Selection of Semiconductor Models in Power Electronics Simulation
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Abstract In the design process of new prototypes modeling and simulation is an excepted methodology. There are standard simulation tools available and there are numerous examples and literature about models. Even manufactures start to provide models of their produced components.

In this paper we will concentrate on models for power electronics semiconductors. 

I Introduction

Modeling and simulation is nowadays widely accepted as a tool inside the design process. However the way modeling is performed and the various models that exist, makes it hard for the engineer to choose for a model. Especially the area of semiconductor modeling is still a gray zone. There exist various types of models suited for different analysis and each model has his advantages and disadvantages [1]. In this paper an overview is given of these models and where in the design process they are to be applied.

We can identify the following types of models:

1. Physical models that describe the behavior on the level of the device physics.

2. Circuit models that describe the behavior by using a lumped non-linear circuit model

3. Behavior models that describe the behavior by a combination of a set of equations and lumped non-linear circuit model.

4. Ideal models that include loss prediction and temperature dependence.

5. Ideal models that describe only the logic of switching with some basic circuit model.

Each of these models has a specific task in the overall design process. 

1. Physical models are valuable for studying the internal behavior of the component

2. Behavior models are valuable to study the transient behavior and to study extra effects like losses and reliability.

3. Circuit models are valuable to study the transient behavior in a converter, like turn on and turn off processes.

4. The ideal model speeds up the simulation, but the switching and conduction losses can be predicted.

5. Ideal models are valuable for studying the overall behavior of the total system where the converter is just one of the used parts.

For each model an example will be given where the specific strength of the model will be explained.  Also the tools where the models can be used are discussed in the paper. Especially for power electronic applications the specific parameters are discussed which can be modeled. It will be discussed when to use a model of one of the types.

First the goals of modeling and simulation are discussed, second the appropriate models are highlighted and some sample simulations are shown where the level of abstraction of the models is discussed.

Also some words will be spend on available models from manufacturers, why they have chosen a typical format of their models. For example, many mosfet models are set up like spice sub-circuits, although there is an internal mosfet model in every Spice simulator. The reason for this is to include the non-linear capacitors in the mosfet that play an important role in the transient process. If one is aware of the type and format of the models they are using, the simulation can be made much more reliable and faster compared to just using models but without knowing the effects of the model in the simulation.

II Tasks of the model

The different types of models were introduced in section I. In Table 1 the models are enumerated.

1
DM
Physical Device Model

2
CM
Lumped Circuit Model

3
BM
Behavior Model

4
LM
Ideal Losses Model with loss prediction and temperature dependence

5
IM
Ideal Switch Model

The tasks of each model are highlighted in Table 2. 

1
DM
· Understand the physics inside the semiconductor, required when designing the semiconductor.

· Not useful when doing circuit or system design.

2
CM
· Useful to study the transient behavior of a power converter.

· Gives detailed transient response of the power electronics circuit, such as the turn-on and turn-off process.

· Useful when doing detailed circuit design to simulate turn-on, turn-off times, losses during switching and conduction losses. Suited for the design of snubber and protection circuitry.

3
BM
· The behavioral model includes all effects as in the 'lumped' circuit model CM, where the model is described using mathematical relations next to a lumped circuit model. This model mosty incorporates 'lumped' circuit components for modeling the electrical connections of the semiconductor model.

· Useful when doing detailed circuit design where a more complex component model is required.

4
LM
· Predicts losses and incorporates temperature dependence, but based on an ideal switch model.

· Useful for getting an overview of the complete system behavior including the loss prediction.

5
IM
· The ideal model is required when doing system analysis and the switching process inside the Power Electronics influences the overall system behavior, where the model cannot be replaced by an averaged model.

· Useful for performing large simulations where a large number of periods are of interest.

III The role of simulation in the design cycle.

A typical design cycle starts with a conceptual idea and finally evolves into a ready prototype. In each stage of the design cycle, simulation tools can be used. Depending on the stage in the design cycle results from the simulation are required that are typical for that design cycle stage. Therefore also the models used in that design cycle stage have to be optimized for that purpose. In a conceptual design it makes no sense to use very detailed models but in a final stress analysis detailed models are required.

A typical design cycle could include:

a) Conceptual design, basic idea, basic control structure with basic circuit models.

b) Design of the circuit and evaluation of component stress, maximum voltages and currents.

c) Design of the control. Transient behavior of the total system and small signal transfer functions for designing the feedback in the control.

d) Design of filters and compliance with IEC limits on harmonics.

e) Design of the stresses on components and component selection

f) Design of the snubber and protection circuitry.

g) Design of the gate drivers.

h) Export of the designed control to embedded control.

i) Test of the embedded control with the simulation of the Power Electronics, for example, simulating operation cycles like start-up, wind-up, brake, etc.

j) Reliability studies with varying control source and load parameters.

IV The need to have different models.

From the design cycle stages in the previous section one can conclude that only a detailed semiconductor model is required when the stresses on the components and the snubber and protection circuitry are to be designed. Only at these stages a detailed model is a must. 

In all other cases a simpler or even ideal model would be satisfactory.

Another fact is that to simulate the overall system behavior, many periods have to be simulated. For example, the start-up of a system or a full operation cycle requires many simulation time steps. Here the overall system performance is of interest. It would be an overkill to use a detailed model in these stages, since a basic switch model gives enough information for the system behavior.

On the other hand to simulate component stresses and to design snubber and protection circuitry only a small number of periods or switching instances have to be calculated and basically only the worst case situations. 
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Figure 1 Affordable simulation Time

Figure 1 shows when to apply what models in the design stage in order to have an affordable simulation time.

Generally one can say that only a detailed Behavioral/Circuit model is required in design stage e,f and g of the design cycle. However in these design stages only the worst case situation has to be taken into account and therefore the simulation can be limited to certain number of periods. For example, when designing a DC-DC converter, first a cyclic steady state has to be achieved in the simulation for a worst case situation, such as start-up or load change. From this cyclic steady state the initial conditions can be stored for a further evaluation. Second, only a limited number of cycles have to be simulated with a detailed model for the semiconductor. In that case it is not required to model the whole system including the source, filters, load and control. During these limited number of cycles the switching sequence is known a priory, so the control has no mayor influence on the semiconductor behavior.

In section V and VI the differences in modeling for system design and component design are more elaborated.

V Overall system design

During all design stages except stage e, f and g the overall system behavior is of interest. This means that many periods have to be simulated. For example, a drive system consisting of an induction machine, mechanical load, inverter, PWM control, start-up control and filters will show simulation times of probably several seconds. Depending on the switching frequency of the inverter, the number of simulation steps could equal 
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where 

Fs
=
Switching frequency

Ttot
=
Total simulation time

n
=
Total number of steps

As a rule of thumb, 20 integration time steps per period are chosen. Depending on the used algorithm, or if an adaptive variable step size is chosen, this number changes. So in the case of the drive system, where a start-up could take 20 seconds and the switching frquency of the PWM control is 100kHz, the total number of integration step sizes could equal 40*106. This amount of simulation steps is made under the assumption that an ideal model is used. If a detaild semiconductor model would be used instead, the number of simulation steps should be multiplied with 50-100, since the integration time step has to be at least a factor 100 smaller.

During the overall system design the circuit, filters and control can be designed. Harmonics caused by the power electronics are dependent on the switching sequence of the semiconductors, so the ideal model is satisfactory for designing and testing the filters and the compliance with the IEC limits on harmonics.

Also the coupling of the simulation of the system with an embedded control can be done using the ideal models. Many periods have to be simulated to test all the functions of the embedded control, such as start-up or a full operation cycle. Fast simulation is pre to study perform these studies for parameter variations.

Also of importance is to get an indication of the efficiency of the total system during such a operation cycle. Therefore the switching and conduction losses have to be predicted. Since no detailed semiconductor models are used, a predictive method has to be applied. The only parameters for these models are the turn-on and turn-off times and the on state conductance. Since the on state conductance is mostly temperature dependent, a coupling of the model with a thermal model is required. However since the temperature rise is slow in comparison with the switching times, the thermal model is not increasing the overall simulation time.

Being able to predict switching losses and conduction losses during the simulation with ideal models enables the designer to have insight in the total efficiency of his system, without going to much in detail about component specifications.

VI Detailed circuit design

When the circuit has to be designed in detail, including the snubber, protection circuitry, gate drivers, etc, the control strategy is almost known. 

Also the load of the power electronics converter is known and mostly constant during one period of switching.

In this stage the components have to be selected, the stresses on the components have to be analysed for the worst case situations and the snubber and protection circuitry has to be designed. After selecting the components and using a detailed Behavioral / Circuit model that incorporates all non-linear effects the circuit can be designed in detail. Important in this stage, are also the parasitic components caused by the packaging. For example, common source inductance for a mosfet can cause over-voltages during switching.

Use will be made of models provided by the manufacturer of the semiconductor component. Therefore the model used is a given fact and the user is in some way bound to the simulator the manufacturer had in mind when designing the model. Nowadays the Spice simulator is taken as a standard. There are however many simulation-tools that can include the Spice models.

Important in this design stage is to realize that only a small number of periods have to be simulated to achieve the goal of designing the circuit, snubber, protection circuitry and gate drivers.

From the overall system simulation the initial conditions can be save for a cyclic steady state operation point. This initial condition is than used to simulate a limited number of periods using a detail model. The simulation speed is not an important issue, since only a limited number of periods are simulated. Important is a model that is verified with experimental results and models the non-linear effects that are important to design the snubber, protective circuitry and gate driver. In most cases only the manufacturer will create such a detailed model and will take care that the model is accurate enough to predict the behavior of the component.

VII Available models for detailed analysis

Data sheet with measurement data

· Here minimum, typical and maximum parameters are given. Depending on the complexity of the model, the user has to choose the parameters for his model. 

Model parameters

· Some manufactures provide parameters for industrial standard simulation packages such as Spice[3]. The parameters are mostly typical values.

Model sub-circuit

Especially for Spice, manufacturers provide more detailed models that incorporate non-linear effects not present in the build-in standard models. These models are based on experimental results carried out by the manufacturer and in order to match these experimental results the models are tailored.

Many manufacturers provide spice models in the format of a lumped circuit model.

Two models will be discussed, being a Philips mosfet model and an IR mosfet model. 

Both models are suited for simulating component stresses, designing snubber and protection circuitry and simulating the influence of parasitic components. Also both models can be used for designing the gate driver since the non-linear gate input capacitance Ciss is modeled.

Philips Mosfet Model

The Philips lumped-circuit model for a 2N7000 mosfet is shown in figure 2. The model is based on the internal spice-mosfet model level 3 [3].
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Figure 2 Philips 2N7000 Mosfet lumped-circuit model
Since this internal spice model does not include the non-linear Miller capacitance CGD, it is modeled externally using an extra switch. This piece-wise model can be used for modeling the behavior of the gate drive, since the extra gate charge required for turn-on is taken into account. The internal spice diode model, models the reverse recovery of the freewheeling diode. The reverse recovery process is modeled by a non-linear capacitance and gives some approximation of the reverse recovery process, although the dependence of the reverse recovery on the maximum forward current and the slope of the decaying current is approximated for the typical turn-off current. Since the reverse recovery takes place during the turn-on of the complementary mosfet in a bridge configuration, the effects can be of influence on the circuit behavior. The drain-source channel resistance RDS is dependent on the temperature of the mosfet by a polynomial function. In this model the temperature is a fixed value given by spice. The temperature has to be set manually to a typical value or worst-case value.

IR Mosfet Model

The IR lumped-circuit model for a IRF510 mosfet is shown in figure 3. The model is based on the internal spice-mosfet model level 1 [1]. The mosfet is based on the internal spice model and the non-linear Miller capacitance CGD is modeled using the non-linear capacitor model from a lumped diode DC. 
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 Figure 3 IR IRF530 Mosfet lumped-circuit model
Only CGD is modeled using an external circuit where the non-linear dependence of CGD on VDG is modeled using a RC-model and a diode to model the non-linear curve of the capacitor value.

The reverse recovery of the freewheeling diode is modeled using the internal spice diode model that has the same drawbacks as the reverse recovery model in the spice model in the lumped circuit model for the Philips mosfet model. 

In this model the channel on-resistance is not temperature dependent, however the on-resistance in the internal mosfet model is temperature dependent on the static temperature value given by spice and has the same drawbacks as in the Philips model.

Note that this model is also available for the Saber simulator. Here the same model is used and wrapped as spice model inside a Saber-MAST model, giving exactly the same simulation results as in a spice simulation.

Generally speaking, both models give results when simulating the transient behavior. The temperature of the device has to be known in advance and effects caused by the reverse recovery of the freewheeling diode are only valid during typical operation cycles.

Because of the parasitic components around the semiconductor the effect of the reverse recovery is damped and therefore the model will in many cases be satisfactory. However the parasitic components have to be calculated from the design using a packaging analysis program or using FEM/BEM electromagnetic software.



[1] Figure 4: Selection of a semiconductor model

VIII Ideal Models.

1. There are basically two types of ideal switch models:

2. Standard switch model with conduction losses

3. Switch model including a prediction of the conduction and switch losses

The ideal switch model can be used to predict losses under certain assumptions. Instead of calculating the exact transient waveforms during the simulation, the losses that would occur during the switching process are predicted. Knowledge about the turn-on and turn-off times has to be known and also the temperature dependence of a mosfet on-resistance RDS has to be known.

IV Example

In figure 4 an example is given of an inverter feeding an induction machine, which is driving a pump [2]. In this study the question is to find the efficiency of the whole system for various switching frequencies and different mechanical loads. To carry out these types of simulations a very fast simulator is required, which is basically limited in speed by the complexity of the semiconductor models. Here use is made of a behavior model that can predict losses, but still has a simulation speed nearly equal as when ideal models are used.

Summary

In the paper simulation models for semiconductors are discussed and characterized. The discussion focuses on which type of model would be required for a typical simulation and how to obtain models and / or parameters. 

[2] The main conclusion is that depending on the stage in the design cycle the optimal model has to be chosen, e.g., an ideal model when simulating the overall system behavior and a more detailed behavioral/circuit model for the component stress analysis. 

Although manufacturers provide models freely available for an industry standard simulator, also these models have their drawbacks.
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