small according to the Table 6-8. The units of switching losses 

shown in Table 6-8 is μJ. However, the lookup table model can drastically reduce the 

CPU time. For example, if the switching transient models are used estimate switching 

losses for a period of 5s in a three-phase converter switched at 1.8kHz, 54000 loss esti-

mations need to be done for turn-on switching loss estimation during the simulation 

(1800 switching events per switching cell  per seconds  × 6 switching cells × 5 s).   
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Table 6-8- Errors of the losses estimated using the lookup table 

IL (A) Vcc (V) Table Est. Error (%) 

2.75 220 22.4 21.4 4.4 

2.75 440 62.4 61.4 1.6 

6.95 220 70.4 69.4 1.4 

6.95 440 170.9 170.0 0.5 

13 220 177.4 167.5 5.9 

13 440 361.5 356.5 1.4 

An unacceptably long time will be taken to create such a large number of estimations via 

simulating of transient models. If the lookup table approach is used with a 5X6 table, the 

transient model has to be run only 30 times (turn-off model also needed to run 30 times) 

to create the table. Time taken to make an estimation with a table model is insignificantly 

small when compared with the simulation period of the transient model. Therefore, the 

addition of a small error shown in Table 6-8 is offset by a speed up factor of 54000/30. 

Furthermore, the transient model is required to run only five times for the two level con-

verters as voltage is fixed in two level converters. Therefore, the lookup table approach 

offers good accuracy and lower CPU time when compared with other approaches.  The 

variation of switching losses with temperature can be represented with the same approach 

as explained below. Variation of the temperature of the IGBT with the power dissipation 

can be modeled with a thermal model as explained in [14]. Switching losses can be esti-

mated at different operating temperature levels at different operating conditions. The var-
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iation of switching loses with temperature can be represented with another column in the 

table as in [13]. Reflection of losses through the converter to the EMT environment is 

important to obtain an accurate network solution to the power system which contains the 

converter. This can be done by adjusting the saturation voltage that represents the con-

duction loss and leakage current representing the blocking loss as explained in [14]. In 

addition, the estimated losses can be injected to the network with a single controlled volt-

age source as explained in [54]. Collector-to-emitter voltage variation during the collec-

tor-to-emitter voltage changing phases is solely determined by the change in the voltage 

across the Miller capacitance. Change in the voltage across Miller capacitance is solely 

determined by the charging current which is fixed during the turn-off transient. The 

charging current is dependent on the gate-to-emitter voltage plateau which is only de-

pendent on load current. Increase in the charging current by a factor k causes the duration 

of this phase to decrease by a factor of 1/k at a fixed supply voltage. Therefore, for a giv-

en IGBT in a given converter, the result of the integration shown in Equation 6-2 de-

creases by a factor of 1/k. Therefore, loss during the phase decreases by a factor of 1/k. If 

an expression for the change in charging current with the load current is found, it is pos-

sible to estimate the energy loss during the collector-to-emitter voltage rising phase in the 

turn-off switching event just with the help of a algebraic function. However, one switch-

ing loss measurement or estimation during the collector to emitter of the converter is 

needed for this approach. The approach is applicable to the collector-to-emitter voltage 

falling phase, when IRM is much less than the load current or with a compensation term at 

higher IRM. Many references explain that the collector current trajectory increases approx-

imately in a linear fashion. This is confirmed in this thesis.  If it is possible to determine 
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the slope of the collector current trajectory during the turn-on transient, an algebraic func-

tion can be used to determine loss during collector current rising phase. Loss characteris-

tics found in this work emphasize that possibility of using algebraic function to very effi-

ciently estimate the switching losses. This approach is different from the published work 

as it is associated with the dynamic behavior of the unit cell. Furthermore, equations are 

applied to distinct phases for a given unit cell rather than the whole switching transient or 

both switching transients together.   

6.4 Sensitivity of the Estimated Turn-on Switch-

ing Loss to the Model Parameters    

The impact of inaccurate estimation of model parameters on accuracy of estimated 

switching loss is evaluated by calculating the deviation of the estimated switching loss 

with the model parameters. Table 6-9 shows the estimated turn-on switching loses and 

expected error that resulted from a ±15% and a ±30% errors in estimating stray induct-

ance LS. The seventh column in the table shows estimated switching loss at the normal 

stray inductance. According to Table 6-9, the estimated switching loss is an under estima-

tion if the stray inductance is an overestimation and vice versa. Furthermore, error in-

creases with the load current while the error decreases with the increasing supply voltage. 

This is as expected. 
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Table 6-9-Expected error in turn-on energy loss due to inaccurate estimation of LS 

VCC 

(V) 

IL 

(A) 

-30% 
(134.4nH) 

-15% 
(163.2nH) 

0 
192nH 

+15% 
(220.8nH) 

+30% 
(249.6nH) 

ESw 

(μJ) 

Error 

(%) 

ESw 

(μJ) 

Error 

(%) 

ESw ESw 

(μJ) 

Error 

(%) 

ESw 

(μJ) 

Error 

(%) 

150 3.5 32.5 8.3 31.2 4 30.0 28.9 -3.7 27.9 -7 

150 7 70.6 10.7 67.1 5.2 63.8 60.7 -4.9 57.9 -9.2 

190 3.5 44.3 6.7 42.8 3.1 41.5 40.2 -3.1 39.0 -6.0 

190 7 95.7 8.8 92.0 4.5 88 84.7 -3.7 81.3 -7.6 

 

A typical upper bound on the error in estimating stray inductance is less than 30%. 

Hence, the maximum expected error due to uncertainty in stray inductance can be consid-

ered less than 10%.  

The estimated turn-on switching loses and the expected percentage error due to error in 

estimating the maximum reverse recovery current, IRM, is given in Table 6-10.  

Table 6-10-Expected error in turn-on energy loss due to inaccurate estimation of IRM 

VCC 

(V) 

IL 

(A) 

-50% 0 +150% 

IRM 

(A) 

ESw 

(μJ) 

Error 

(%) 

IRM 

(A) 

ESw 

(μJ) 

IRM 

(A) 

ESw 

(μJ) 

Error 

(%) 

150 3.5 0.4 29.6 -1.3 0.8 30.0 2.1 33.3 11.0 

150 7 0.7 63.6 -0.3 1.4 63.8 3.5 70.1 9.9 

190 3.5 0.4 40.8 -1.6 0.8 41.5 2.1 45.7 10.1 

190 7 0.7 87.9 -0.1 1.4 88 3.5 96.5 9.7 
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The model input is the measured maximum reverse recovery current at a given test condi-

tion. According to the data sheet, measured maximum reverse recovery current of the 

ISL91560P2 is 3.5A when the load current is 15A and the cut-off rate is 200A/µs.  There-

fore, sensitivity is calculated for the percentage change of this measured maximum re-

verse recovery current. Columns 3 to 5 in Table 6-10 indicate respectively the estimated 

maximum recovery current, estimated turn-on switching loss, and percentage error when 

this input is 1.75A. Columns 8 to 10 correspond to 8.75A of the measured reverse recov-

ery current. According to Table 6-10, deviation of the estimated turn-on switching loss 

caused by an error in this input is small.  

Table 6-11 shows the expected error due to inaccurate determination of the gate threshold 

voltage. Accuracy of the estimated switching loss is more sensitive to inaccuracies in gate 

voltage threshold as evident in Table 6-11. Thus high sensitivity to threshold voltage is 

results from the square relationship between the gate-to-emitter voltage and the collector 

current. 

Table 6-11-Expected error in turn-on energy loss due to inaccurate estimation of VT  

VCC 

(V) 

IL 

(A) 

-20% 
(4.16V) 

-10%  
(4.68V) 

0 +10% 
(7.72V) 

+20% 
(6.24V) 

ESw 
(μJ) 

Error 
(%) 

ESw 
(μJ) 

Error 
(%) 

ESw ESw 
(μJ) 

Error 
(%) 

ESw 
(μJ) 

Error 
(%) 

150 3.5 26.5 -11.6 28.2 -6.0 30.0 32.0 6.6 34.4 14.7 

150 7 55.7 -12.7 59.5 -6.7 63.8 68.7 7.7 74.3 16.4 

190 3.5 36.9 -11.1 39.0 -6.0 41.5 44.2 6.5 47.3 14.0 

190 7 77.5 -11.9 82.5 -6.3 88 94.7 7.61 102.5 16.4 
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The estimated switching loss is more inaccurate at higher load currents as inaccurate es-

timation of the threshold voltage causes larger inaccuracies in the estimated collector cur-

rent. 

 Table 6-12 shows the errors in the estimated turn-on switching loss due to inaccurate es-

timation of the gain.   

Table 6-12-Expected error due to inaccurate estimation of adjusted gain  

VCC 

(V) 

IL 

(A) 

-30% 

(0.84) 

-15% 

(1.02) 

0 

1.2 

+15% 

(1.38) 

+30% 

(1.56) 

ESw 

(μJ) 

Error 

(%) 

ESw 

(μJ) 

Error 

(%) 

ESw ESw 

(μJ) 

Error 

(%) 

ESw 

(μJ) 

Error 

(%) 

150 3.5 32.8 9.3 31.2 4 30.0 29.0 -3.3 28.3 -5.7 

150 7 72.7 13.9 67.7 6.1 63.8 60.9 -4.5 58.4 -8.46 

190 3.5 44.7 7.7 43.0 3.6 41.5 40.3 -2.9 39.3 -5.3 

190 7 99.5 13.0 93.0 5.7 88 84.6 -3.9 82.0 -6.8 

 

The impact of inaccurate estimation of the adjusted gain is significant at higher load cur-

rents and it is less severe at higher supply voltages than lower supply voltages.    

6.5 Sensitivity of the Estimated Turn-off Switch-

ing Loss to the Model Parameters    

Table 6-13 shows a change in the estimated turn-off switching energy loss due to inaccu-

racies of estimating the stray inductance. According to Table 6-13, inaccuracy of estimat-

ing stray inductance has no significant effect on the turn-off switching loss estimation.  
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Table 6-13-Errors in turn-off switching energy due to variations in the stray inductance 

VCC (V) IL(A) -30% 
(129.8nH) 

0 
185.4nH 

+30% 
(241.0nH) 

ESw (μJ) Error 

(%) 

ESw 

(μJ) 

ESw 

(μJ) 

Error 

(%) 

180 12 188.6 -1.9 192.2 195.7 1.8 

180 6 99.7 -0.9 100.6 101.5 0.9 

 

Table 6-14 and Table 6-15 show the change in estimated turn-off switching energy loss 

due to inaccuracies in the gate threshold voltage and the gain of the IGBT respectively.   

Table 6-14-Error in turn-off energy loss estimation due to changes in the gate threshold 
voltage 

VCC (V) IL (A) -10% 
(3.69V) 

0 
(4.1V) 

+30% 
(5.33V) 

  ESw 

(μJ) 

Error 

(%) 

ESw 

(μJ) 

ESw 

(μJ) 

Error 

(%) 

180 12 192.9 0.4 192.2 195.3 1.61 

180 6 102.3 1.7 100.6 105.6 5.0 

 

Table 6-15-Error in turn-off energy loss estimation due to changes the gain 

VCC (V) IL (A) -30% 
(3.76) 

0 
(5.37) 

+30% 
(6.98) 

ESw 

(μJ) 

Error 

(%) 

ESw 

(μJ) 

ESw 

(μJ) 

Error 

(%) 

180 12 201.1 4.6 192.2 186.4 -3.0 

180 6 102.0 1.3 100.6 99.6 -0.9 
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According to the tables, the accuracy of the turn-off switching energy loss estimation is 

not significantly affected by the inaccuracies in the gain characteristics of the IGBT. Sen-

sitivity analysis indicates that small inaccuracies in the estimated model parameters do 

not result in large errors in both turn-on and turn-off energy losses. Estimated energy 

losses are more sensitive to the gate threshold voltage, in comparison to various other pa-

rameters in the developed switching loss model.  
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  Chapter 7

Conclusions and Future Work 

7.1 Conclusions  

The following conclusion can be drawn from the detailed study conducted in this thesis. 

7.1.1 Understanding of Switching Behavior of the Unit Cell  

A comprehensive understanding of the behavior of the switching cell during the turn-on 

and turn-off transients was achieved through an in-depth literature survey and experi-

mental measurements at the laboratory.     

 Overall switching behavior of the switching cell is determined by the internal dy-

namics of the IGBT as well its interaction with the external circuit.  

 Both turn-on and turn-off switching events of the unit cell follow a number of dis-

tinct phases. The causes for the distinct behaviors in each phase were clearly iden-

tified.  
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 It is possible to characterize the dominant processes and interactions in each of 

these distinct phases in switching transients using a circuit model.  

 The behavioral modeling of the switching cell using a circuit model is an appro-

priate approach for switching loss estimation through EMT type simulations.  

7.1.2 Circuit Based Switching Transient Modeling  

Two detailed circuit models were developed to simulate turn-on and turn-off transients of 

a switching cell of a VSC. A detailed procedure was developed to extract model parame-

ters from a test waveform. The ability of the developed circuit models to simulate the 

terminal behavior of an IGBT in a unit switching cell during the switching events was 

verified. 

 In order to correctly simulate the turn-on event, the transient period needs to be 

divided into five phases. However, modeling of turn-off transient requires only 

four phases. This additional phase in the turn-on transient is required to take into 

account two phases in the freewheeling diode revers recovery current.  

 Accurate simulation of the turn-on transient requires modeling of the diode revers 

recovery process. The simple freewheeling diode model presented in this thesis 

was found to be adequate to approximately model the reverse recovery process. 

7.1.3 Model Parameter Extraction Procedures  

The parameter extraction process is challenging but very important to enhance the accu-

racy and usability of the model.  
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  The parameters such as 𝐿𝑠,  𝑘𝑝(1 + 𝛽), and 𝐶𝑔𝑒 can be directly extracted from the 

measured switching waveforms.  

 Identification of some parameters such as 𝐶𝑔𝑐 at higher collector-to-emitter volt-

ages and the fictitious Miller capacitance 𝐶′𝑔𝑐 can be challenging due to noise in 

the waveforms.   

7.1.4  Nonlinear and Variable Nature of the Parameters  

Some parameters in the circuit models are nonlinear and vary during the switching event. 

However, consideration of the variable nature of the parameters is essential for an accu-

rate simulation of the switching event.   

 Square law of the gain described by Equation 3-1 more accurately represents the 

transfer characteristics of the IGBT. 

 The value of IGBT gain during Phase-2 and Phase-3 of the turn-on transient is 

significantly less than the gain observed in the other phases.    

 Consideration of the variable nature of the collector-to-emitter capacitance Cgc 

during collector-to-emitter voltage changing phase is essential to successfully 

simulate the collector-to-emitter voltage trajectory. However, Cgc can be consid-

ered as constant for phases in which the collector-to-emitter voltage remains high.  

 Although the gate-to-emitter capacitance Cge is varying, it is adequate to represent 

it using only two distinct values.  
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7.1.5 Performances of the Circuit Model 

Numerous experimental measurements with several different IGBTs verified the capabil-

ity of the developed models to accurately simulate the switching waveforms as well as 

the switching energy losses.  

 A good correlation between the estimated waveforms and measured waveforms 

could be observed.    

 A worthy level of accuracy of the estimated switching loss could be observed 

when compared to the estimated and measured switching energy losses. 

Under certain operating conditions, variation of the instantaneous power dissipation 

closely resembles the instantaneous collector current variation during the collector cur-

rent changing phases; and the instantaneous power dissipation curve closely resembles 

the collector-to-emitter voltage trajectory during the collector-to-emitter voltage changing 

phases, in both turn-on and turn-off transients. This property may be utilized to simplify 

the switching energy loss estimation. 

7.2   Future Work  

A number of new directions for future research are found during the study. The following 

extensions and studies are identified as most promising.  

Although the proposed model is more accurate when compared with the published circuit 

models, it contains many model parameters that need to be determined using test wave-

forms. If possible, reduction of the number of model parameters without significant im-
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pact on the accuracy is identified as an important way to enhance the usability of the pro-

posed IGBT switching models.  

Energy loss estimation during different phases can be simplified using the properties ex-

plained in Section 6.2. Investigation of the possibility of developing a set of algebraic 

equations to characterize the loss behavior during the collector current rising/falling 

phases and the collector-to-emitter voltage rising/falling phases will be an important con-

tribution.  

The collector-to-emitter voltage plateau level can become significantly small in the con-

verters having high stray inductance. In such converters, there is a possibility for the 

IGBT to operate in the voltage dependent zone of the Miller capacitance during phases 2 

and 3 in the turn-on transient. Therefore, it is required to investigate whether a nonlinear 

capacitor model is needed in these two phases to make simulation of the turn-on transient 

accurate in the converters with higher stray inductance.     

In practical applications, the temperature of the IGBT varies with time due to load varia-

tions as well as changing ambient conditions.  According to literature, IGBT gain, gate-

to-emitter threshold voltage, and the reverse carrier life-time of the freewheeling diode 

are highly temperature dependent. Incorporation of the electro-thermal behavior by esti-

mating changes in the temperature and hence the changes in the model parameters are es-

sential extensions.   

The switching transient models proposed in this thesis considered hard switching of in-

ductive loads. Extension of the proposed circuit based switching transient modeling ap-

proach to cover different soft switching techniques and other devices is another direction 

of research. 
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  Appendix-A

Estimated Parameters for a few IGBTs 

A.1 APT12GT60BR  
Estimated values of the parameters for APT12GT60BR are shown in Table A-1 through 

Table A-3.  

Table A-1-List of estimated parameters for APT12GT60BR 

Parameter Estimated Value  Units 

𝑘𝑝(1 + 𝛽) 1.21 A/V2 

kg_adjust 0.2 None 

Cce 25 pF 

Cge_ON 0.509 nF 

Cge_OFF 0.5 nF 

Cgc 30 pF 

 

Table A-2-Estimated fictitious Miller capacitances of APT12GT60BR for turn-on  

Vce (V) 400 100 50 25 15 10 2 

Cgc’ (pF) 18 25 40 80 100 1500 2800 
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Table A-3-Estimated fictitious Miller capacitances for APT12GT60BR for turn-off  

Vce (V) 300 45 35 20 15 10 0 

Cgc’ (pF) 50 70 120 150 900 1800 3000 

A.2 IRG6I320UPBF  
The estimated values of parameters for the IGBT-IRG6I320UBF are shown in Table A-4 

through Table A-6.  

Table A-4-List of estimated parameters for IRG6I320UPBF 

Parameter Estimated Value  Units 

𝑘𝑝(1 + 𝛽) 5.37 A/V2 

kg_adjust 0.098 None 

Cce 20 pF 

Cge_ON 0.852 nF 

Cge_OFF 1.3 nF 

Cgc 12 pF 

 

Table A-5-Estimated fictitious Miller capacitances of IRG6I320UPBF for turn-on 

Vce (V) 400 100 65 30 15 10 0 

Cgc’ (pF) 10 15 20 50 125 600 1000 

 

Table A-6-Estimated fictitious Miller capacitances for IRG6I320UPBF for turn-off  

Vce (V) 300 45 35 20 15 10 0 

Cgc’ (pF) 40 60 120 150 600 900 1400 
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A.3 IRGP4072DPBF  
The estimated values of parameters for the IGBT-IRG6I320UBF are shown in Table A-4 

through Table A-6.  

Table A-7-List of estimated parameters for IRGP4072DPBF 

Parameter Estimated Value  Units 

𝑘𝑝(1 + 𝛽) 8.6 A/V2 

kg_adjust 0.14 None 

Cce 75 pF 

Cge_ON 3.09 nF 

Cgc 20 pF 

 

Table A-8-Estimated fictitious Miller capacitances of IRGP4072DPBF for turn-on 

Vce (V) 400 150 50 25 15 10 2 

Cgc’ (pF) 25 40 60 120 400 1200 2500 
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  Appendix-B

Measured Switching Waveforms 

Measured turn-on switching waveforms of the IGBTs used to validate the models are 

shown in Figure B-1 through Figure B-5.  

  
Figure B-1-Measured turn-on waveform of the APT12GT60BR when Vcc=180V, 

IL=4.65A, and RG=150Ω 
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Figure B-2-Measured turn-on waveform of the IRG6I320UPBF at Vcc=185V, IL=6.5A, 
and RG=150Ω 

  
Figure B-3-Measured turn-on waveform of the IRGP4072DPBF at Vcc=172V, IL=5.5A, 

and RG=100Ω 
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Figure B-4-Measured turn-off waveform of the APT12GT60BR at Vcc=160V, IL=4.5A, 
and RG=100Ω 

 

 

Figure B-5-Measured turn-off waveform of the IRG6I320UPBF at Vcc=184V, IL=6.2A, 

and RG=100Ω 
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