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Abstract 
 

The use of hybrid power switches is a practical and effective method of improving the performance 

of high power switching devices. An emerging strategy is to combine high power Si IGBTs with 

SiC MOSFETs to take advantage of the SiC MOSFETs superior switching speed and lower 

switching losses. While this approach has a number of advantages, when it is used in a half bridge 

arrangement the possibility of false turn becomes a concern. The SiC MOSFETs improved transient 

characteristics leads to higher dv/dt during switching, which can induce a spike in the gate voltage 

of the low side Si IGBT through the parasitic capacitances. This behavior poses a serious risk of 

lowering efficiencies in operation as well as safety concerns. In this study, a set of behavior models 

were developed for both the SiC MOSFET and Si IGBT, with the specific target of modelling the 

transient behavior. These models were then integrated together into a half bridge capable of 

performing hybrid switching. Lastly, a model was developed to assess the risk of false turn on in 

the low side IGBT, based on the developed hybrid switching models. The models were limited to 

only parameters which are readily available on device datasheets, allowing the system to be useful 

and accessible to designers without the need to perform parameter extraction. The individual switch 

models accuracy were assessed against a set Spice models, covering a range of power conditions. 

The induced gate voltage in a synchronous buck converter with two hybrid SiC MOSFET Si IGBT 

switches was measured and used to verify the validity of the induced voltage model. The design 

approach for the development of a behavioral transient model and the limitations of the model were 

explored and discussed.  
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Chapter 1: Introduction 

1.1 Background 

Semiconductor devices like the Insulated Gate Bipolar Transistors (IGBT) and power Metal 

Oxide Semiconductor Field Effect Transistor (MOSFET) are two of the most prominent 

switching devices in modern power electronics design. The power handling capabilities of these 

devices continues to be pushed with technological advancements, such as the development of 

wide band gap material devices like Silicon Carbide (SiC), as well as through techniques like 

hybrid switching.  While these developments greatly improve performance, it is also important 

that designers can accurately predict how these devices will perform with accurate and accessible 

models. This chapter serves to give background information into the structure and performance of 

both IGBTs and MOSFETs, the impact of the semiconductor materials on performance, as well as 

the concept of hybrid switching and the possible issue of Cdv/dt induced false turn on. This will 

lay the groundwork for understanding the behavioral modelling process described in chapter 2 

and chapter 3. A literature review of various modelling approaches, including benefits, 

drawbacks, and considerations is given in Appendix III . Many highly accurate models exist 

which can accurately predict the behavior of MOSFETs and IGBTs, but these models often 

require access to device parameters which designers cannot easily acquire, even with physical 

testing. Modelling these devices in an accessible way allows for efficient, robust, and safe 

converter design, and is an important tool in gate driver design and compensation. Many highly 

accurate models exist which can predict the behavior of MOSFETs and IGBTs, but these models 

often require access to device parameters which designers cannot easily acquire. 

1.1.1 Structure of a Semiconductor Switch 

 The basic structure of the IGBT and MOSFET can be seen in Figure 1. These devices have a 

number of key similarities, differences, and applications which must be explored. 
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Figure 1: Basic Structure of the IGBT (left) and MOSFET (right) 

Both devices are controlled by the voltage applied at the gate, wherein the gate voltage must 

exceed the intrinsic threshold voltage (Vth) of the device for the turn on process to begin. The key 

difference between the two devices is the additional P+ injection layer, which floods the N- drift 

region with minority carriers during conduction [1]. This structural difference means the IGBT 

operates as a bipolar device, as both holes and electrons contribute to conduction. By contrast, the 

MOSFET is a unipolar device, meaning current is carried only by one type of charge carrier. The 

IGBT and MOSFET are represented with their respective circuit symbols, seen in Figure 2.  
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Figure 2: Circuit symbol for the IGBT (left) and MOSFET (right) 

In Figure 2, Vge and Vgs represent the voltage between the gate and the emitter or source for 

the IGBT and MOSFET respectively. Vce and Vds represent the voltage across the IGBT and 

MOSFET respectively. Lasty, the current through the IGBT or MOSFET is referred to as Ice or Ids 

respectively. The basic switching behavior of these devices is shown in Figure 3. 

 

Figure 3: Simplified switching characteristics of a power MOSFET/IGBT 
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The parameters seen in Figure 3 are a standard way to refer to the transient characteristics of 

these devices. Tdon is the turn on delay, indicating the time between the gate bias switching high 

and the device current reaching 10% of the steady state on-value. Tr indicates the rise time of the 

device, defined as the time for the device current to go from 10% steady state on value to 90% 

steady state on-value. Tdoff is the turn off delay, indicating the time between the gate bias 

switching low and the device current reaching 90% of the off-state value.  Lastly, Tf  is the fall 

time, which indicates the time between the switch current reaching 90% of its off-state value and 

10% of its off-state value. These parameters serve as simple metrics for quantifying the transient 

behavior of these switches.  

1.1.2 Comparing the Operation and Performance of Semiconductor Switches  

Focusing first on the IGBT, these devices have an advantage during conduction as there is a 

constant voltage drop across the switch which is insensitive to device current. This behavior is 

due to the phenomenon known as conductivity modulation, and is a result of the bipolar nature of 

the IGBT mentioned before. Despite both MOSFETs and IGBTs having a large N- drift region, 

which have a low dopant concentration and are therefore highly resistive, the additional P+ layer 

in the IGBT allows holes to be injected into this N- region. This increases the carrier 

concentration and lowers the resistance of the channel as the current increases. MOSFETs by 

contrast have a constant on-state resistance with regard to current carrying capability, meaning 

that on-state losses will scale with power. Conductivity modulation offers an advantage during 

conduction as the conduction losses are often reduced for the same load. [2] The additional 

carriers do produce a drawback for the IGBT during turn off, as carriers which are injected into 

the drift region now must be removed. This means that the gate voltage may be well below Vth 

before the device is fully turned off, depending on the recombination rate. [3] The result is a 

current tail which trails off after the device receives a low gate signal. Comparatively, the 

MOSFET has no tail current during turn off, allowing switching frequency to be increased, 
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lowering the size of magnetic components and increasing the power density. The details 

surrounding this tail current are explored in Chapter 2.  

It is also important to discuss what advantages SiC devices have over conventional silicon 

devices. Semiconductor switching devices are primarily made of Si and these devices make up 

the majority of the market share of semiconductor devices in industry today. However, many 

designers and researchers are exploring wide band gap materials such as SiC or Gallium Nitride 

(GaN) for their many notable advantages. These wide band gap devices are expected to grow 

from 2% of the market share of the semi-conductor market to 3-7% over the next 5 years. [4]  

Looking specifically at SiC, one major advantage of SiC MOSFETs over their Si MOSFETS 

counterparts is the voltage rating. The typical preferred voltage rating for a Si MOSFET is less 

than 250 V, whereas SiC MOSFET can operate at voltages in excess of 3 kV at similar 

frequencies. [5] SiC MOSFETs rival the power ratings of the Si IGBT, which are typically used 

for applications with voltages higher than 1000 V. [5]  When considering the steady state 

operation, there are operating conditions at lower currents where SiC MOSFETs will outperform 

Si IGBTs due to the low on-state resistance of SiC MOSFETs, and this is touched on later in the 

chapter. SiC MOSFETs, like Si MOSFETs are preferred at higher frequencies as they lack the 

current tail which exists in Si IGBTs. The on-state resistance also demonstrates a positive 

temperature coefficient, which can lead to higher losses during conduction. The on-state 

characteristics of SiC MOSFET devices is better than that of Si, but is still less favorable as 

compared to Si IGBTs in many cases. Another major concern is that SiC MOSFETs are a costly 

option when compared to Si devices, largely due to the expensive epitaxial growth processing for 

the thick n-base region. [4] The contrast between transient and steady state advantages has led 

designers to consider combining switches in ways such that these advantages can be compounded 

instead of being treated as tradeoffs.  
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1.1.3 Description of Hybrid Switches 

Hybrid switches have been developing for many years and researchers have explored a wide 

variety of devices and configurations. The concept is simply to use additional switches to 

compensate the behavior of a given switch in the system. An early example of a hybrid switch 

was the combination of a large area/thin n-base diode with a smaller area/thick n-base diode, in 

order to achieve an optimum Si fast recovery diode. [6] For this thesis, the hybrid switch 

configuration under consideration is a parallel SiC MOSFET- Si IGBT switch. With the 

understanding that wide band gap technologies have made SiC MOSFETs practical for use in 

high power applications, many designers hope to take advantage of the higher switching speeds 

and comparatively lower switching losses. However, as discussed previously, the on-state 

characteristics and higher cost of SiC MOSFETs, as compared to Si IGBTs, pose a trade-off for 

designers. The goal of this hybrid switch configuration is to generate switching devices which can 

be applied to high power applications while keeping switching losses, conduction losses, and cost 

low. The hybrid switch structure is shown in Figure 4.   

 

Figure 4: Basic Structure of a Hybrid SiC MOSFET-Si IGBT switch 

Hybrid switches often use multiple of the same switches in parallel, but for the purposes of 

this thesis a single SiC MOSFET-Si IGBT hybrid switch is explored.  
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In order to take advantage of the merits of each switch, careful consideration must be given to 

the gate drive signals. A number of gate sequences were tested for this type of hybrid switch in 

[7] and from this a gate sequence was chosen for use within this thesis. This section covers the 

logic and proposed benefits of this gating sequence. The goal of this gating sequence is to allow 

the SiC MOSFET to handle the switching transient of the device, but rely of the Si IGBT for 

conduction during the on-state. The gate sequence can be seen in Figure 5. 

  

Figure 5: Common gate sequence for a Hybrid SiC MOSFET (blue) Si IGBT (orange)  switch 

The gate sequence in Figure 5 was divided into 5 sections. In section 1 the SiC MOSFET is 

turned on, handling the switching action of the entire hybrid switch. Once the SiC MOSFET has 

reached its on-state, section 2 begins and the Si IGBT is switched on. The current through the 

device will not in all cases simply be transferred entirely to the Si IGBT. The loading conditions 

as well as the temperature will dictate how much of the current is carried by each device. 

Focusing on the load conditions, at lower currents the voltage drop across the SiC MOSFET will 

be lower, but as discussed earlier, as the current grows the Si IGBT will become the favorable 

current path. An example of this relationship can be seen in Figure 6. 



8 
 

 

Figure 6: Relationship between switch current and forward voltage drop for a similarly rated Si IGBT and SiC 

MOSFET [6] 

Figure 6 shows that at currents below Icross, the SiC MOSFET has favourable current carrying 

conditions to the Si IGBT, but at currents greater than Icross , the conductivity modulation of the SI 

IGBT allow for preferable conditions. [6] These conditions will determine what the current 

sharing behavior of the device and will impact the overall performance. Current sharing behavior 

and its implications on gate drive design were explored further in [8] and [9] respectively. Section 

4 begins when the gate signal of the IGBT is set to the low value and the IGBT begins turning 

off. This stage ends with the IGBT reaching the off-state. This configuration results in zero 

voltage switching of the IGBT as the voltage across the IGBT is equivalent to the drop across the 

SiC MOSFET during conduction. The final section begins when the gate signal of the SiC 

MOSFET is set low and the SiC MOSFET turns off. Once the SiC MOSFET had reached its off-

state, the hybrid switch is now blocking current and the sequence is complete. In this 

configuration the switching losses of the hybrid switch are dominated by the SiC MOSFET, 

which are lower than the Si IGBT due to the higher switching speed and especially the absence of 

a current tail. In addition, the conduction losses are lower as they are dominated by the IGBT, 

assuming the load conditions have been chosen appropriately for a given switching pair.   
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1.1.4  False Turn on Phenomenon 

The switches discussed in the prior sections, whether it be the Si IGBT, SiC MOSFET, or a 

hybrid combination of the two, typically exist as one of many switches inside a larger circuit. 

This leads to the consideration of  how switches will interact with each other in a given design. 

One major concern is the idea of false turn on. Consider first a simple half bridge circuit, 

consisting of two switching units S1 and S2, seen in Figure 7a. When S1  changes state, the voltage 

at M will change very rapidly. This can have a significant impact on S2, and can result in S2 

turning on prematurely when the gate driver for S2 is still supplying a low signal, known as false 

turn on. This behavior can cause a short between the supply voltage and the ground, known as 

shoot through current, and can lower the overall efficiency of a device. It can also damage the 

device, for example, if the gate voltage exceeds the maximum ratings of the gate. The main cause 

of this issue is the parasitic capacitance between the anode and the gate. The parasitic 

capacitances of a generic MOSFET can be seen in Figure 7b.  

 

Figure 7: a) Half Bridge configuration of power switches b) Power MOSFET model including parasitic 

capacitances 

In this case, the drain-gate capacitance, Cdg, is often reference to as the miller capacitance, 

and is largely responsible for CdV/dt induced false turn on. [10] This is not the only factor which 
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determines the induced voltage at the gate, and the specific mechanics of false turn on through the 

miller capacitance are explored in Chapter 3 when developing a model for the induced voltage. 

Due to the improved rise and fall time of the SiC MOSFET it is able to induce a higher dv/dt on 

the low side Si IGBT than would normally exist if, for example two Si IGBTs were used. This 

means that hybrid switches introduce more opportunity for induced voltage to occur and it 

becomes particularly important to predict this behavior so an efficiency pairing can be made.  

1.2 Purpose  

The goal of this research was to create a model for designers to simply and accurately predict 

the risk of false turn-on in a  SiC MOSFET-Si IGBT hybrid switch, to streamline converter 

design. This meant that first individual models for the SiC MOSFET and Si IGBT were to be 

developed and tested. These models were to be designed such that they can interface with each 

other in a parallel hybrid configuration. Then a separate model was to be developed to predict the 

risk an arbitrary pair of devices would have in experiencing false turn on. The model was to be 

implemented inside the PSIM circuit environment , model the gate voltage, switch current, and 

switch voltage in transient, and take into consideration the parasitic capacitances of both the 

internal switches. The only inputs to the models were to be taken explicitly from datasheet, 

without requiring any parameter extraction. Given this, a behavioral modelling approach was 

taken. The model was to be simple, universal, and give an accurate picture of the behavior of a 

wide array of switch combinations. Within the PSIM environment, a combination of circuit 

elements and a C language compiler were used to implement the model. The goal was to allow 

designers to accurately predict the interaction of hybrid switches inside their circuits, for use in 

mitigating false turn on and improving circuit efficiency and robustness. 
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1.3 Thesis Structure 

The thesis was structured into the following chapters. Chapter 2 examined the models of both 

the Si IGBT and the SiC MOSFET, expanding on the methodology, considerations, assumptions, 

implementation, and limitations of each as separate standalone models. It concluded with 

verification against available level 2 SPICE models. Chapter 3 detailed the implementation of the 

hybrid switch model and examined the modelling, implementation, and verifications of the false 

turn on phenomenon between two pairs of hybrid switch models. It was then verified against a 

synchronous buck converter which incorporated 2 hybrid Si IGBT-SiC MOSFET switches. 

Lastly, Chapter 4 detailed the conclusions, contributions, and further work needed for this model, 

addressing the successes and limitations of the model against the stated goals in 1.4. 
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Chapter 2: Individual Switch Models  

2.1 Transient Model of the Si IGBT 

The transient behavior of the Si IGBT was detailed in the following section, focusing 

primarily on the voltage at the gate, as well as the device current and voltage. The model is based 

on the following parameters which are sourced from the datasheet or entered based on the desired 

circuit conditions chosen by the modeler. In the majority of cases, the nominal data is taken from 

the datasheet, but when applicable data is also taken from the device characteristic curves. Table 

1 indicates every parameters which is taken from the datasheet. Later in this chapter, an example 

is explored where this table is filled out and the input mechanism for the model is explained.  
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Table 1: Description of each parameter which is considered by the IGBT model 

Parameter  Description 

Rg (Ω) Internal Gate Resistance 

RG* (Ω) External Gate Resistance from the gate driver. 

Cies (F) The input capacitance of the device. 

Cresoff (F) The lowest value of the reverse transfer capacitance (Cres), found when 

Vce is high (taken at or above highest expected supply voltage). 

Cresmid (F) The value of  Cres which best characterizes the “knee” of the curve. This 

value occurs between Vtp and the Vce value chosen for Creson. 

Creson (F) The highest value of Cres , found when Vce is lowest.  

Vtp (V) The value of Vce where the value of Cres begins to first increase from the 

value of Cresoff. 

Vm (V) The value of Vce where the value of Cres rapidly increase towards Creson,  

corresponding to Cresmid. 

Vg
+ * (V) The on-state value of the gate drive signal.  

Vg
- * (V) The off-state value of the gate drive signal.  

VceSat (V) The saturation voltage of the device. 

𝑉𝑔𝑒𝑥1−𝑥3
 (V) and 

𝐼𝑐𝑒𝑦1−𝑦3
 (A) 

Values chosen for predicting the transfer characteristics of the device, 

explained later in this section. 

tf (s)  Fall time.  

 

Any parameters with an asterisk are based on the external conditions chosen by the designer. 

The values of 𝑉𝑔𝑒𝑥1−𝑥3
 and 𝐼𝑐𝑒𝑦1−𝑦3

 are selected such that the transfer characteristics can be 

characterized  by the model. A 3 point piece-wise linear-quadratic curve fit is used to 
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approximate this curve, due to its low computation load and limited input requirements. The three 

points are labelled on Figure 8. 

 

Figure 8: 3 point characterization of the device transfer curve 

Point 1 is chosen before the threshold, point 2 is chosen at the knee of the curve, and point 3 

is chosen higher than the expected value of Vg
+. Equation 1 models the quadratic portion.  

𝑐 = 𝐼𝑐𝑒𝑦1
− 𝑎𝑉𝑔𝑒𝑥1

2 − 𝑏𝑉𝑔𝑒𝑥1
         (1) 

Where, 

𝑏 =
𝑉5−𝑉1𝑉2

𝑉4− 𝑉1𝑉3
            

𝑎 =  
𝑉5−𝑏𝑉3

 𝑉𝑔𝑒𝑥2
2− 𝑉𝑔𝑒𝑥1

2         

𝑉1 =
𝑉𝑔𝑒𝑥3

2−𝑉𝑔𝑒𝑥2
2

𝑉𝑔𝑒𝑥2
2−𝑉𝑔𝑒𝑥1

2           

𝑉2 = 𝐼𝑐𝑒𝑦2
− 𝐼𝑐𝑒𝑦1

            

𝑉3 = 𝑉𝑔𝑒𝑥2
− 𝑉𝑔𝑒𝑥1
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𝑉4 = 𝑉𝑔𝑒𝑥3
− 𝑉𝑔𝑒𝑥2

            

𝑉5 = 𝐼𝑐𝑒𝑦3
− 𝐼𝑐𝑒𝑦2

            

The linear portion is characterized using points 1 and 2, and the standard equation of a line. 

Once the linear portion is solved, the intersection, 𝑉𝑔𝑒− 𝑖𝑛𝑡 , is found using equation 2. 

𝑉𝑔𝑒− 𝑖𝑛𝑡 =
𝑚−𝑏+√(𝑏−𝑚)2−4𝑎(𝑐−𝑏𝑙𝑖𝑛)

2𝑎
        (2) 

 

Where m and blin are the slope and y-intercept of the linear portion. This approach can be 

completed in one time step with no significant increase on computation time. A sample set of 

devices were tested using this method and these curves can be seen in Figure 9 and Figure 10 for 

IGBTs and MOSFETs respectively.  

  

 

Figure 9: Modelled Vs. Actual Transfer Characteristics for 3 Si IGBT devices: IXGH28N120BD1 (top left) , 

IXGH32N170A (top right), IXGH20N120B (bottom) 
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Figure 10: Modelled Vs. Actual Transfer Characteristics for 3 SiC MOSFET devices: C2M0160120D (top left), 

C2M0040120D (top right), and C2M0045170D (bottom)   
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The root mean squared, and normalized root mean squared errors were found for each of the 

6 test cases is shown in table 2.  

Table 2: Root mean squared deviation, and normalized root mean squared deviation for each test device 

Device  RMS NRMS 

IXGH 20N120B 2.6342     0.0376     

IXGH28N120BD1 1.3681     0.0180     

IXGH32N170A 1.1658     0.0233     

C2M0160120D 0.5882     0.0267     

C2M0040120D 1.7862     0.0298     

C2M0045170D 6.1450 0.0512 

 

2.1.1 IGBT Transient Behavior During Turn on 

This section explains the structure of the model and how the model was derived as well as 

discusses the transient behavior of IGBT devices in general. Figure 11 shows a detailed 

breakdown of the various stages the Si IGBT turn-on process during resistive loading. The overall 

approach was to break up the individual stages and model each stage as accurately as possible. As 

mentioned in the prior chapter, a behavioral modelling approach was taken, which allowed more 

flexibility in how each stage was characterized by relying on empirical methods and curve fitting 

in addition to equivalent circuit models.  
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Figure 11: Turn on stages for a generic Si IGBT, Vge (top), Ice (Middle), Vce (bottom) 

Stage 1: 

Stage 1 begins when the gate signal is low and the switch has been off long enough to reach 

steady state. Once the gate driver supplies a high voltage at the gate, this stage ends. This serves 

as the starting point of the model.  

Stage 2:  

At the start of stage 2, the gate voltage was switched high and is now charging the input 

capacitance at the gate. The input capacitance consists of the capacitance between the gate and 

the emitter, (Cge), and the capacitance between the collector and the gate (Ccg), as seen in equation 

3. Cge is the sum of the gate oxide capacitance of the source overlap, (COXS), and the source 

metallization capacitance, (CM). Ccg is primarily composed of gate oxide capacitance of the drain 

overlap, (COXD), and in comparison to Cge, this capacitance is much more significant when 

voltage across the device is low. [11] 

𝐶𝑖𝑒𝑠 = 𝐶𝑐𝑔 + 𝐶𝑔𝑒        (3)  
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As the capacitance is charged Vge continues to rise. This stage is completed when Vge has 

reached  Vth. An RC circuit was used to model the input at that gate. The primary components of 

this circuit were the external gate resistance from the gate driver, RG, the internal gate resistance 

Rg, and the input capacitance Cies. As mentioned previously, Ccg << Cge while Vce is very high, so 

for this stage Cies was given as equation 4.  

𝐶𝑖𝑒𝑠 = 𝐶𝑔𝑒        (4)  

 The circuit diagram for this approximation can be seen in Figure 12.  

 

Figure 12: RC model of the IGBT as seen by gate driver during the first stage of turn on 

The node voltage is given as equation 5, the voltage across Rg and RG is given by equation 6, 

Vge is given as equation 7, and the current through the gate, Ig, is given by equation 8. Q is the 

charge corresponding the Cge.   

𝑉𝑔 = 𝑉𝑟 + 𝑉𝑐           (5) 

𝑉𝑟 = 𝐼𝑔(𝑅𝑔 + 𝑅𝐺)       (6) 

𝑉𝑔𝑒 =
𝑄

𝐶𝑔𝑒
       (7) 

𝐼𝑔 =  
𝑑𝑄

𝑑𝑡
       (8) 
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 By solving equations 5 – 8 for Ig a linear differential equation was found and by using the 

initial conditions for Vg the transient equation for Vge can be given as equation 9. 

𝑉𝑔𝑒 = 𝑉𝑔
+ (1 − 𝑒

−
1

𝜏1
𝑡
) + 𝑉𝑔

− (𝑒
−

1

𝜏1
𝑡
)       (9) 

Where: 

𝜏1 = (𝑅𝑔 + 𝑅𝐺)𝐶𝑔𝑒        

 The stage is completed once Vge = Vth. In order to calculate Vth, equation 10 was used, taking 

advantage of data from the Vge – Ice curve which is supplied to the model. [12] 

𝑉𝑡ℎ =  
𝑉𝑔𝑒𝑥1√𝐼𝑐𝑒𝑦2−𝑉𝑔𝑒𝑥2√𝐼𝑐𝑒𝑦1

√𝐼𝑐𝑒𝑦2−√𝐼𝑐𝑒𝑦1
      (10) 

 Where Vgex1, Vgex2 , Icey1, and Icey2 are points chosen from the transfer characteristics of the 

device. The time delay for Vge to reach the threshold voltage is seen in equation 11, and was 

derived by substituting the boundary conditions of the stage into equation 9. 

𝐷𝑒𝑙𝑎𝑦𝑉𝑡ℎ =  −𝜏1ln (
1−(𝑉𝑡ℎ− 𝑉𝑔

−)

𝑉𝑔
+− 𝑉𝑔

− )       (11) 

Stage 3: 

To model stage 3 the miller voltage, Vmiller  was first found. Vmiller is the voltage which Vge
 is 

clamped to as the voltage across the device falls. This phenomenon occurs due impact of Vce on 

Cge. An example of this behavior is shown in Figure 13, for the IGBT device no. IXGH20N120B 

from IXYS. [13] 
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Figure 13: Gate charge curve and transfer curve (Input Admittance) for IXYS device no. IXGH20N120B [21] 

Vge is seen rising up to roughly 6 V, which is the value required to support the load current, 

but is then clamped despite the gate charge continuing to increase. This is because more current is 

being fed through Ccg as the voltage across the device drops. The non-linear relationship between 

Cge and Vce can be seen in Figure 14, taken from the datasheet for the IXGH20N120B IGBT from 

IXYS  

 

Figure 14: Voltage dependence of parasitic capacitances of the IGBT [21] 
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After the voltage has dropped to roughly 40 V, referred to as Vtp, the value of Cres, which is 

equal to Ccg begins to increase drastically from 40pF to roughly 1000pF as Vce continues to drop. 

By extending the equations used to model the transfer characteristics and using the provided 

loading conditions, Vmiller is characterized as equation 12.  

𝑉𝑚𝑖𝑙𝑙𝑒𝑟 
= {

−𝑏+ √𝑏′2−4𝑎𝑐𝑙𝑜𝑎𝑑

2𝑎
, 𝑖𝑓 𝐼𝑙𝑜𝑎𝑑 > 𝐼𝑐𝑒𝑦2

𝐼𝑙𝑜𝑎𝑑−𝑏𝑙𝑖𝑛

𝑚
, 𝑖𝑓 𝐼𝑙𝑜𝑎𝑑 < 𝐼𝑐𝑒𝑦2

  
        (12)  

Where, 

𝑐𝑙𝑜𝑎𝑑 = 𝑐 − 𝐼𝑙𝑜𝑎𝑑  

𝑏′ = 𝑏 − 𝑚  

From here the end of stage 3 is determined by solving the delay for Vge to rise from Vg
-, to 

Vmiller. The duration of this stage is given as equation 13. 

𝐷𝑒𝑙𝑎𝑦𝑚𝑖𝑙𝑙𝑒𝑟 =  −𝜏1 ln (
1−(𝑉𝑚𝑖𝑙𝑙𝑒𝑟− 𝑉𝑔

−

𝑉𝑔
+− 𝑉𝑔

− ) −  𝐷𝑒𝑙𝑎𝑦𝑉𝑡ℎ      (13) 

 Once Vge is equal to Vmiller, this stage ends. For resistive loading, equation 14 holds true for 

every subsequent stage of the turn on process.  

𝐼𝑐𝑒 =
𝑉𝑐𝑐−𝑉𝑐𝑒

𝑅𝑙𝑜𝑎𝑑
           (14) 

Stage 4: 

During this stage Vce begins to fall, causing significant dv/dt at the drain, and thereby 

inducing a current through Ccg as described in the previous chapter. This capacitor acts as a 

feedback loop, and from here the gate current was used to model the stage. The gate current is 

constant as Vge is assumed to be perfectly clamped. The current flow can be defined with 

equations 15 – 17 .  
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𝐼𝑔𝑎𝑡𝑒 =
𝑉𝑔−𝑉𝑚𝑖𝑙𝑙𝑒𝑟

𝑅𝑔+𝑅𝐺
          (15) 

𝐼𝑔𝑎𝑡𝑒 = 𝐶𝑐𝑔
𝑑𝑉𝑐𝑐𝑔

𝑑𝑡
          (16) 

𝑑𝑉𝑐𝑒

𝑑𝑡
=

𝑑𝑉𝑐𝑐𝑔

𝑑𝑡
=  −

𝑉𝑔−𝑉𝑚𝑖𝑙𝑙𝑒𝑟

(𝑅𝑔+𝑅𝐺)𝐶𝑐𝑔
         (17) 

Where, 

𝐶𝑐𝑔 =  𝐶𝑟𝑒𝑠𝑜𝑓𝑓
  

The duration of this stage can be determined using equation 17.  Referring back to equation 

14, the current will mirror the voltage drop. Equation 18 is the relationship of Ccg vs Vce used in 

the simulation , where Vm corresponds to 𝐶𝑟𝑒𝑠𝑚𝑖𝑑
 and is  taken from the knee of the curve.  

𝐶𝑑𝑔 = {

𝐶𝑑𝑔 =  𝐶𝑟𝑒𝑠𝑜𝑓𝑓
  , 𝑉𝑑𝑠 ≥ 𝑉𝑡𝑝

𝑚1𝑉𝑐𝑒 + 𝑏1 , 𝑉𝑡𝑝 > 𝑉𝑑𝑠 > 𝑉𝑚

𝐶𝑟𝑒𝑠𝑜𝑛
 ,   𝑉𝑐𝑒 ≤ 𝑉𝑚

       (18) 

Where,  

 𝑚𝑐 =
𝐶𝑟𝑒𝑠𝑜𝑓𝑓 − 𝐶𝑟𝑒𝑠𝑚𝑖𝑑

𝑉𝑡𝑝−𝑉𝑚
   

𝑏𝑐 = 𝐶𝑟𝑒𝑠𝑜𝑓𝑓
−  𝑚𝑐𝑉𝑡𝑝   

This stage is over once Ice has reached the full load current and Vce has fallen to the on state 

voltage.  

Stage 5: 

Once Vce had dropped to the steady state on-value Vge continues rising. Vge is rising from 

Vmiller to Vg
+. Here, another RC circuit is used to model the behavior of the gate, seen in Figure 

15. Ccg is equal to 𝐶𝑟𝑒𝑠𝑜𝑛
 as the voltage is now sufficiently low. 
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Figure 15: RC circuit model for Stage 5 of the IGBT turn on transient 

The Vge is governed by equation 19 until Vg
+ is reached, completing the stage.  

𝑉𝑔𝑒 = (𝑉𝑔
+ − 𝑉𝑚𝑖𝑙𝑙𝑒𝑟) (1 − 𝑒

−
1

𝜏2
𝑡
) + 𝑉𝑚𝑖𝑙𝑙𝑒𝑟       (19) 

Where, 

𝜏2 = (𝑅𝑔 + 𝑅𝐺)(𝐶𝑔𝑒 + 𝐶𝑐𝑔)        

Stage 6: 

The final stage of the turn on process is steady state, where the device is carrying the full load 

current and Vge is equal to Vg
+.  

2.1.2 IGBT Transient During Turn off 

The IGBT turn-off process is dominated by internal characteristics which makes this stage 

difficult to characterize without knowing factors such as the carrier recombination rates or by 

using test data, but the process was modeled with these limitations in mind. The stages of the 

turn-off process can be seen in Figure 16. 
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Figure 16: Turn off stages for a generic Si IGBT, Vge (top), Ice (Middle), Vce (bottom) 

Stage 1- Stage 4: 

Stages 1 through 4 were modelled by assuming the gate voltage would be symmetric as the 

capacitances discharge, however the current is held constant. The gate voltage is governed by 

equation 20 until Vmiller is reached, which was derived identically to equation 19 with the 

boundary conditions reversed.  

𝑉𝑔𝑒 = (𝑉𝑔
+ − 𝑉𝑔

− ) (1 − 𝑒
−

1

𝜏2
𝑡
) + 𝑉𝑔

−       (20) 

The length of the miller voltage was assumed to be equal to the turn on, given by the solution 

of equation 12. After this duration is reached, equation 21 was used to govern Vge, which was 

derived identically the equation 9 with the boundary conditions reversed.  

𝑉𝑔𝑒 = (𝑉𝑚𝑖𝑙𝑙𝑒𝑟 − 𝑉𝑔
− ) (1 − 𝑒

−
1

𝜏1
𝑡
) + 𝑉𝑔

−       (21) 
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Excess minority carriers have not been cleared out of the base, and the current is still 

conducting as the gate voltage falls to Vth. Once Vth is reached, the internal MOSFET current cuts 

off, and the current begins to decay, starting stage 5. 

Stage 5: 

The final stage of the IGBT turn-off process is the IGBT tail. This process is defined 

primarily by the internal characteristics of the IGBT, namely the recombination rate for the 

excess hole and electrons in the N-drift region, which were injected during the turn on process. 

[14] The current will also experience a sharp initial decline as the MOS electron current and hole 

drift current drops to zero. The approach taken for this section is similar to the approaches taken 

in [14], [15] and [16] for parameterizing the IGBT tail current in spite of minimal known 

semiconductor parameters. The IGBT tail is modelled simply as an exponential decay defined in 

equation 22.  

𝐼𝑐𝑒 = 𝛼𝐼𝑙𝑜𝑎𝑑𝑒
−𝑡

𝛽𝜏𝑓          (22) 

Where Iload is the full load current during the on stage, α is the ratio between the on state 

current and the start of the drop, theoretically equivalent to the MOS electron current and drift 

current. β represents a scaling factor to adjust the time constant, which was found using the turn-

off time from the datasheet as in [14]. Vge continues to drop as it was defined in stage 4. Once Ice 

reaches the steady state off-value and Vge is at the low gate bias the stage is complete. The entire 

turn-on and turn-off process is now defined. These model equations were implemented into a 

PSIM module in section 2.3.  

2.2 Transient Model of the SiC MOSFET 

The turn-on behavior of the IGBT is primarily a majority carrier phenomenon, meaning it is 

dominated by the internal MOS behavior. Therefore the stages of the turn on IGBT transient can 

be mapped over to MOSFETs and was not explicitly outlined. [17] The parameters which are 
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considered are largely the same as in the IGBT model, with the exception of tf, Vcesat, and with the 

addition of the on-state resistance, Rdson. 

2.2.1 SiC MOSFET Transient During Turn off  

SiC MOSFET behavior during the turn off period can be understood as symmetric. [18] 

Given this, the turn on behavior in Section 2.1.1 was re-evaluated to reflect the turn off conditions 

and explored in this section. Figure 17 shows the behavior of the SiC MOSFET during turn off. 

 

Figure 17: Turn off stages for a generic SiC MOSFET, Vgs (top), Ids (Middle), Vds (bottom) 

Stage 1: 

During stage 1 the device is still in the steady state conditions reached during turn-on, and 

ends once the gate driver supplies Vg
-. 

Stage 2: 

This stage represents the turn off delay as the capacitances at the gate begin to discharge. This 

is modelled by equation 23 using an RC equivalent circuit.  
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𝑉𝑔𝑠 = 𝑉𝑔
− (1 − 𝑒

−
1

𝜏2
𝑡
) + 𝑉𝑔

+ (𝑒
−

1

𝜏2
𝑡
)        (23) 

Where, 

𝜏2 = (𝑅𝑔 + 𝑅𝐺)(𝐶𝑔𝑠 + 𝐶𝑑𝑔)          

This stage represents the turn off delay of the system and was completed once the voltage 

between the gate and source falls to Vmiller . At this point the voltage across the switch will begin 

to rise. The miller voltage is the same as in the turn on sequence. 

Stage 3: 

In this stage Vds is rising and the voltage at the gate is clamped as the capacitance is 

discharged. The slope in Vds can be understood through equation 24, which was the inverse slope 

seen in turn on. 

𝑑𝑉𝑑𝑠

𝑑𝑡
=

𝑉𝑚𝑖𝑙𝑙𝑒𝑟−𝑉𝑔
−

(𝑅𝑔+𝑅𝐺)𝐶𝑑𝑔
𝑡          (24) 

Once Vds reaches Vcc the current will be almost entirely pinched off and the next stage begins.  

Stage 4: 

During this time, Vgs continued to fall as per equation 25 to Vth, and Cdg is no longer 

significant as compared to Cgs. 

𝑉𝑔𝑠 = (𝑉𝑚𝑖𝑙𝑙𝑒𝑟 − 𝑉𝑔
− ) (1 − 𝑒

−
1

𝜏1
𝑡
) + 𝑉𝑔

−       (25) 

Where,  

𝜏1 = (𝑅𝑔 + 𝑅𝐺)(𝐶𝑔𝑠)   

Once Ids reaches its off state value, this stage is complete.  



29 
 

Stage 5: 

At this point, Vgs reached the threshold voltage, Vth, and the current through the device is 

equal to the off-state value. Vgs will continue to fall as described by equation 25 until it is equal to 

Vg
-. At this point stage 5 is completed. 

Stage 6: 

Stage 6 is given as Vds, Ids, and Vgs equal to their steady state values, completing the turn off 

process. Now that the modelled transient behavior has been described for both the SiC MOSFET 

and Si IGBT, the actual implementation of each switch can be examined inside a circuit 

simulation software.  

2.3 Implementation Inside PSIM software 

This section details the implementation of each device as individual models inside PSIM. The 

full code for each module, as well as the code for other modules discussed later, can be found in 

Appendix I. For this thesis, PSIM was used as it was determined to be sufficiently powerful for 

designers and was widely used in industry. It also allowed for use inside circuit simulations which 

commonly suffers from compatibility issues with spice models, which can require additional 

plugins to port.  

2.3.1 Simplified C block  

PSIM is a circuit simulation environment which is a part of the SPICE family of circuit 

simulators. While typically the software is used by connecting components with internal models, 

generic components can also be built out using a variety of C based “coding blocks”. Each switch 

device model is coded and implemented using these coding blocks, specifically the simplified C 

block and the C programming language.  
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2.3.2 Implementation of the Si IGBT Model 

This section outlined the model logic, structure, and implementation of the IGBT behavioral 

model in the previous section, as well as the inputs and outputs of the model. The model is broken 

up into two components, the circuit structure and the C block code. 

The C block structure of the Si IGBT model is shown in Figure 18. The circuit structure is the 

aspect of the model which can interact with other circuit elements. This is where the switch 

current is passed, where the voltage is blocked during the off-state, and is responsible for any 

interactions between the IGBT model and external circuit elements. 

 

Figure 18: Structure of the Si IGBT model inside PSIM 
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The Si IGBT C block can be seen in Figure 19. 

 

Figure 19: C block and parameter lookup table for the Si IGBT 

The C block supplies the signals to the circuit structure and other related modules. These 

modules include the SiC MOSFET model, the gate drivers, and induced voltage modules, which 

were discussed in later sections. The model also passes information to internal switches, in order 

to bypass controlled circuit elements and make use of circuit elements within PSIM. The C block 

allows the model to toggle between the two states, increasing flexibility. Referring back to Figure 

19, the inputs and outputs are defined in table 3.  
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Table 3: IGBT model inputs and outputs 

Parameter Type Parameter Name Description 

Input Gate In Gate signal from driver circuit 

Parameters Parameters for a given device, supplied to the 

model by the designer. (see parameter supply file) 

Demux Signal Piecewise linear signal supplied to the look up 

table to parse out the device parameters 

Device # Used to select a device, if parameters for multiple 

devices are supplied 

Vcc Voltage Supply 

Max Ice Maximum value the current can reach during 

steady state (See Chapter 3) 

Output Ice Out Ice signal produced by the model 

Vce Out Vce signal produced by the model 

Vge Out Vge signal produced by the model 

Demux Input Signal used to select a given parameter from the 

look-up table 

Hi Gate Bias High value for the gate signal 

Lo Gate Bias Low Value for the gate signal 

Ccg Val Value of the collector to gate capacitance, taken 

from the parameter supply file to be supplied 

other model elements. 

Rgate Val Value of the gate resistance, both external and 

internal, taken from the parameter supply file to 

be supplied other model elements. 

Cge Val Value of the gate to emitter capacitance, taken 

from the parameter supply file to be supplied 

other model elements. 

Vce Sat Val Value of the saturation voltage, taken from the 

parameter supply file to be supplied other model 

elements. 

 

The module labelled “IGBT 2-D Look-up table” passes switch parameters to the C block 

through a .tbl file which contains information from the switch datasheet. The parameters are 
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supplied to the ‘Parameters’ input, as discussed in the table above. The look-up table parses the 

contents of the file, and outputs each parameter in a known order at a specific time, during the 

first 15ns of simulation. An example parameter supply file can be seen in Figure 20.  

 

Figure 20: Example parameter supply file for the IGBT 

The parameter supply file corresponds to table 1. Table 4 maps the example Si IGBT 

parameter file in Figure 20 to the parameters in table 1.  
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Table 4: Description of each column of the IGBT Parameter Supply File and filled in with a corresponding 

example from the 1 device in Figure 20 

Column Number Parameter Name Example from Figure 20 

1 Device Number 1 

2 Internal Rg (Ω) 5 

3 External RG (Ω) 82 

4 Cies (F) 1000E-12 

5 Cresoff (F) 10E-12 

6 Cresmid (F) 40E-12 

7 Creson (F) 1000E-12 

8 Vtp 25 

9 Vm 10 

10 Vg
+ (V) ** 15 

11 Vg
- (V)  -15 

12 Vcesat (V) 2.4 

13 Vgex1 (V) 4 

14 Icey1 (A) 0 

15 Vgex2 (V) 7 

16 Icy2 (A) 2 

17 Vgex3 (V) 11 

18 Icey3 (A) 35 

19 tf  (s) 70E-9 
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The structure of the code and general code logic is shown in Figure 21.  

 

Figure 21: Flow chart for model code logic 

The full IGBT model code can be found in Appendix I. 

2.3.3 Implementation of the SiC MOSFET Model 

The SiC MOSFET model is analogous to the Si IGBT. Figure 22 shows the circuit structure 

of the SiC MOSFET. 
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Figure 22: Structure of the SiC MOSFET model inside PSIM 

The SiC MOSFET C block is seen in Figure 23. 

 

Figure 23: C block and parameter lookup table for the SiC MOSFET 

The C block is again broken into inputs and outputs. The inputs to the model are essentially 

the same as the IGBT, except the model does not supply a saturation voltage as an output,  and 
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does take the load current and adjusted current as inputs. This is an aspect of the hybrid switch 

model which is described in Chapter 3.  

The  “FET 2-D Look-up table” again relies on a  parameter supply file which holds 

information from the respective data sheets of one or more SiC MOSFETs. An example 

parameter supply file for the SiC MOSFET can be seen in Figure 24.  

 

Figure 24: Example Parameter Supply file for the FET 
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Table 5 gives an example for the SiC MOSFET in Figure 24. 

Table 5: Description of each column of the FET Parameter Supply File and filled in with a corresponding 

example from the 1 device in Figure 24 

Column Number Parameter Name Example from Figure 24 

1 Device Number 1 

2 Internal Rg (Ω) 6.5 

3 External RG (Ω) 2.5 

4 Cies – Cres (F) 606E-12 

5 Creslow (F) 5E-12 

6 Cresmid (F) 20E-12 

7 Creshi (F) 200E-12 

8 Vtp 250 

9 Vm 40 

10 Vg
+ (V)  20 

11 Vg
- (V)  -5 

12 Vgsx1 (V) 2.6 

13 Idsy1 (A) 0 

14 Vgsx2 (V) 6 

15 Idsy2 (A) 2 

16 Vgsx3 (V) 10 

17 Idsy3 (A) 16 

18 Rdson (Ω) 0.16 

 

The full MOSFET model code can be found in Appendix I. 
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2.4 Simulation Verification 

Spice models are common modelling tools used in a variety of circuit environments by circuit 

designers, so it was important to compare the performance of each of the models against these 

spice models as a benchmark. The Spice models were simulated using the circuit environment 

LTspice, whereas the models disused in the prior sections were simulated in PSIM using the same 

configurations.  

2.4.1 Verification of IGBT Model Against Spice Models 

The model was compared to a set of 3 IGBT Spice models covering a range of power 

conditions. For each device 3 voltage conditions were used which were based on the maximum 

Vce. As the voltage decreases, the current increases to reflect the trend in the safe operating 

conditions observed on the datasheet for a given frequency.  The devices which were tested were 

the IXGH28N120B, IXGH32N170A, and  IXGT20N120B from IXYS. The test conditions were 

as follows, , (1200 V, 5 A), (1000 V, 10 A), (800 V , 20 A), for test cases 1, 2, and 3 respectively. 

Figures 25 – 33 show the comparison between the Spice model and the model described in this 

chapter. 
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Figure 25: Simulated Vs Experimental results for IXGH28N120B. Test conditions are 1200V- 5A. 

 

Figure 26: Simulated Vs Experimental results for IXGH28N120B. Test conditions are 1000V- 10A. 

 

Figure 27: Simulated Vs Experimental results for IXGH28N120B. Test conditions are 800V- 20A. 
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Figure 28: Simulated Vs Experimental results for IXGH32N170A. Test conditions are 1200V- 5A. 

 

Figure 29: Simulated Vs Experimental results for IXGH32N170A. Test conditions are 1000V- 10A. 

 

Figure 30: Simulated Vs Experimental results for IXGH32N170A. Test conditions are 800V- 20A. 
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Figure 31: Simulated Vs Experimental results for IXGT20N120B. Test conditions are 1200V- 5A. 

 

Figure 32: Simulated Vs Experimental results for IXGT20N120B. Test conditions are 1000V- 10A. 

 

Figure 33: Simulated Vs Experimental results for IXGT20N120B. Test conditions are 800V- 20A. 
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2.4.2 Verification of SiC MOSFET Model Against Spice Models 

The model was compared to a set of 3 MOSFET spice models covering a range of power 

conditions. For each device 3 voltage conditions were used which were based on the maximum 

Vds. As the voltage decreases, the current increases to reflect the trend in the safe operating 

conditions observed on the datasheet for a given frequency.  The devices used were the 

C2M0160120D, C2M0045170D, and C2M0040120D from Cree. The test conditions were as 

follows, (1000 V, 12 A), (800 V, 15 A), (600 V , 20 A), for test cases 1, 2, and 3 respectively. 

However, for the first device, C2M0160120D, an adjusted tested scenario was used wherein the 

final current is again 15A. The results are shown in Figures 34 - 42, showing the gate voltage, 

collector current, and switch voltage. 

 

Figure 34: Simulated Vs Experimental results for C2M0160120D. Test conditions are 1000V-12A. 

 

Figure 35: Simulated Vs Experimental results for C2M0160120D. Test conditions are 800V-15A. 
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Figure 36: Simulated Vs Experimental results for C2M0160120D. Test conditions are 600V-15A. 

 

Figure 37: Simulated Vs Experimental results for C2M0045170D. Test conditions are 1000V-12A. 

 

Figure 38: Simulated Vs Experimental results for C2M0045170D. Test conditions are 800V-15A 
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Figure 39: Simulated Vs Experimental results for C2M0045170D. Test conditions are 600V-20A 

 

Figure 40: Simulated Vs Experimental results for C2M0040120D. Test conditions are 1000V-12A. 

 

 

Figure 41: Simulated Vs Experimental results for C2M0040120D. Test conditions are 800V-15A. 
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Figure 42: Simulated Vs Experimental results for C2M0040120D. Test conditions are 600V-20A. 

2.5 Summary of Chapter 2 

This chapter discussed the considerations and development of both an IGBT and MOSFET 

model for use in the PSIM circuit simulation environment. The chapter explored which 

parameters were considered and how the datasheet was used to generate a transient model for a 

generic IGBT or MOSFET switch. The models do not require any testing to be completed in a lab 

setting for parameter extraction, and only require data from the device datasheet. To test the 

accuracy, a set of 3 Si IGBTs and SiC MOSFETS were first simulated in LTspice over a set of 

loading conditions, and then the same devices were simulated using the models explored in this 

chapter. For the IGBT, the results show good agreement for the simulated gate voltage, rise time, 

and turn on delay. The fall time, and turn off delay were still adequately characterized, but given 

the limitations on the input this is an area which can be further improved. For the SiC MOSFET, 

the rise time and the gate voltage were adequately characterized. The model performance could 

be improved most when considering the turn off delay and slope of the voltage as Vds approaches 

Vcc, as well as the characterization of the miller voltage. It is important to consider that this model 

was limited to fewer parameters than the Spice models, and did not consider factors such as 

parasitic inductances and resistances of the source, drain, and gate,  which have a significant 

impact on the characterization of the device. Specifically, the parasitic source inductance has a 

large impact on the gate characteristics and especially on the turn off characteristics of the 
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voltage, which was not considered in this model. These models also did not rely on any corrective 

functions which are often used to adjust, for example, the voltage dependencies of the Ccg and Cdg 

to be more accurate. The impact of this type of adjustment is validated in [10]. As expected, there 

are some limitations to this approach, but the benefit of flexibility in allowing any devices with a 

datasheet to be modelled, as well as the accessibility of the model will ultimately help to 

streamline the design process. As well, the piece-wise structure means improvements can be 

made to specific stages of operation without impacting prior or upcoming stages of operation. 
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Chapter 3: Hybrid and Induced Voltage Models 

Chapter 3 focusses on the modelling, implementation, and verification of the induced voltage 

model, as well as the implementation of a hybrid switch model based on the IGBT and MOSFET 

models.  

3.1 Hybrid Switch Model Implementation 

Using the models described in the previous chapter as a starting point, a hybrid switch model 

is designed and implemented inside of PSIM to coordinate the behavior of the IGBT and 

MOSFET models. This is done via a third module, which will be referred to as the hybrid model.  

3.1.1 Gate Signal Generation 

The gate signals for the hybrid model are generated by a simple gate driver circuit. This 

circuit could be replaced by any given gate driver which can provide 2 level gate drive signals 

and include deadtimes. The gate sequence used for the duration of this section is seen in Figure 

43, which allows for the SiC MOSFET to handle the switching transient, and then allows the 

IGBT to turn on and conduct for the duration of the on period. 

 

Figure 43: Gating sequence for the hybrid switch model 

3.1.2 Hybrid Model 

The module assesses the current gate conditions and decides whether to pass the signals 

through, block the signals, or alter the signals coming from the C block.  If only one gate is high, 
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or the device is designated off internally, then the hybrid model simply passes the current through 

to the circuit structure from the model which is passing current. If both gates are hi, the module 

assesses how much current will be passed by each switch given the operating conditions, and pass 

that information back to the switch models. Once the gate signal goes low, the individual switch 

is turned off and any switches which remain on will again carry the full current.  

The two separate c block modules, and circuit structures of the IGBT and MOSFET, as well 

as the Hybrid model were all packaged inside of a single package, seen in Figure 44. 

 

Figure 44: Hybrid switch full package 

The full circuit schematic of this package, indicating the connections between the MOSFET 

and IGBT models can be found in appendix II. The hybrid switch model inputs are seen on the 

left side and outputs on the right side, which the exception of the drain and source which are 

structured to emulate a standard switch component. The model is designed to give access to 

parameters from the inner models from the parameter supply file, as well as supply outputs such 

as Ice, Ids, Vgs, Vge, Vce, and Vds. This model can then be arranged into a more complex circuit, for 

example a half bridge, seen in Figure 45.  
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Figure 45: Half bridge consisting of 2 hybrid switch models with a resistive load 

This arrangement allowed for the development of the induced voltage model, which 

characterizes the impact that the transient of the high side SiC MOSFET has on the low side Si 

IGBT through the voltage induced at the drain.  

3.2 Induced Voltage Model 

As discussed, the rapid change of voltage at the collector of the IGBT can cause a voltage 

spike to be induced at the gate through the parasitic capacitances of the device. This can result in 

false turn on behavior and this model was developed to give designers an indication if the specific 

pairing of switches will be problematic.  

3.2.1 Modelling False Turn-on  

 In order to model this phenomenon, a first order approximation was used, seen in Figure 46. 
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Figure 46: First order approximation of the lower Si IGBT experiencing a change in dv/dt. 

The current loop is simple to represent, seen in equation 26. 

𝐶𝑐𝑔
𝑑(𝑉𝑐𝑒−𝑉𝑔𝑒)

𝑑𝑡
= 𝐶𝑔𝑒

𝑑𝑉𝑔𝑒

𝑑𝑡
+

1

𝑅𝑔+𝑅𝐺
𝑉𝑔𝑒        (26) 

Where Vce is the voltage at the drain of the lower switch, induced by the upper switch, and 

the other parameters are the same as described in Chapter 2. From here the transfer function 

Vge/Vce is found, shown in equation 27. 

𝐻(𝑠) =  
𝑉𝑔𝑒

𝑉𝑐𝑒
=  

𝑠𝐶𝑐𝑔(𝑅𝑔+𝑅𝐺)

𝑠(𝑅𝑔+𝑅𝐺)(𝐶𝑐𝑔+𝐶𝑔𝑒)+1
          (27) 

From here H(s) was refined as equation 28 for simplicity. 

𝐻(𝑠) =  
𝑉𝑔𝑒

𝑉𝑐𝑒
=  

𝑓𝑠

𝑔𝑠+1
            (28) 

Where, 

𝑔 =  (𝑅𝑔 + 𝑅𝐺)(𝐶𝑔𝑑 + 𝐶𝑔𝑠)           

𝑓 =  𝐶𝑐𝑔(𝑅𝑔 + 𝑅𝐺)           

The transient response is solved by finding the zero state and zero input responses. To solve 

the zero state response, the initial condition and the input signal are defined. The input was 
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assumed to be a ramp with slope mv equal to the slope of Vce during the switching transient. The 

zero state solution can then be defined as follows. 

𝑉𝑔𝑒𝑧𝑠
(𝑡) = ʆ−1 [𝐻(𝑠) (m𝑣

1

𝑠2)] =  m𝑣𝑓ʆ−1 [
1

𝑠
+

−1

𝑠+
1

𝑔

]         (29) 

𝑉𝑔𝑒𝑧𝑠
(𝑡) = m𝑣𝑓 [1 − 𝑒

−1

𝑔
𝑡
]          (30) 

The zero input solution is found using the starting position as 0 V. This starting point was 

chosen for simplicity, as this signal can simply be added to the generated gate signal.  

𝑉𝑔𝑒𝑧𝑖

𝑉𝑐𝑒
=  

𝑓𝑠

𝑔𝑠+1
             (31) 

Therefore, 

𝑉𝑔𝑒𝑧𝑖
[𝑔𝑠 + 1] = 0  

𝑉𝑔𝑒𝑧𝑖
= 0  

From this the entire solution can be simplified to the zero state solution, therefore the 

parasitic gate signal can be defined as follows. 

𝑉𝑔𝑒(𝑡) = 𝑉𝑔𝑒𝑧𝑠
(𝑡) + 𝑉𝑔𝑒0

(𝑡)         (32) 

𝑉𝑔𝑒(𝑡) = m𝑣𝑓 [1 − 𝑒
−1

𝑔
𝑡
]  + 𝑉𝑔𝑒0

(𝑡)          (33) 

Where 𝑉𝑔𝑒0
(𝑡) is the gate signal of the lower switch during normal operation. It is assumed 

that this value will be equal to the Vg
- as the switch is in the steady state off condition. This 

solution however was inflexible to possible changes in slope mv , as the transient behavior of the 

switch models is non-linear. Given this, the time domain solution was modified to respond 

dynamically to the drain voltage by taking advantage of the way PSIM processes the circuit 

conditions. First, the instantaneous dV/dt needed to be able to be calculated within the model. To 
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do this, a simple module, seen in Figure 47,  samples an input signal at every time step, and 

calculates the instantaneous dV/dt with a single time step delay.  

 

Figure 47: PSIM module within the hybrid model to sample the dv/dt of the switch. 

Figure 48 shows the code used to generate this result. 

 

Figure 48: dV/dt sampling code 

The zero state and zero input solutions were re-derived for a generic input and starting point.  

𝑉𝑐𝑒𝑛
= m𝑣

𝑛𝑡𝑑 + 𝑉𝑐𝑒𝑛−1
          (34) 
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𝑉𝑔𝑒𝑧𝑠

𝑛(𝑡𝑑) = ʆ−1 [𝐻(𝑠) ((m𝑣
𝑛𝑡𝑑 + 𝑉𝑐𝑒𝑛−1

)
1

𝑠
)] = (m𝑣

𝑛𝑓𝑡𝑑 + 𝑉𝑐𝑒𝑛−1
𝑓) ʆ−1 [

−1

𝑠+
1

𝑔

]     (35) 

Therefore, 

𝑉𝑔𝑒𝑧𝑠

𝑛(𝑡𝑑) = (m𝑣
𝑛𝑓𝑡𝑑 +  𝑉𝑐𝑒𝑛−1

𝑓) [
1

𝑔
𝑒

−1

𝑔
𝑡
]       (36) 

The zero input solution is derived as well, using the following condition.  

𝑉𝑔𝑒𝑧𝑖

𝑛(0) = 𝑉𝑔𝑒𝑧𝑖
(𝑛 − 1)          (37) 

This indicates that on the nth time step, the starting point is the value of Vgs of the prior 

iteration, n-1. This only holds as long as n>1, as the n=1 case is a special one for establishing a 

global starting point. The zero input solutions then follows as before, resulting in equation 38. 

𝑉𝑔𝑒𝑧𝑖

𝑛(𝑡𝑑) =  𝑉𝑔𝑒𝑧𝑖
(𝑛 − 1)𝑒

−1

𝑔
𝑡𝑑          (38) 

The time domain solution for the adjusted input is therefore given in equation 39 and 

expanded in 40. 

𝑉𝑔𝑒
𝑛(𝑡𝑑) =  𝑉𝑔𝑒𝑧𝑠

𝑛(𝑡𝑑) + 𝑉𝑔𝑒𝑧𝑖

𝑛(𝑡𝑑)        (39) 

𝑉𝑔𝑒
𝑛(𝑡𝑑) = [(m𝑣

𝑛𝑓𝑡𝑑 +  𝑉𝑐𝑒𝑛−1
𝑓)

1

𝑔
+ 𝑉𝑔𝑒𝑧𝑖

(𝑛 − 1)] 𝑒
−1

𝑔
𝑡𝑑       (40) 

As mentioned earlier, equation 40 is valid once a starting point has been established, so the 

full equation can be seen in equation 41. 

𝑉𝑔𝑒
𝑛(𝑡) =  {

m𝑣
𝑛𝑓 [1 − 𝑒

−1

𝑔
𝑡𝑑] , 𝑛 = 1

[(m𝑣
𝑛𝑓𝑡𝑑 + 𝑉𝑐𝑒𝑛−1

𝑓)
1

𝑔
+ 𝑉𝑔𝑒𝑧𝑖

(𝑛 − 1)] 𝑒
−1

𝑔
𝑡𝑑  , 1 < 𝑛 < 𝑛𝑚𝑎𝑥

    (41) 

Where nmax is the number of time steps contained in the simulation, m𝑣
𝑛 is the slope of the 

voltage transient during the nth iteration, and td is the length of the time step. The values of f and 
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g are carried over from the original definition of the transfer function. This model was 

implemented in PSIM, separate to the hybrid model, but dependent on the outputs of the hybrid 

model. Figure 49 shows how two hybrid switch models can be configured together into a half 

bridge and then connected to the induced voltage model.  

 

 

Figure 49: Interconnection of  a hybrid switch model (top) with the False Turn-on Model (bottom) 
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3.3 Experimental Verification 

In order to test the efficacy of the model, an experimental setup was utilized to get a sense of 

the transient operation of the devices individually. This setup was co-opted from the design work 

of Senior engineer Haibo Zhang of the ePower Lab. A brief explanation of the setup is first 

explored.  

A synchronous buck converter was used to conduct an analogous experimental verification of 

the induced voltage at the gate of the IGBT. The system included two hybrid SiC MOSFET – Si 

IGBT switches operating at 20 kHz, seen in Figure 50 as S1 and S2. The switches used were the 

SCT30N120 MOSFET from STMicroelectronics, and the FF300R17ME4 IGBT from Infineon. 

The ratings of the switches can be seen in table 6. Due to the safety protocols of the Queens E-

power laboratory and equipment capability, these switches were operated at power conditions 

much lower than their rated capabilities.   

 

Figure 50: Half bridge circuit used for experimental verification 
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Table 6: Switch ratings and key parameters 

Symbol Parameter SCT30N120 FF300R17ME4 Units 

Vds Drain-Source 

Voltage 

1200 1700 V 

Vgs Gate-Source 

Voltage  

+25/-10 +20/-20 V 

Vth Threshold 

Voltage 

3.5 5.8 V 

Id Drain Current  45 300 A 

 

The system incorporates two separate gate drive modules, the KIT 8020-CRD-8FF1217P-1 

Cree MOSFET Evaluation Kit, the EiceDriver 2ED300C17-S dual IGBT driver board. The 

system can be broken down into the control circuity and power circuitry. The control circuitry 

was supplied by a function generation, which delivered a 20 kHz square wave with a 50% duty 

cycle. The ICs on the control side were powered by a separate DC supply than the supply used to 

operate the buck converter. A block diagram of the entire system can be seen in Figure 51. A 15V 

DC power supply powered the control circuitry which generated the gate signal triggers for the 

EiceDrvier, as well as the MIC29302 High-Current Low Dropout Regulators in order to supply  

+12 V DC to the 8020 MOSFET driver board.  
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Figure 51: Block diagram of test configuration 

The signals P1 through P8 from Figure 51 were showed in Figure 52. Figure 53 shows how 

each signal is generated. The IGBT gate triggers are generated by feeding the signal generator 

output into a 74HC04D hex inverter and an RC circuit is used to generate the deadtime. The 

IGBT gate trigger is also used to generate the MOSFET gate triggers. These signals are generated 

with the 74HC4538D monostable multivibrator, denoted as P3 and P4 for the high side (HS) and 

low side (LS) MOSFET gate signal triggers respectively. The Eice driver is connected to the 

IGBT through the circuit seen in Figure 54. The output of the Eice driver supplies +15/-15 V 

isolated from the primary side, and triggers a transistor bridge to generate the gate signal. The 

circuit also includes safety features in order to detect if desaturation is occurring in either IGBT, 

through the VCEsatX input. The Cree 8020 MOSFET kit is connected directly to the MOSFETs. 
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Figure 52: Gate signals supplied to the IGBT and FET gate drivers. IGBT gate trigger (Top), FET gate trigger 

(Top middle), HS IGBT and FET signals (Bottom middle), LS IGBT and FET signals (Bottom) 

 

Figure 53: Gate signal trigger generation for both the IGBT and FET drivers. 
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Figure 54: Gate drive circuit for the IGBT. 

The schematic for the KIT8020-CRD-8FF1217P-1 Cree MOSFET Evaluation Kit and the 

EiceDriver 2ED300C17-S dual IGBT driver board are found in Appendix II. The experimental 

apparatus was designed to specifically test the induced dv/dt voltage spike at the gate of the low 

side IGBT from the high side SiC MOSFET, and was conducted at 200V at 20A. The model was 

supplied input data taken from point M on Figure 50, and can be seen in Figure 55. The measured 

results and model generated outputs can be seen in Figures 56 and 57. 
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Figure 55: Voltage at point M during turn on (left) and turn off (right). Test conditions of 200 V 20A. 

  

Figure 56: Measured induced voltage at LS IGBT gate during turn on (left) and turn off (right). Test conditions 

of 200 V 20A. 

  

Figure 57: Standalone simulation of the induced voltage at the LS IGBT gate during turn on (left) and turn off 

(right). Test conditions of 200 V 20A. 
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The model shows an acceptable agreement with the peak of the induced voltage at the gate 

during either turn on or turn off events. This offers a justification that the false turn on model itself 

is fairly accurate in terms of its ability to characterize the peak and duration of an induced Cdv/dt 

voltage event. The model was then tested when integrated to switch models to test the overall 

efficacy of the entire system. In this case, the data from point M was replaced with the simulated 

equivalent of this point, and processed through the same model. These results can be seen in Figure 

58. 

  

Figure 58: Simulated induced voltage using the hybrid model at the LS IGBT during turn on (left) and turn off 

(right). Test conditions of 200 V 20A. 

Table 7 shows a breakdown of the key characteristics of each response. Turn on duration and 

turn off duration were taken as the time for the device to return to under 10% of the peak value 

induced. The peak value is given relative to the steady state value of the gate signal. 
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Table 7: Performance of the induced voltage model compared to experimental data 

Parameter Measured Simulated with 

experimental data 

Simulated with hybrid 

switch model 

Turn on peak (V) 4.2 4.582 4.456 

Turn off peak (V) -6.19 -4.99 -5.98 

Turn on duration (us) 0.88 0.68 0.47 

Turn off duration (us) 1.03 0.496 0.41 

 

3.4 Summary of Chapter 3 

This chapter explored the development of a simple hybrid switch package, which integrated 

the models for the Si IGBT and SiC MOSFET from Chapter 2. The hybrid switch model could 

receive gate sequences which are commonly used for hybrid switching, and the models could be 

integrated together into a half bridge. From here, a standalone model was developed to 

characterize the potential for false turn on due to CdV/dt induced voltage at the gate of the IGBT. 

This model was integrated together with the hybrid models such that the hybrid switch model 

supplied the parameters from the datasheet to the induced voltage model. A synchronous buck 

converter was used to test the accuracy of the model, first in its standalone form and when 

integrated with the hybrid switch. The agreement measured in terms of the peak voltage induced, 

as well as the duration of the event. In terms of these characteristics the model adequately 

characterized the parasitic behavior to within 1V of the measured peak. The model did not 

account for the impact of the parasitic inductances which play a role on the characteristics of the 

induced voltages behavior, especially in characterizing the ringing which occurs. This is a noted 

limitation of the model.  
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Chapter 4: Conclusions and Future work 

4.1 Summary of Contributions 

In this thesis, a set of behavioral models were developed for a generic hybrid Si IGBT and  

SiC MOSFET, as well as a model for the Cdv/dt induced voltage spike at the gate of a low side 

high side switching pair. The models were to only rely on the datasheet of a given device set. 

Such parameters include the input capacitance, reverse transfer capacitance, gate resistance, and 

transfer characteristics amongst others. There was no requirement of parameter extractions, which 

is often non trivial to perform with accuracy, and the models were not compensated with 

experimental data or corrective functions. The models were to be built in the PSIM circuit 

environment as they were designed to be compatible with other circuit elements in the 

environment. The model was able to adequately model the transient behavior of each respective 

device over a range of typical load conditions, and was tested against available spice models.  

The induced voltage at the gate of the low side IGBT in a synchronous buck converter was 

accurately modelled. The induced voltage at the gate, as discussed throughout Chapter 3, can 

cause false turn on of the IGBT and poses a serious risk to the efficiency and safety of a given 

converter. This allows for that behavior to be accounted for through simulation and compensated 

through the gate driver design. Agreement was determined in terms of the peak of the induced 

voltage, and the duration of the event.   

4.2 Future Work 

This section presents areas for future work regarding the improvement of aspects covered in 

this thesis. The improvements address the individual switch models, the hybrid switch model, and 

the induced Cdv/dt voltage. 
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4.2.1 Individual Switch Models 

The models presented in this thesis were designed to consider a resistive loading condition as 

it is the simplest case, which limits the number of applications that the models can be currently 

applied to accurately. The load type could be considered as an input to the model, for example 

inductive and resistive loading. The ability for the model to respond to external circuit conditions 

is a major advantage and this allows for different loading conditions to be considered fairly easily 

within the model structure.  

Additionally, the models currently do not factor in temperature dependencies of device 

parameters, but these dependencies have been widely explored in the literature, for example [19], 

[20], and [21]. Lastly, the output capacitance, stray inductances, and other parameters which are 

sometimes included in the datasheet could be considered as these parameters have non trivial 

impacts on the transient behavior of these devices. The model could be adjusted to evaluate which 

parameters were available and given varying levels of accuracy depending on the inputs. Overall, 

these models should offer a reliable base from which more creative work could be built onto.  

4.2.2  Hybrid Model Interface 

There are two main areas which could be explored to improve the overall usefulness of this 

system. A compatible gate driver model would allow for a wider variety of gate drive conditions 

to be considered, and the impact of more complex gate drive compensations could therefore be 

addressed. The model currently considers only an ideal 2 level gate sequence, which is either 

triggering high or low based on the specifications. This is a structural limitation of the model but 

could extend the applicability of the model significantly. In addition, the model does not consider 

current sharing behavior between the devices, as the focus was on the transient behavior. Current 

sharing would improve the applicability as more gate sequences could be simulated.  
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4.2.3 Induced Voltage Model  

The induced voltage at the gate is a useful indicator for designers, and is an important issue to 

solve. However, the model does not consider the ringing which can occur at the gate after a 

voltage is induced. This is because the model only considers the parasitic capacitances at the gate. 

The work done in [22] explores how a variety of device parasitics impact the induced false turn 

on in MOSFETs. This was outside the scope of this project as the focus was on using the 

datasheet to predict false turn on in IGBTs, but offers great insight into how this model could be 

extended to produce more dynamic and accurate results. For example, the parasitic inductances in 

the drain, source, and gate of the device play a significant role in determining the characteristics 

of the induced voltage. These parameters are not always given on the datasheet but can 

occasionally be found and this could be taken advantage of.  
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Appendix I: Model Code 

A.1.1 MOSFET Model Code 

// Key Variables 

 

static float Vgs;                   // Vgs Value, passed to circuit 

static float Id;                    // Ids Value, passed to circuit 

static float Vds;                   // Vds Value, passed to circuit 

 

// Internal Variables 

 

static float GrabValue;             // Used to hold current state of the piecewise linear signal 

static float X_1_m;                 // First Vgs value from Transfer Characteristics 

static float X_2_m;                 // Second Vgs value from Transfer Characteristics 

static float X_3_m;                 // Third Vgs value from Transfer Characteristics 

static float Y_1_m;                 // Ids corresponding to first Vgs value from Transfer Characteristics 

static float Y_2_m;                 // Ids corresponding to second Vgs value from Transfer Characteristics 

static float Y_3_m;                 // Ids corresponding to third Vgs value from Transfer Characteristics 

static float DeviceNo;              // Carries the device number, feeds to demux to determine which row to take 

static float V1;                    // Internal variable used to generate a_p2,b_p2 

static float V2;                    // Internal variable used to generate a_p2,b_p2 

static float V3;                    // Internal variable used to generate a_p2,b_p2 

static float V4;                    // Internal variable used to generate a_p2,b_p2 

static float V5;                    // Internal variable used to generate a_p2,b_p2 

static float b_p2;                  // b coefficient in quadratic approximation of transfer characteristics, in form 

ax^2+bx+c = y 

static float a_p2;                  // a coefficient in quadratic approximation of transfer characteristics, in form 

ax^2+bx+c = y 

static float c_p2;                  // c value in quadratic approximation of transfer characteristics, in form 

ax^2+bx+c = y 

static float m_p1;                  // m coefficient in linear approximation of transfer characteristics, in form y = 

mx+b 

static float b_p1;                  // b coefficient in linear approximation of transfer characteristics, in form y = 

mx+b 

static float b_int;                 // b coefficient for solving the Vgs value at a given load current  

static float c_load;                // c coefficient for solving the Vgs value at a given load current 

static float X_load_p;              // Vgs value for a given load current , derived from approximation 

static float m_c;                   // Slope of cdg linear approximation between V_mi and Vtp 

static float b_c;                   // b value of cdg linear approximation between V_mi and Vtp 

static float m_c_l;                 // Slope of cdg linear approximation between V_mi and 0 

static float b_c_l;                 // b value of cdg linear approximation between V_mi and 0 

static float tau;                   // time constant for Vgs RC approximation when Vds is high  

static float tau2;                  // time constant for Vgs RC approximation when Vds is high  

static float Vgedc;                 // miller voltage  

static float Vg_control;            // passing variable for Vg+ and Vg-  

static float IdsHold= 1;            // Temporary variable for holding current value of Ids 

static float Vgs_temp;              // Temporary variable for holding current value of Vgs 

 

// Time counters 

 

static float t_on_1 = 0;            // Time counter - stage 1 on 

static float t_on_2;                // Time counter - stage 2 on 

static float t_on_3a ;              // Time counter - stage 3a on - Vds > Vtp    



70 
 

static float t_on_3b;               // Time counter - stage 3b on - Vtp > Vds > V_mi     

static float t_on_3c;               // Time counter - stage 3c on - Vmi > Vds > 0    

static float t_on_4;                // Time counter - stage 4 on 

static float t_off_1 ;              // Time counter - stage 1 off    

static float t_off_2;               // Time counter - stage 2 off 

static float t_off_3a ;             // Time counter - stage 3a off - Vds < V_mi 

static float t_off_3b = 0;          // Time counter - stage 3b off - Vtp > Vds > V_mi 

static float t_off_3c = 0;          // Time counter - stage 3c off - Vds > Vtp 

static float t_off_4;               // Time counter - stage 4 off 

 

static float ParameterTime = 0;     // Time used for parameter selection 

 

// Device Parameters 

 

static float Rg;        // internal gate resistance          

static float RG;        // external gate resistance 

static float Cgs;       // Cgs 

static float Cdg_s;     // Cdg at high Vds   

static float Cdg_m;     // Cdg at mid Vds (Knee) 

static float Cdg_l;     // Cdg at low Vds    

static float Cdg;       // Cdg holder 

static float Vg ;       // positive Gate bias Vg+ 

static float Vg_n;      // negative Gate bias Vg- 

static float Vth;       // Threshold voltage 

static float Rdson;     // Rdson  

static float Vtp;       // Voltage of Vds where Cdg change is significant 

static float V_mi;      // Voltage of Vds where Cdg curve experiences knee 

 

//Circuit Parameters 

 

static float Vcc ;      // Supply voltage  

static float I_load ;   // Load Current  

 

// Flags used internally  

 

static float flag_param = 0;        // Indicate parameters have been loaded into sim 

static float flag_Mode = 0;         // Indicate if device is turning on or off (0 if turning on, 1 if tuning off) 

static float flag_init = 0;         // Indicate initializations are complete 

static float flag_Vg_hi = 0;        // Indicate if Gate signal = Vg+ 

static float flag_on_1 = 2;         // Indicate first part of turn on is occurring 

static float flag_on_2 = 0 ;        // Indicate second part of turn on is occurring 

static float flag_on_3a = 0;        // Indicate third part of turn on is occurring, sub-part a 

static float flag_on_3b;            // Indicate third part of turn on is occurring, sub-part b 

static float flag_on_3c = 0;        // Indicate third part of turn on is occurring, sub-part c 

static float flag_on_4 = 0;         // Indicate fourth part of turn on is occurring 

static float flag_Vg_lo = 0;        // Indicate if Gate signal = Vg- 

static float flag_off = 0;          // Indicate first part of turn off is occurring 

static float flag_off_2;            // Indicate second part of turn off is occurring 

static float flag_off_3a = 0;       // Indicate third part of turn off is occurring, sub-part a 

static float flag_off_3b = 0;       // Indicate third part of turn off is occurring, sub-part a 

static float flag_off_3c = 0;       // Indicate third part of turn off is occurring, sub-part a 

static float flag_off_4;            // Indicate fourth part of turn off is occurring 

static float Finish  = 0 ;          // Indicate transient model has finished and flags are reset 

 

 

// Code Parameters  



71 
 

 

static float factor = 1.1;          // Used to ensure final value is settled 

 

// ----------------------------------------------------------------------------------------  // 

            //  ----------------- CONFIGURE DEVICE PARAMETERS ------------------ // 

// ---------------------------------------------------------------------------------------- // 

 

 

if (flag_param == 0 )       //Parameter Flag == 0 so Switch parameters are not yet collected from FET 

Parameter file 

{ 

 

    DeviceNo = x3;              // Choosing a specific MOSFET from the table (if applicable) 

    y1 = DeviceNo;              // Telling lookup table which device to demux 

    GrabValue = x2;             // Passing current value of piecewise linear source to indicate which device info 

is being supplied 

 

 

 

    if (GrabValue == 2)         // Collect Parameter in 2nd column - internal Rg 

    { 

 

    Rg = x1 ; 

 

    } 

 

    if (GrabValue == 3)         // Collect Parameter in 3rd column - RG from driver 

    { 

 

    RG = x1 ; 

 

    } 

 

    if (GrabValue == 4)         // Collect Parameter in 4th column - Cgs 

    { 

 

    Cgs = x1 ; 

 

    } 

 

    if (GrabValue == 5)         // Collect Parameter in 5th column - Cdg at High Vds 

    { 

 

    Cdg_s  = x1 ; 

    Cgs = Cgs - Cdg_s;          // Solving Cgs from Cies 

    } 

 

    if (GrabValue == 6)         // Collect Parameter in 6th column - Cdg at knee of Cdg-Vds curve 

    { 

 

    Cdg_m  = x1 ; 

 

    } 

 

    if (GrabValue == 7)         // Collect Parameter in 7th column - Cdg at Lowest Vds 

    { 
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    Cdg_l = x1 ; 

 

    } 

 

    if (GrabValue == 8)         // Collect Parameter in 8th column - Vds which first increases value of Cdg 

    { 

 

    Vtp= x1 ; 

 

    } 

 

    if (GrabValue == 9)         // Collect Parameter in 9th column - Value of Vds which corresponds to 

Cdg_m 

    { 

 

    V_mi = x1 ; 

 

    } 

 

 

    if ( GrabValue == 10)       // Collect Parameter in 10th column - Expected Hi Gate signal 

    { 

 

    Vg= x1 ; 

 

    } 

 

    if  ( GrabValue == 11)      // Collect Parameter in 11th column - Expected Lo Gate signal 

    { 

 

    Vg_n = x1 ; 

    Vgs = Vg_n;                 // Initializing Vgs to the negative gate bias 

    } 

 

    if ( GrabValue == 12)       // Collect Parameter in 12th column - first Vgs value from transfer 

characteristics 

    { 

 

    X_1_m  = x1 ; 

 

    } 

 

    if ( GrabValue == 13)       // Collect Parameter in 13th column - first Ids value from transfer 

characteristics 

    { 

 

    Y_1_m = x1 ; 

 

    } 

 

    if ( GrabValue == 14)       // Collect Parameter in 14th column - second Vgs value from transfer 

characteristics 

    { 

         

    X_2_m = x1; 
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    } 

    if ( GrabValue == 15)       // Collect Parameter in 15th column - second Ids value from transfer 

characteristics 

    { 

         

    Y_2_m = x1; 

 

    } 

    if ( GrabValue == 16)       // Collect Parameter in 16th column - third Vgs value from transfer 

characteristics 

    { 

         

    X_3_m = x1; 

 

    } 

    if ( GrabValue == 17)       // Collect Parameter in 17th column - third Ids value from transfer 

characteristics 

    { 

         

    Y_3_m = x1; 

 

    } 

 

 

    if (GrabValue == 18 && x10 > 0 ) // Collect Parameter in 18th column - Rdson 

    { 

 

    Rdson = x1; 

    ParameterTime = 2*t;        // setting the start time of the model 

    flag_param = 1;             // end the parameter extraction phase 

 

    } 

 

} 

 

// ----------------------------------------------------------------------------------------  // 

            //  ----------------- INITIALIZATIONS ------------------ // 

// ------------------------------------------------------------------------------------- --- // 

 

if (flag_param == 1)  

{ 

    if (t <  ParameterTime + delt)      // initializing the time constants (tau, tau2),  miller voltage (vgedc) 

    { 

 

        Vg_control= Vg_n;                   // supplying Vg to external circuit 

        tau = (Rg + RG ) *(Cgs + Cdg_s);    //time constant for initial rise of Vgs 

        tau2 = (Rg +RG ) *(Cgs + Cdg_l);    //time constant for later rise of Vgs after miller voltage 

        I_load = x10;                       // Load Current, sensed from circuit 

        Vcc= x9 ;                           // Vcc, sensed from circuit  

        Vds = Vcc;                          // Initializing Vds to Vcc 

        Vgs = Vg_n;                         // Initializing Vgs to Vg- 

        Id = 0; 

 

        Vth = ((X_1_m)*sqrt(Y_2_m) - X_2_m*sqrt(Y_1_m))/ (sqrt(Y_2_m) - sqrt(Y_1_m)); // Calculating 

Vth based on transfer characteristics 
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        // --------- Calculating miller voltage from transfer characteristics 

        V1 = (X_3_m*X_3_m - X_2_m*X_2_m)/(X_2_m*X_2_m - X_1_m*X_1_m);  

        V2 = (Y_2_m - Y_1_m); 

        V3 = (X_2_m - X_1_m); 

        V4 = (X_3_m - X_2_m); 

        V5 = (Y_3_m - Y_2_m); 

 

        b_p2 = (V5 - V1*V2)/(V4 - V1*V3); 

        a_p2 = (V2 - b_p2*V3)/(X_2_m*X_2_m - X_1_m*X_1_m); 

        c_p2 = -1*(a_p2*X_1_m*X_1_m + b_p2*(X_1_m) - Y_1_m); 

 

        m_p1 = (Y_2_m - Y_1_m)/(X_2_m - X_1_m); 

        b_p1 = Y_2_m-m_p1*X_2_m; 

 

        b_int = b_p2 - m_p1; 

 

        c_load = c_p2 - I_load; 

 

 

        X_load_p = (-b_p2 + sqrt(b_int*b_int - 4*a_p2*c_load))/(2*a_p2); 

 

        Vgedc = X_load_p;                   // Calculated miller voltage 

        // --------  

 

    } 

 

    if (t >= ParameterTime + delt && flag_init == 0) //Parameters are now all collected and loaded into sim 

    { 

 

    Vg_control= Vg;                     // Sending Vg+ to external circuit 

    flag_init =1;                       // Indicating initializations are done 

    flag_on_1 = 0;                      // Setting first flag of the on stage to off state 

 

    } 

 

} 

 

 

// ----------------------------------------------------------------------------------------  // 

            //  ----------------- TURN ON SEQUENCE ------------------ // 

// ----------------------------------------------------------------------------------- ----- // 

 

if (flag_param == 1)                                //Ensuring all parameters have been collected from parameter file 

{ 

 

    if (flag_init == 1 && flag_Vg_hi == 0)          //Ensuring initialization has been completed, all 

calculations finished 

    { 

 

        if (x8 >= 0.95*Vg)                          // Gate signal goes high, to Vg+ 

        { 

             

        flag_Vg_hi =1;                              // Mark flag indicating Vg = Vg+ 

         

        } 
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    } 

 

    if (flag_Vg_hi == 1)                             

    { 

 

        if ( flag_Mode == 0) 

        {  

            if (x8 >= 0.95*Vg )  

            {    

                if ( flag_on_1 ==0 )                // Check if first stage has been entered  

                { 

                 

                    flag_on_1 = 1;                  // Mark first stage as begun 

                    t_on_1 = t;                     // record time when first stage began 

                     

                } 

             

                if (Vgs <= Vth)                     //Vgs starts to rise 

                { 

                     

                    Id= 0;                          // Id still 0 

                    Vds = Vcc;                      // Vds still Vcc 

                    Vgs = (Vg - Vg_n)*(1 - exp(-(t - t_on_1)/tau)) + Vg_n ;     // Vgs rising  

             

                } 

 

                if (Vgs >= Vth)                     // Vgs reaches threshold 

                { 

 

                    IdsHold = x10;                  // Update load current  

             

                         

                        if (flag_on_2 ==0)          // Check if second stage has been entered    

                        { 

                             

                            flag_on_2 = 1;          // Mark second stage as begun 

                            t_on_2 = t;             // record time when second stage began 

                         

                        } 

 

                        Vgs = (Vg - Vg_n)*(1 - exp(-(t - t_on_1)/tau)) + Vg_n ; // Vgs continues to rise as in stage 1 

 

                        if (Vgs >=Vgedc)            // Vgs reaches miller voltage 

                        { 

 

                            Vgs = Vgedc;            // Set Vgs to miller voltage (clamped) 

 

                            if (flag_on_3a == 0)        // Check if third stage has been entered  

                            { 

                                 

                                flag_on_3a = 1;     // Mark third stage as begun 

                                t_on_3a = t;        // record time when third stage began 

                 

                            } 
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                            if (Vds > Vtp)          // Check if Vds is greater than Vtp 

                            { 

 

                                Vds = Vcc  -  ((Vg - Vgedc)/((Rg + RG)*Cdg_s*(1)))*(t - t_on_3a); // Vce begins 

dropping 

 

                            } 

                             

 

                            if (Vds <= Vtp && Vds >= V_mi )         // Check if Vds is greater than V_mi and less 

than Vtp 

                            { 

 

                                if (flag_on_3b == 0)                    // Check if Vds has already reached Vtp 

                                { 

                                     

                                    flag_on_3b = 1;                 // mark Vds has reached Vtp 

                                    t_on_3b = t;                    // record time when Vds reached Vtp 

                                             

                                } 

 

                                m_c = (Cdg_s - Cdg_m)/(Vtp - V_mi); // Determine slope of Cdg  

                                b_c = Cdg_m - m_c*V_mi;             // Determined intercept point of Cdg 

                                Cdg  = m_c*Vds + b_c;               // New Cdg based on Vds 

                                Vds = Vtp*0.99  -  ((Vg - Vgedc)/((Rg + RG)*Cdg*(1)))*(t - t_on_3b); // Adjusted 

Vds  

                                 

                            } 

                         

                            if (Vds < V_mi)                         // Check if Vds is below V_mi 

                            { 

 

                                if (flag_on_3c == 0)                    // Check if Vds has already reached V_mi 

                                { 

                                     

                                    flag_on_3c = 1;                 // mark Vds has reached V_mi 

                                    t_on_3c = t;                    // record time when Vds reached V_mi 

                                                 

                                } 

                                 

                                Cdg = Cdg_l;                        // Used lowest Cdg value 

                                Vds = V_mi*0.99  -  ((Vg - Vgedc)/((Rg + RG)*Cdg*(1)))*(t - t_on_3c); // Adjusted 

Vds 

                                 

                            } 

                     

                            Id = IdsHold - (IdsHold/Vcc)*Vds;       // Corresponding Ids value for resistive loading 

 

                            if (Vds < 0 )                           // Check if on-state voltage has been reached 

                            { 

                                 

                                Vds = 0;                            // Set to 0, as on-state voltage is handled by circuit 

parameters 

                                 

                            } 
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                        } 

 

                        if (Id>= x10)                               // Check if current has reached load current 

                        { 

                             

                            Id =  x10;                              // Set current = load current (steady state) 

                         

                        } 

                     

                     

      

             

                    if (Vds <= 0 && Id >= x10)                      // Check steady state is reached 

                    { 

                         

                        if (flag_on_4 == 0)                     // Check if Vds steady state has already been reached        

                        {    

                     

                            flag_on_4 = 1;                      // mark that Vds steady state on has been reached 

                            t_on_4 = t;                             // record time when Vds steady state was reached  

                            Vgs_temp = Vgs;                         // record Vgs (miller voltage) 

                             

                        } 

 

                        Vgs = (Vg - Vgs_temp)*(1 - exp(-(t - t_on_4)/tau2)) + Vgs_temp ; // Vgs now rising with 

Tau2 

                        Id= x10; 

                        Vds = 0; 

                     

                    } 

 

 

                    if (Vgs >= Vg)                                  // Check if Vgs has reached Vg+ 

                    { 

                     

                        flag_Mode = 1;                              // mark that turn on has ended, turn off now ready upon 

Vg- bias 

                         

                    } 

 

                } 

            } 

             

        } 

    } 

} 

 

// ----------------------------------------------------------------------------------------  // 

            //  ----------------- TURN OFF SEQUENCE ------------------ // 

// ---------------------------------------------------------------------------------------- // 

 

 

 

if ( flag_Mode == 1 && x8 <= 0.99*Vg_n)                     // Check if turn off flag triggered, and that Vg = 

Vg- 

{ 
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    if (flag_Vg_lo == 0)                                    // Check if turn off has already began 

    { 

         

        flag_Vg_lo = 1;                                     // Mark that turn off has began 

        t_off_1 = t;                                        // Record time when turn off began 

        Vds = 0;                                            // Vds steady state value carried over 

         

    } 

 

    if (Vgs > Vgs_temp && flag_off == 0)                    // Check if Vgs is above Miller voltage 

    { 

 

        Vgs =(Vg-Vg_n)*exp(-(t-t_off_1)/tau2)+Vg_n;         //Vgs drops according to RC circuit (tau2) 

        Id = x10;                                           // Ids still at steady state 

        Vds = 0;                                            // Vds still at steady state 

         

    } 

 

    if (Vgs <= Vgs_temp && flag_off == 0)                   // Check if Vgs has reached Miller voltage 

    { 

         

        if (flag_off_2 == 0 )                               // Check if Vgs has already reached  

        { 

             

           t_off_2 = t;                                     // Record time when Vgs reached miller voltage 

           flag_off_2 = 1;                                  // Mark that miller voltage has been reached 

           Vgs = Vgs_temp;                                  // Set Vgs to miller voltage (Clamp) 

        } 

 

             

        if (Vds < Vcc || Id > 0 )                           // Check if steady state off voltage has been reached 

        { 

     

            if (Vds < V_mi)                                 // Check if Vds  is below V_mi 

            { 

 

                if (flag_off_3a  == 0)                      // Check if Vds has already been below V_mi 

                { 

                     

                        flag_off_3a = 1;                    // Mark that Vds has already been below V_mi 

                        t_off_3a = t;                       // Record when Vds was below V_mi 

                 

                } 

                     

                Cdg = Cdg_l;                                // Set Cdg value to lowest value 

                Vds = ((Vg - Vgedc)/((Rg + RG)*Cdg*(1)))*(t - t_off_3a);    // Vds increases  

 

            } 

 

 

            if (Vds < Vtp && Vds >= V_mi)                   // Check if Vds is between Vtp and V_mi 

            { 

 

                if (flag_off_3b ==0)                        // Check if Vds has already been between Vtp and V_mi 
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                { 

                     

                    flag_off_3b = 1;                        // Mark that Vds has been between V_mi and Vtp 

                    t_off_3b = t;                           // record time when Vds reached between Vtp and V_mi 

                     

                } 

 

                Cdg  = m_c*Vds + b_c;                       // Adjust Cdg value for Vds 

                Vds = V_mi*1.01 +  ((Vg - Vgedc)/((Rg + RG)*Cdg*(1)))*(t - t_off_3b);   // Vds increase 

             

            } 

 

 

            if (Vds >= Vtp)                                 // Check if Vds above Vtp 

            { 

 

                if (flag_off_3c ==0)                        // Check if Vds has already been above Vtp 

                { 

                     

                    flag_off_3c = 1;                        // Mark that Vds has been above Vtp              

                    t_off_3c = t;                           // Record time when Vds was above Vtp 

                         

                } 

                 

                Cdg  = Cdg_s;                               // Set Cdg to value for high Vds 

                Vds = 1.01*(Vtp)  +  ((Vg - Vgedc)/((Rg + RG)*Cdg*(1)))*(t - t_off_3c); // Vds continues to 

rise 

                 

            } 

 

            Id = IdsHold - (IdsHold/Vcc)*Vds;               // Corresponding Current for resistive load 

 

        } 

 

 

 

 

        if (Vds >= Vcc)                                     // Check if Vds is at steady state off value 

        { 

             

            Vds = Vcc;                                      // Set Vds to off steady state value 

 

            if (flag_off_4 ==0)                             // Check if Vds has already been above Vcc 

            { 

                 

                flag_off_4 =1;                              // Mark that Vds has reached Vcc 

                t_off_4 = t;                                // Record time when Vds reached Vcc 

                 

            } 

 

            Vgs =(Vgs_temp - Vg_n)*exp(-1*( t - t_off_4) / tau ) + Vg_n;    // Vgs continues to fall 

                 

        } 

 

        if (Id  <= 0)                                       // Check if Id is at steady state off value 

        { 
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            Id = 0;                                         // Set Id to steady state off value 

             

        } 

 

        if (Id == 0 && Vds == Vcc)                          // Check if both Vds and Id are at steady state off value 

        { 

             

            flag_off = 1;                                   // no longer enter this section of turn off 

         

        } 

 

    } 

 

    if ( flag_off == 1 && Vgs > Vg_n)                       // Check if previous section is complete and if Vgs still 

above Vg- 

    { 

 

        Vgs =(Vgs_temp - Vg_n)*exp(-1*( t - t_off_4) / tau ) + Vg_n;    // Vgs continues to fall 

 

    } 

             

    if (flag_off == 1 && Vgs <= Vg_n)                       // Check if Vgs is equal to Vg- 

    { 

         

        Vgs =Vg_n;                                          // Set Vgs to Vg- 

        Id = 0;                                             // Ensure steady state Vds 

        Vds = Vcc;                                          // Ensure steady state Id 

        Finish =1;                                          // Mark transient on/off complete 

             

    } 

} 

// ------------------------------------------------------------------------------------  

// ------------------------------------------------------------------------------------  

//-------------------------------- RESET ----------------------------------------- 

// ------------------------------------------------------------------------------------  

//-------------------------------------------------------------------------------------  

 

if (Finish ==1 )        // Check if transient on/off are completed 

{ 

     

//reset flags  

 

flag_on_3b= 0; 

flag_off_3b = 0; 

t_off_3b = 0; 

flag_off_3c = 0; 

t_off_3c = 0; 

t_on_1 = 0; 

flag_off_3a = 0; 

flag_Vg_lo = 0; 

flag_off_4 = 0; 

flag_init = 0; 

flag_Vg_lo = 0; 

flag_off_2= 0 ; 

flag_off_4= 0 ; 
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flag_on_1 = 0; 

t_off_1 = 0 ; 

flag_on_2 = 0; 

t_on_3a = 0 ; 

 

 

t_off_4= 0 ; 

t_off_2= 0 ; 

Id= 0 ; 

Vds = Vcc; 

Finish  = 0 ; 

flag_on_3a = 0; 

flag_off = 0; 

flag_on_3c = 0; 

flag_Mode = 0; 

flag_on_4 = 0; 

 

} 

 

//-------------------------------------------------------------------------------------  

//-------------------------------------------------------------------------------------  

//-------------------------------- OUTPUTS  ------------------------------------ 

//-------------------------------------------------------------------------------------  

//-------------------------------------------------------------------------------------  

 

y1 = DeviceNo; 

y2 = Vg_control; 

y3 = Testnode; 

y4 = Id; 

y5 = Vgs; 

y6 = Vg_n; 

y7 = Rg+RG; 

 

y8 = Cgs; 

y9 = Cdg_s; 

y10 = Vds; 

 

// Supply values to other parts of the circuit 

 

 

if (t < 30E-9) 

{ 

y9 = Cdg_s; 

} 

if (t >= 30E-9 && t< 32E-9 ) 

{ 

y9 = Cdg_l; 

} 

 

if (t >= 34E-9 && t< 36E-9 ) 

{ 

y9 = Cdg_m; 

} 

 

if (t >= 36E-9 && t< 38E-9 ) 

{ 
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y9 = Cgs; 

} 

 

if (t >= 38E-9 && t< 40E-9 ) 

{ 

y9 = Rg + RG; 

} 

 

if (t >= 40E-9 && t< 42E-9 ) 

{ 

y9 =Vtp; 

} 

 

 

A.1.2 IGBT Model Code 

// Key Variables 

static float Ice = 0;               // Ice passed to circuit 

static float Vce = 0;               // Vce passed to circuit 

static float Vge = 0;               // Vge passed to circuit  

 

// Internal Variables 

 

static float X_1_m;                 // First Vge value from Transfer Characteristics 

static float X_2_m;                 // Second Vge value from Transfer Characteristics 

static float X_3_m;                 // Third Vge value from Transfer Characteristics 

static float Y_1_m;                 // Ice corresponding to first Vge value from Transfer Characteristics 

static float Y_2_m;                 // Ice corresponding to second Vge value from Transfer Characteristics 

static float Y_3_m;                 // Ice corresponding to third Vge value from Transfer Characteristics 

 

static float V1;                    // Internal variable used to generate a_p2,b_p2 

static float V2;                    // Internal variable used to generate a_p2,b_p2 

static float V3;                    // Internal variable used to generate a_p2,b_p2 

static float V4;                    // Internal variable used to generate a_p2,b_p2 

static float V5;                    // Internal variable used to generate a_p2,b_p2 

static float b_p2;                  // b coefficient in quadratic approximation of transfer characteristics, in form 

ax^2+bx+c = y 

static float a_p2;                  // a coefficient in quadratic approximation of transfer characteristics, in form 

ax^2+bx+c = y 

static float c_p2;                  // c value in quadratic approximation of transfer characteristics, in form 

ax^2+bx+c = y 

static float m_p1;                  // m coefficient in linear approximation of transfer characteristics, in form y = 

mx+b 

static float b_p1;                  // b coefficient in linear approximation of transfer characteristics, in form y = 

mx+b 

 

static float b_int;                 // b coefficient for solving the Vgs value at a given load current  

static float c_load;                // c coefficient for solving the Vgs value at a given load current 

static float X_load_p;              // Vgs value for a given load current , derived from approximation 

 

static float m_c;                   // Slope of cdg linear approximation between V_mi and Vtp 

static float b_c;                   // b value of cdg linear approximation between V_mi and Vtp 

 

static float Vge_temp;              // Temp value for Vge (holding variable) 
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static float DeviceNo;              // used to determine which row of parameters gets processed 

static float GrabValue;             // Carries current value of piecewise linear for processing parameters 

static float Vg_control = 0;        // Used to pass Vg+ and Vg- to circuit 

static float Vgedc;                 // Miller voltage 

static float tau1 = 0;              // time constant for Vge RC approximation when Vds is high  

static float tau2 = 0;              // time constant for Vge RC approximation when Vds is high 

static float tauf = 0;              // Time constant for current tail 

static float I_hold_off =0;         // Hold variable for Load current  

static float delay1 =0;             // Delay for Vge from Vg- to Vth 

static float delay2 = 0;            // Delay for Vge from Vth to Vgedc 

static float delay3 = 0;            // Delay for Vge for duration of clamp at Vgece 

 

static float IceHold = 1;           // Temporary variable for holding current value of Ids 

 

// Time counters 

static float t_on_1 = 0 ;           // Time counter - stage 1 on 

static float t_on_2;                // Time counter - stage 2 on 

static float t_on_3a;               // Time counter - stage 3a on 

static float t_on_3b = 0;           // Time counter - stage 3b on 

static float t_on_4;                // Time counter - stage 4 on 

 

static float t_off_1 = 0;           // Time counter - stage 1 off 

static float t_off_2 ;              // Time counter - stage 2 off 

static float t_off_4 = 0;           // Time counter - stage 4 off 

static float t_off_5 ;              // Time counter - stage 5 off 

 

static float ParameterTime = 0;     // Time used for parameter selection 

 

// Device Parameters 

 

static float Ccg;                   // Ccg 

static float V_mi;                  // Voltage of Vds where Ccg curve experiences knee 

static float t_fall;                //  Turn off fall time for current tail 

static float Vce_sat = 0;           // Saturation voltage 

static float Vtp;                   // Voltage of Vds where Ccg change is significant 

static float Cies ;                 // Input capacitance 

static float Vg ;                   // positive Gate bias Vg+ 

static float Rg ;                   // internal gate resistance  

static float RG ;                   // external gate resistance 

static float Cgs ;                  // Cgs 

static float Ccg_s ;                // Ccg at high Vds   

static float Ccg_l ;                // Ccg at low Vds 

static float Vth ;                  // Threshold voltage 

static float Vg_n;                  // negative Gate bias Vg- 

static float Ccg_m;                 // Ccg at mid Vds (Knee)  

 

//Circuit Parameters 

 

static float I_load ;               // Load current  

static float Vcc ;                  // Supply voltage 

 

// Flags used internally 

static float flag_param = 0;        // Indicate parameters have been loaded into sim 

static float flag_mode = 0 ;        // Indicate if device is turning on or off (0 if turning on, 1 if tuning off) 

static float flag_Vg_hi = 0;        // Indicate if Gate signal = Vg+ 

static float flag_init = 0;         // Indicate initializations are complete 
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static float flag_on_1 = 0;         // Indicate first part of turn on is occurring 

static float flag_on_2 = 0 ;        // Indicate second part of turn on is occurring 

static float flag_on_3a = 0;        // Indicate third part of turn on is occurring, sub-part a 

static float flag_on_3b = 0;        // Indicate third part of turn on is occurring, sub-part b 

static float flag_on_VI = 0;        // Indicate transient switch voltage and current is occurring 

 

static float flag_off_1 = 0;        // Indicate first part of turn off is occurring 

static float flag_off_2 ;           // Indicate second part of turn off is occurring 

static float flag_off_3 = 0;        // Indicate third part of turn off is occurring 

static float flag_off_4a = 0;       // Indicate fourth part of turn off is occurring, sub-part a 

static float flag_off_4b = 0;       // Indicate fourth part of turn off is occurring, sub-part b 

static float flag_off_5;            // Indicate fifth part of turn off is occurring 

 

static int completed = 0;           // Indicate transient model has finished and flags are reset 

 

 

 

// Code Parameters  

static float factor = 1.1;          // Used to ensure final value is settled 

             

 

// ----------------------------------------------------------------------------------------  // 

            //  ----------------- CONFIGURE DEVICE PARAMETERS ------------------ // 

// ----------------------------------------------------------------------------------------  // 

 

if (flag_param == 0 ) 

{ 

 

    DeviceNo = x8;              // Choosing a specific FET from the table (if applicable) 

    y6 = DeviceNo;              // Telling lookup table which device to demux 

    GrabValue = x7;             // Passing current value of piecewise linear source to indicate which device info 

is being supplied 

 

         

    if (GrabValue == 2)         // Collect Parameter in 2nd column - internal Rg 

    { 

        Rg = x6 ; 

     

    } 

     

    if (GrabValue == 3)         // Collect Parameter in 3rd column - RG from driver 

    { 

         

        RG = x6 ; 

         

    } 

     

    if (GrabValue == 4)         // Collect Parameter in 4th column - Cies 

    { 

         

        Cies = x6 ; 

         

    } 

     

    if (GrabValue == 5)         // Collect Parameter in 5th column - Ccg at High Vds 
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    { 

         

        Ccg_s  = x6 ; 

        Cgs = Cies - Ccg_s ;    // Solving Cge from Cies 

    } 

 

    if (GrabValue == 6)         // Collect Parameter in 6th column - Ccg at knee of Ccg-Vds curve 

    { 

         

        Ccg_m = x6; 

         

    } 

 

    if (GrabValue == 7)         // Collect Parameter in 7th column - Ccg at Lowest Vds 

    { 

         

        Ccg_l = x6 ; 

         

    } 

 

    if (GrabValue == 8)         // Collect Parameter in 8th column - Vds which first increases value of Ccg 

    { 

         

        Vtp = x6; 

         

    } 

 

    if (GrabValue == 9)         // Collect Parameter in 9th column - Value of Vds which corresponds to 

Cdg_m 

    { 

         

        V_mi = x6; 

         

    } 

 

    if ( GrabValue == 10)       // Collect Parameter in 10th column - Expected Hi Gate signal 

    { 

        Vg= x6 ; 

 

    } 

     

    if  ( GrabValue == 11)      // Collect Parameter in 11th column - Expected Lo Gate signal 

    { 

        Vg_n = x6 ; 

        Vg_control = Vg_n; 

        Vge = Vg_n;             // Initializing Vgs to the negative gate bias 

     

    } 

     

    if ( GrabValue == 12)       // Collect Parameter in 12th column - Saturation Voltage 

    { 

 

        Vce_sat = x6; 
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    } 

 

    if ( GrabValue == 13)       // Collect Parameter in 13th column - first Vgs value from transfer 

characteristics 

    { 

         

        X_1_m = x6; 

     

    } 

     

    if ( GrabValue == 14)       // Collect Parameter in 14th column - first Ice value from transfer 

characteristics 

    { 

         

        Y_1_m = x6; 

     

    } 

     

    if ( GrabValue == 15)       // Collect Parameter in 15th column - second Vgs value from transfer 

characteristics 

    { 

         

        X_2_m = x6; 

 

    } 

     

    if ( GrabValue == 16)       // Collect Parameter in 16th column - second Ice value from transfer 

characteristics 

    { 

         

        Y_2_m = x6; 

     

    } 

 

    if ( GrabValue == 17)       // Collect Parameter in 17th column - third Vgs value from transfer 

characteristics 

    { 

         

        X_3_m = x6; 

     

    } 

 

    if ( GrabValue == 18)       // Collect Parameter in 18th column - third Ice value from transfer 

characteristics 

    { 

         

        Y_3_m = x6; 

     

    } 

     

    if ( GrabValue == 19)       // Collect Parameter in 19th column - fall time 

    { 

         

        t_fall = x6; 

         

    } 
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    if (GrabValue == 19 && x10 > 0 && flag_param == 0)  // End parameter entry phase 

    { 

        ParameterTime = 2*t;        // setting the start time of the model 

        flag_param = 1;             // end the parameter extraction phase 

 

    } 

 

} 

 

// ---------------------------------------------------------------------------------------  

// --------------------------------------------------------------------------------------- 

if (flag_param == 1) 

{ 

    if (t <  ParameterTime + delt)              // initializing the time constants (tau, tau2),  miller voltage (vgedc) 

    { 

         

        Vg_control= Vg_n;                       // supplying Vg to external circuit 

        tau1 = (Rg + RG ) *(Cgs + Ccg_s);       //time constant for initial rise of Vgs 

        tau2 = (Rg +RG ) *(Cgs + Ccg_l);        //time constant for later rise of Vgs after miller voltage 

        tauf = t_fall/(-log(0.05));             //time constant current tail during turn off 

        I_load = x10*factor;                    // Load Current, sensed from circuit 

        Vcc= x9 ;                               // setting Vcc from circuit conditions 

        Ice = 0;                                // Setting initial conditions for Ice 

        Vce = Vcc;                              // Setting initial conditions for Vce 

        Vth = ((X_1_m)*sqrt(Y_2_m) - X_2_m*sqrt(Y_1_m))/ (sqrt(Y_2_m) - sqrt(Y_1_m)); // Calculating 

Vth based on transfer characteristics 

 

        // --------- Calculating miller voltage from transfer characteristics 

        V1 = (X_3_m*X_3_m - X_2_m*X_2_m)/(X_2_m*X_2_m - X_1_m*X_1_m); 

        V2 = (Y_2_m - Y_1_m); 

        V3 = (X_2_m - X_1_m); 

        V4 = (X_3_m - X_2_m); 

        V5 = (Y_3_m - Y_2_m); 

 

        b_p2 = (V5 - V1*V2)/(V4 - V1*V3); 

        a_p2 = (V2 - b_p2*V3)/(X_2_m*X_2_m - X_1_m*X_1_m); 

        c_p2 = -1*(a_p2*X_1_m*X_1_m + b_p2*(X_1_m) - Y_1_m); 

 

        m_p1 = (Y_2_m - Y_1_m)/(X_2_m - X_1_m); 

        b_p1 = Y_2_m-m_p1*X_2_m; 

 

        b_int = b_p2 - m_p1; 

        c_load = c_p2 - I_load; 

        X_load_p = (-b_p2 + sqrt(b_int*b_int - 4*a_p2*c_load))/(2*a_p2); 

 

        Vgedc = X_load_p;                                               // Calculated miller voltage 

        // -----------------------------------------------------------------------------------------  

         

        delay1 = -log(1 - (Vth - Vg_n)/(Vg - Vg_n))*tau1;               //Duration of Vgs rising to Vth 
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        delay2 = -log(1 - (Vgedc - Vg_n)/(Vg - Vg_n))*tau1 - delay1;    //Duration of Vgs rising from Vth to 

Vgedc (miller voltage) 

 

    } 

 

    if (t >= ParameterTime + delt && flag_init == 0) 

    { 

        Vg_control= Vg;                     // Sending Vg+ to external circuit 

        flag_init =1;                       // Indicating initializations are done 

        Vce = Vcc; 

    } 

} 

 

 

// ----------------------------------------------------------------------------------------  // 

            //  ----------------- TURN ON SEQUENCE ------------------ // 

// ----------------------------------------------------------------------------------------  // 

static float Init = 0; 

if (flag_param == 1)                        //Ensuring all parameters have been collected from parameter file 

{ 

 

    if (flag_init == 1 && flag_Vg_hi == 0)          //Ensuring initialization has been completed, all 

calculations finished 

    { 

 

        if (x5 >= 0.99*Vg)                          // Gate signal goes high, to Vg+ 

        { 

             

        flag_Vg_hi =1;                              // Mark flag indicating Vg = Vg+ 

 

        } 

    } 

 

    if (flag_Vg_hi == 1) 

    { 

        if (x5 < Vg && Init == 0) 

        { 

             

            Vce = Vcc; 

            Ice = 0; 

 

        } 

         

 

        if ( flag_mode == 0)                        // Check if device has already began turning on 

        {  

            //IGBT turn on 

            if (x5 >= 0.95*Vg &&  GrabValue == 19)  

            { 

                if ( flag_on_1 ==0 )                // Check if first stage has been entered 

                { 

                    flag_on_1 = 1;                  // Mark first stage as begun 

                    t_on_1 = t;                     // record time when first stage began 

                    Init = 1; 

                     

                } 
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                if (Vge <= Vth)                     //Vge starts to rise 

                { 

                     

                    Ice = 0;                        // Ice still 0  

                    Vce = Vcc;                      // Vce still Vcc 

                    Vge = (Vg - Vg_n)*(1 - exp(-(t - t_on_1)/tau1)) + Vg_n ;    // Vgs rising 

                     

                } 

 

                if (Vge > Vth)                      // Vge reaches threshold 

                { 

 

                    IceHold = x10;                  // Update Load current  

                     

                    if (flag_on_VI == 0 && Vce > 0 )// Check if Vce still in transient 

                    { 

                        if (flag_on_2 ==0)          // Check if second stage has been entered  

                        { 

                             

                            flag_on_2 = 1;          // Mark second stage as begun        

                            t_on_2 = t;             // record time when stage 2 began 

                            Vce = Vcc; 

                        } 

 

                        Vge = (Vg - Vg_n)*(1 - exp(-(t - t_on_1)/tau1)) + Vg_n ;    //Vgs continues to rise as in 

stage 1 

                        delay3 = Vcc*((Rg + RG)*Ccg_s)/(Vg - Vgedc);                // Calculate how long from Vgs 

to rise to Vgedc 

                        Vce = Vcc  -  ((Vg - Vgedc)/((Rg + RG)*Ccg_s*(1)))*(t - t_on_2);  

                    //  Ice = ((IceHold)/(delay3+delay2))*(t-t_on_2);               // Calculate duration of Ice rise, 

including rise from Vth to Vgedc 

                            Ice = IceHold - (IceHold/Vcc)*Vce; 

 

                        if (Vge >=Vgedc)                                            // Vge reaches miller voltage 

                        { 

 

                                if (flag_on_3a == 0)                                // Check if part 3a has been entered 

                                { 

                                     

                                    flag_on_3a = 1;                                 // Mark stage 3a as began 

                                    t_on_3a = t;                                    // record time when 3a began 

 

                                } 

 

                            Vge = Vgedc;                                            // Clamp Vge at miller 

                         

 

                            if (Vce >= Vtp )                                        // Check if Vce greater than Vtp 

                            { 

                                 

                            Vce = Vcc  -  ((Vg - Vgedc)/((Rg + RG)*Ccg_s*(1)))*(t - t_on_2); //Determined Vce and 

Ice                            

                             

                            Ice = IceHold - (IceHold/Vcc)*Vce; 

                            } 
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                            if (Vce < Vtp  )                                        // Check if Vce is below Vtp 

                            { 

 

                                if (flag_on_3b ==0)                                 //Check if stage 3b has been entered 

                                { 

                                    flag_on_3b = 1;                                 // Mark stage 3b as began 

                                    t_on_3b = t;                                    // Record time when stage 3b began 

                                     

                                } 

                                            

                                m_c = (Ccg_s - Ccg_m)/(Vtp - V_mi);                 // Determine slope of Ccg 

                                b_c = Ccg_m - m_c*V_mi;                             // Determined intercept point of Ccg 

                                Ccg  = m_c*Vce + b_c;                               // New Ccg based on Vds 

                                 

                                Vce = (0.99*Vtp) -  ((Vg - Vgedc)/((Rg + RG)*Ccg_s*(1)))*(t - t_on_3b);  // Adjusted 

Vce  

                             

                            Ice = IceHold - (IceHold/Vcc)*Vce; 

                         

                            } 

             

 

                            if (Vce <= 0 )                  //Vce drops to saturation voltage 

                            { 

                                 

                                Vce = 0; 

                             

                            } 

 

                         

                             

                        } 

 

                        if (Ice >= 0.99*x10)                //Check if Ice rises to load 

                        { 

                            Ice = x10; 

                     

                        } 

                     

                    } 

      

             

                    if (Vce <= 0 && Ice >= x10)             // Check if steady state Vce and Ice reached  

                    { 

                        if (flag_on_VI == 0) 

                        {                            

                            Vge_temp = Vge; //setting Vgs clamped  

                            flag_on_VI = 1;                 // Mark Vce and Ice as reached steady state 

                            t_on_4 = t;                     // Record time when stage 4 began 

             

                     

                        } 

 

                        Vce = 0; 

                        Vge = (Vg - Vge_temp)*(1 - exp(-(t - t_on_4)/tau2)) + Vge_temp ; // Vge rises as follows 
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                        Ice = x10; 

             

                    } 

 

 

                    if (Vge >= Vg) 

                    { 

             

                        flag_mode = 1;                      // Mark Turn on as completed 

                 

                    } 

 

                } 

 

            } 

         

        } 

 

// ----------------------------------------------------------------------------------------  // 

            //  ----------------- TURN OFF SEQUENCE ------------------ // 

// --------------------------------------------------------------------------------------- - // 

 

        if (x5 <= 0.95*Vg && flag_mode  == 1)                       // Check if turn off flag triggered, and that Vg 

= Vg- 

        { 

 

            if (flag_off_1 == 0)                                    // Check if stage 1 has began 

            { 

                 

                t_off_1 = t;                                        // Record time when stage 1 began 

                flag_off_1 = 1;                                     // Mark stage 1 as began 

         

            } 

             

             

            if (Vge > Vgedc && flag_off_2 == 0)                     // Check if stage 2 has began, and if Vge is 

above miller 

            { 

                 

                Vge  =(Vg-Vg_n)*exp(-(t-t_off_1)/tau2) + Vg_n ;     // Vgs drops  

                Ice = IceHold;                                      // Ice held constant steady state  

                Vce = Vce_sat;                                      // Vce held constant steady state  

             

            } 

         

 

 

            if (Vge <= Vgedc && flag_off_3 == 0 )                   // Check if stage 3 has began 

            { 

                if (flag_off_2 == 0)                                // Check if stage 2 still active 

                    { 

                         

                        t_off_2 = t;                                // record time stage 2 began 

                        I_hold_off= x10;                            // record load current  

                        flag_off_2 = 1;                             // Mark that stage 2 has began 
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                    } 

 

                                                                 

                    Vce =  ((Vg - Vgedc)/((Rg + RG)*Ccg_s*(1)))*(t - t_off_2);  // re-generating delay for miller 

voltage from turn on, does not impact actual switch voltage at this moment 

                    Ice = IceHold;                                              // Ice still on                                  

                    Vge = Vgedc;                                                // Vge held at miller 

             

 

                    if (Vce >= Vcc)                                 // Check if Vce internally above Vcc 

                    { 

                         

                        flag_off_3 = 1;                             // Mark end of stage 3 

                        Vce = Vcc; 

 

                    } 

                } 

 

                if (flag_off_3 == 1 && flag_off_4a == 0)                // Used to ensure only stage 4 is entered 

                { 

                    if (flag_off_4b == 0)                           // Check if stage 4 has already been entered 

                    { 

                         t_off_4= t;                                // Record time when stage 4 began 

                         flag_off_4b = 1;                           // mark stage 4 as began 

                    } 

 

                    Vce = Vcc;       

                    Ice = IceHold; 

                    Vge  =(Vgedc-Vg_n)*exp(-(t- t_off_4)/tau1) + Vg_n ; // Vge begins dropping from miller 

                 

                    if ( Vge <= Vth && flag_off_4a == 0) 

                    { 

                         

                        flag_off_4a = 1;                            // Mark stage 4 as complete 

                         

                    } 

                 

                } 

 

                if (flag_off_4a == 1 && Vge > 0.99*Vg_n) 

                { 

                    if (flag_off_5 == 0)                            // Check if stage 5 has began 

                    { 

                         

                        flag_off_5 = 1;                             // Mark stage 5 as began 

                        t_off_5 = t;                                // record time when stage 5 began 

                        I_hold_off = Ice;                           // record Ice before drop 

                     

                    } 

 

             

                    Ice= I_hold_off*exp(-(t-t_off_5)/(tauf));       // Ice dropping 

                    Vge  =(Vgedc-Vg_n)*exp(-(t- t_off_4)/tau1) + Vg_n ; // Vge continues dropping 

                    Vce = Vcc; 
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                    if ( Ice <= 0.001*I_load) 

                    { 

                 

                    Ice = 0; 

                 

                    } 

 

                }            

 

             

                if ( Vge <= 0.99*Vg_n   )                           // Check if Vge has reached Vg- 

                { 

                    Vge = Vg_n; 

                    Ice= I_hold_off*exp(-(t-t_off_5)/(tauf));       // If Ice has not yet reached 0, continue dropping 

                    Vce = Vcc;   

             

                    if ( Ice <= 0.001*I_load) 

                    { 

                         

                         

                        Ice = 0; 

                        flag_mode = 0;                              // Mark turn off as complete 

                        completed = 1;                              // allow reset 

 

                    } 

             

                } 

 

 

            } 

 

 

// ------------------------------------------------------------------------------------  

// ------------------------------------------------------------------------------------  

//-------------------------------- RESET ----------------------------------------- 

// ------------------------------------------------------------------------------------  

//-------------------------------------------------------------------------------------  

 

        if (completed == 1) // Check if transient on/off are completed 

        { 

            //reset flags  

            flag_on_3b = 0; 

            flag_off_4b = 0; 

            flag_off_2 = 0; 

            flag_mode  =0; 

            flag_off_3 =0; 

            flag_on_1 = 0; 

            flag_on_2 = 0 ; 

            flag_off_1 = 0; 

            flag_init = 0; 

            completed = 0; 

            flag_off_5 = 0; 

            flag_on_VI = 0; 

            flag_on_3a =0; 

            flag_off_4a = 0;; 
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        } 

    } 

 

 

} 

 

 

if (t < 10E-9) 

{ 

    Ice = 0; 

} 

 

//-------------------------------------------------------------------------------------  

//-------------------------------------------------------------------------------------  

//-------------------------------- OUTPUTS  ------------------------------------ 

//-------------------------------------------------------------------------------------  

//-------------------------------------------------------------------------------------  

 

y1 = Ice; 

y2 = Vce; 

y3 = Vge; 

y9 = Vg; 

y10 = Vg_n; 

y14 = Vce_sat; 

 

// Supply values to other parts of the circuit 

 

if (t < 30E-9) 

{ 

    y11 = Ccg_s; 

} 

if (t >= 30E-9 && t< 32E-9 ) 

{ 

    y11 = Ccg_l; 

} 

 

if (t >= 34E-9 && t< 36E-9 ) 

{ 

    y11 = Ccg_m; 

} 

 

if (t >= 36E-9 && t< 38E-9 ) 

{ 

    y11 = Cgs; 

} 

 

if (t >= 38E-9 && t< 40E-9 ) 

{ 

    y11 = Rg + RG; 

} 

 

if (t >= 40E-9 && t< 42E-9 ) 

{ 

    y11 =Vtp; 

} 
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A.1.3 Induced Voltage Model Code 

//Parameters 

static float Ccg = 0;                       // Switch Ccg 

static float Cge = 0;                       //Switch Cge 

static float R = 0;                         // internal+external gate resistance 

static float IGBT_lo =0;                    // Vg- for IGBT 

static float FET_lo = 0;                    // Vg- for FET 

static float Vtp;                           // Vtp, switch voltage where ccg is affected by Vce 

static float Ccg_l = 0;                     // Ccg_l , high value of Ccg 

static float Ccg_m;                         // Ccg_m, mid value of Ccg 

 

// Variables 

static float Vcc = 0;                       // Supply voltage 

static float Vgs_in = 0;                    // Gate voltage without induced voltage 

static float Vce = 0;                       // Switch voltage 

static float V_sim;                         // Vge induced at gate (relative to 0) 

static float a=0;                           // internal variable a, for simplicity 

static float b = 0;                         // internal variable b, for simplicity 

static float dvdt_gen = 0;                  // dvdt from Vce 

static float Vg_IGBT = 0;                   // Gate signal for IGBT 

static float Vg_FET = 0;                    // Gate signal for FET 

 

    // Used to determine new Ccg 

    static float cin = 0;                        

    static float am1; 

    static float am2; 

    static float xm ; 

    static float cjm; 

 

// Flags - used to mark different stages of operation 

static float flag_on_2 = 0; 

static float flag_Vce_ss = 0; 

static float flag_start_on = 0; 

static float flag_start_off = 0; 

static float flag_gate =0; 

 

 

// Counters - used to allow for time based choices 

 

static float t_start_on = 0; 

static float t_start_off = 0; 

 

// holding Variables - used to hold values of other variables 

static float Ccg_s_hold; 

static float Ccg_l_hold; 

static float Ccg_m_hold; 

static float Cge_hold; 

static float Vtp_hold; 

static float R_hold; 

static float Vgehold = 0; 

 

    // ----------------------------------------------------------------------------------------  // 

            //  ----------------- Initializations ------------------ // 

    // ----------------------------------------------------------------------------------------  // 
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// Collecting Parameters from other models (IGBT/FET) 

 

 

    if(t<20E-9) 

    { 

        Ccg = 1E-12; 

        Ccg_s_hold = 1E-12; 

        Ccg_l = 1E-12; 

    } 

    if(t >= 20E-9 && t< 30E-9) 

    { 

        Ccg = x3; 

        Ccg_s_hold = Ccg; 

    } 

        if( t >=30E-9 && t< 32E-9) 

    { 

        Ccg_l = x3; 

        Ccg_l_hold = Ccg_l  ; 

    } 

 

    if (t >= 34E-9 && t< 36E-9 ) 

    { 

        Ccg_m  =x3; 

        Ccg_m_hold = Ccg_m; 

    } 

 

        if (t >= 36E-9 && t< 38E-9 ) 

    { 

        Cge_hold =x3; 

     Cge = Cge_hold ; 

    } 

 

    if (t >= 38E-9 && t< 40E-9 ) 

    { 

        R_hold =x3; 

     R  = R_hold ; 

    } 

 

    if (t >= 40E-9 && t< 42E-9 ) 

    { 

        Vtp_hold=x3; 

     Vtp  = Vtp_hold ; 

    } 

 

 

 

 

// Once all parameters have been entered, simulation begins 

 

if(t>=42E-9) 

{ 

    //Generating Model for Cdg dependency on Vce 

    am1 = 1/(Ccg_m_hold - Ccg_l_hold) - 1/Ccg_s_hold; 

    am2 = 1/(Ccg_s_hold - Ccg_l_hold) - 1/Ccg_s_hold; 

    xm = (log(-am1) - log(-am2))/(log(2)-log(Vtp)); 
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    cjm = pow(2,xm)/(am1); 

     

 

    Vgs_in = x5;                // taking in gate voltage 

    Vce = x6;                   // taking in switch voltage 

    Vcc = 0.99*x7;              // taking in supply voltage 

    Vg_IGBT = x8;               // taking in gate signal IGBT 

    Vg_FET = x9;                // taking in gate signal FET 

    IGBT_lo = x10;              // Taking in Vg- for IGBT 

    FET_lo = x11;               // Taking in Vg- for FET 

 

 

    if (Vce <  Vtp && Vce>0)    // determined Vce will have significant impact of Cdg 

    { 

         

        cin = pow(Vce,xm); 

        Ccg = 1/(1/Ccg_l_hold + (cin)/cjm) + Ccg_s_hold; 

 

    } 

 

    if (Vce >  Vtp)             // determined Vce will not impact Cdg 

    { 

         

        Ccg = Ccg_s_hold; 

 

    } 

 

 

    dvdt_gen = x1;              // Take in dvdt of Vce (generated externally) 

    a = R*(Ccg +Cge);           // internal variable a 

    b = Ccg*R;                  // internal variable b 

 

    // ----------------------------------------------------------------------------------------  // 

            //  ----------------- TURN OFF SEQUENCE ------------------ // 

    // ----------------------------------------------------------------------------------------  // 

 

 

    if (Vcc > 0 && flag_start_off == 0)                         // check if Vcc has gone above 0 (system parameters 

have been loaded in all other models) 

    { 

         

        t_start_off = t;                                            // record time when this occurred 

        flag_start_off = 1;                                     // record that this has occurred 

 

    } 

 

    if (t > t_start_off && dvdt_gen >= 0)                           // Check if initialization is done and that Vce is 

now changing 

 

    { 

     

        if (Vgehold == 0)                                   // If system has not yet started, this will set starting conditions, 

n=1 

        { 

 

            V_sim = dvdt_gen*b*(1 - exp(-(1/a)*delt)); 
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            Vgehold = V_sim; 

 

        } 

 

        if( Vgehold > 0 )                                   // for all other iterations of n>1 

        { 

         

            V_sim = ((b*dvdt_gen*delt)*(1/a) + Vgehold)*exp(-(1/a)*delt); 

            Vgehold = V_sim; 

 

        } 

 

    } 

 

    if (Vce >= 0.95*Vcc && flag_Vce_ss == 0)        // If Vce is 95% of final value Vcc, simulation can end 

    { 

         

        flag_Vce_ss = 1;                                    // record that Vce reached steady state 

     

 

    } 

     

    // ----------------------------------------------------------------------------------------  // 

            //  ----------------- TURN ON SEQUENCE ------------------ // 

    // ----------------------------------------------------------------------------------------  // 

 

    if (dvdt_gen < 0  && flag_start_on == 0 && flag_Vce_ss ==1 )    // check if dvdt if switch voltage is 

falling, turn off sequence has already began 

    { 

         

    t_start_on = t;                                                     // record time turn on began 

    flag_start_on = 1;                                                  // record that turn on has began 

     

    } 

     

    if (t >= t_start_on && dvdt_gen <= 0 && flag_start_on == 1)         // Turn on modelling begins 

    { 

 

        if (flag_on_2 == 0)                                             // record start conditions for model 

        { 

             

            flag_on_2 = 1; 

            Vgehold = V_sim;                                            // use prior position as starting point 

         

        } 

 

 

        V_sim = (b*dvdt_gen*delt*(1/a) + Vgehold)*exp(-(1/a)*delt);     // calculate Vge for all n>1 

 

        Vgehold = V_sim; 

 

        if (Vce == 0 && abs(V_sim) < 1E-2)                      // reset conditions 

        { 

 

            Vgehold =0; 

            flag_on_2 = 0; 
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            t_start_on =0; 

            flag_start_on = 0; 

            flag_Vce_ss = 0; 

            flag_start_off = 0; 

 

        } 

 

    } 

 

 

    //isolating top switch dvdt ----------------------------------- 

 

    if (Vce <= 0.01*Vcc ) 

    { 

         

        V_sim = 0 ; 

        flag_gate = 1; 

 

    } 

 

    if (flag_gate == 1) 

    { 

         

        if (Vg_IGBT == IGBT_lo  &&  Vg_FET == FET_lo && Vce  == 0) 

        { 

        V_sim = 0; 

         

        } 

 

        if (Vg_IGBT > IGBT_lo || Vg_FET > FET_lo ) 

        { 

        flag_gate = 0; 

         

        } 

 

 

    } 

 

} 

//------------------------------------------------- 

 

 

y1 = Vce  ; 

y2 = V_sim+ Vgs_in;  
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Appendix II: Supplementary Circuit Schematics 

The circuit schematic for the KIT 8020-CRD-8FF1217P-1 Cree MOSFET Evaluation Kit can 

be seen in Figure 59.  

 

Figure 59:  Circuit schematic for the KIT 8020-CRD-8FF1217P-1 Cree MOSFET Evaluation Kit 
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The block diagram of the EiceDriver 2ED300C17-S dual IGBT driver board from the device 

datasheet is shown in Figure 60. The kits in Figures 59 and 60 are commercially available 

components and were used to implemented the synchronous buck converter circuit in Chapter 3. 

 

Figure 60: The block diagram of the Eice Driver 2ED300C17-S dual IGBT driver board 

The full circuit schematic for the hybrid model package is shown is Figure 61. This package 

consists of the IGBT and MOSFET models, as well as the module which connects the two models 

together, and the circuit components of the model.  
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Figure 61: The hybrid model package, consisting of the Si IGBT and SiC MOSFET C block models and circuit 

structures connected with the hybrid module. 
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Appendix III: Literature Review of Modelling Approaches 

In this section a variety of modelling approaches are reviewed, which vary in accuracy, 

computational load, usability, and application. The main types of modelling approaches which are 

briefly outlined in this section include mathematical, semi-mathematical, semi-numerical, and 

behavioral, to give an impression of how each model could be used by a designer. A case study 

was given for each approach, focusing on either an IGBT or a MOSFET, however either device 

can be modelled using any given approach.  

A.3.1 Mathematical (Physics) Model 

Since the late 1980s many people have worked towards generating mathematical models 

which use semiconductor physics to describe the transient operation of power electronic switches. 

Allen R. Hefner’s work was paramount in describing the static and dynamic behavior of the 

IGBT , relying on ambipolar transport theory, and did not assume a quasi-static condition which 

had been previously asserted, one example of which was explored in [23]. Since then, a number 

of mathematical models have been put forward, resulting in very accurate but computationally 

heavy models. An example of this modelling approach was briefly examined in this section. The 

model was designed by Allen R. Hefner and David L BlackBurn in 1988 for the then emerging 

IGBT. [23] Hefner and BlackBurn built off of existing bipolar transistor theory, as the IGBT 

behaves as a bipolar device driven by a MOSFET, seen in Figure 62. The circuit is a bipolar 

transistor which had its base current supplied by the drain of the MOSFET, with the MOSFET 

shorted to the collector of the bipolar transistor.  
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Figure 62: Darlington IGBT configuration used for a Hefner's mathematic model 

The model built off of widely accepted sets of equations for MOSFETs and BJT’s to 

incorporate the unique doping profile and boundary conditions of the IGBT. From here, a variety 

of assumptions and simplifications were used to create a cohesive model of the IGBT’s transient 

behavior. The model accounted for the carrier distributions through space, the boundary 

conditions of the junctions, and the potential across the internal structures of the transistor. Figure 

63 was taken from the report to illustrate the required inputs for the model.  
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Figure 63: Model Parameters for the Hefner, BlackBurn IGBT model 

Where NB was the base doping concentration, A was the device active area, WB was the 

metallurgical base width, Isne was the emitter electron saturation current, KP was the MOSFET 

channel conductance, Rs was the device series resistance, and τHL was the high level excess 

carrier lifetime. While very accurate, this type of model would not be usable for a circuit designer 

as it cannot be easily implemented in a suitably compatible software and required an in-depth set 

of device parameters. This type of model was determined to be not suitable for the scope of this 

thesis, which was to be accessible for designers to use with access to only the datasheet of the 

device.   

A.3.2 Semi Mathematical (Semi-physics) Model 

Semi mathematical models are a variation of mathematical models which take for granted 

some aspects of pre-existing spice models, and expand on them to account for specific 

phenomenon. The models can be much more easily used in a compatible simulation software 

such as Saber or any software in the Spice family, but are not as accurate as the mathematical 
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models. [24] An example of this type of modelling was explored in this section, focusing on the 

work done by Jun Wang et al, in “Characterization, Modeling, and Application of 10-kV SiC 

MOSFET”. [25] 

The goal of this paper was to expand upon an existing level 1 spice model which was readily 

available inside spice software to describe the lateral MOSFET channel, and add additional 

elements to account for  the impact of temperature on the device current and voltage, as well the 

as the voltage dependency of the gate drain capacitance. This model was able to accurately 

predict losses of a high power SiC MOSFET inside of a boost converter. Figure 64 showed the 

general structure of the model, where M1 was the pre-exiting MOSFET model, and G(T) and 

E(T) were additional current and voltage sources. The elements allowed the model to vary 

parameters which depended on the temperature of the device, to account for the dynamic nature 

of , for example, the threshold voltage or transconductance as temperature varied. 

 

Figure 64: Proposed Model including model 1 (M1) Spice model and external parameters. 

The model was sufficiently accurate and easily implemented in existing Spice software, 

however this specific model required parameter extraction through a series of test circuits for any 

given device, which limited the universality and ease of use of the model in the early design 
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stages. It is worth noting that this paper described its modelling approach as behavioral, but for 

this thesis behavioral models followed the definition in section A.3.4.  

A.3.3 Semi Numerical Models 

Semi-numerical models were developed in order to address some of the complexity which 

arises from trying to characterize the wide base of the IGBT. They rely on finite element 

modelling for the base, and are combined with mathematical models to build a cohesive IGBT 

model. [24] An example of this approach can be seen in the work done by D Metzner titled 

“Modular Concept for the circuit simulation of bipolar power semiconductors”. [26]  The paper 

outlined a one dimensional model for the drift zone, which accounted for specific conditions 

which are typically not well parameterized by other analytical models. These conditions were the 

high injection condition, and how that impacts the solution to the ambipolar diffusion equation, 

which most mathematical models are based upon. This allowed modelers to use this module 

alongside other mathematical models to increase the agreement. These models, like the 

mathematical models, were found to be highly accurate, but required a wide variety of parameters 

about the device to operate, and are highly computationally heavy.  

A.3.4 Behavioral Models 

The final approach that this section covered was the behavioral model. Behavioral models 

typically rely on empirical models and curve fitting to account for the behavior of a given device. 

Some models are predictive in nature and others simply process data sampled from a test circuit. 

An example of the type of behavioral modeling which was considered was seen in the work done 

by Hyeong-Seok and Mahmoud El Nokali, titled “A new IGBT behavioral model”. [27] The 

model used the same understanding of the IGBT as mentioned earlier, modelling the device as a 

Darlington circuit made up of a MOSFET and BJT. The model is built upon the standard current 

equations for the BJT and MOSFET, by measuring common parameters like transconductance, k , 

threshold voltage, Vt , amongst others. Then, to compensate the model further, correctional 
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functions were solved to adjusted the waveforms to reflect observed behavior. For example, the 

collector current equation, seen in equation A1, was adjusted to the one seen in A2, to reflect the 

real behavior of the curve. 

𝐼𝑐𝑒 = 𝑘(𝑉𝑔𝑒 − 𝑉𝑡)
2
          (A1) 

𝐼𝑐𝑒 = 𝑘(𝑉𝑔𝑒 − 𝑉𝑡ℎ)
2

𝑓(𝑉𝑔𝑒)         (A2) 

Where, 

𝑓(𝑉𝑔𝑒) = 𝑏0 + 𝑏1𝑉𝑔𝑒 + 𝑏2𝑉𝑔𝑒
2         (A3) 

In equation A3, the constant b0, b1, b2, are solved by evaluating the expression with 

experimental data. This method offered some great insight on how to compensate for a lack of 

parameters which designers have access to , but does not address scenarios where designers do 

not have physical access to the device. It is also less accurate than physics based models, but can 

be easily implemented into circuit simulation environments.  

It is worth noting that not every researcher agrees on the definitions of these modelling 

categories, for example many modelers will use behavior and semi-mathematical 

interchangeably, but to the extent that these terms are used within this thesis they will follow 

these descriptions.  

 

 


