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Abstract

:

Accurate models of power electronic converters can greatly enhance the accuracy of hardware-in-the-loop (HIL) simulators. This can result in faster and more cost-effective design cycles in industrial applications. This paper presents a detailed hardware model of the IGBT and power diode at the device level suggested for emulating power electronic converters on a field programmable gate array (FPGA). The static visualization of the IGBT component involves an arrangement of equivalent models for both the MOSFET and bipolar transistor in a cascading configuration. The dynamic aspect is represented by inter-electrode nonlinear capacitances. In an effort to expedite the development process while still producing reliable results, the algorithm for the simulation system was built utilizing FPGA-based rapid prototyping via the HDL Coder in MATLAB software (R2019b). Essentially, the HDL Coder transforms the Simulink blocks of these devices within MATLAB into a hardware description language (HDL) suitable for implementation on an FPGA. To evaluate the suggested IGBT hardware model and the nonlinear circuit simulation technique, a chopper circuit is replicated, and an FPGA-in-the-loop simulation is carried out to compare the efficacy and accuracy of the model with both offline simulation results and real-time simulation results using MATLAB Simulink software and the Altera FPGA Cyclone IV GX development board.
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1. Introduction


Among different simulation models used, HIL simulation has become increasingly significant as a tool for evaluating and prototyping novel power electronic systems. Power electronic system development and testing can be costly and dangerous, particularly for high-power systems. To mitigate these risks, engineers often use HIL simulation to emulate a portion of a system in real time. Using this approach, they combine a computational device or simulator with physical components of the system for real-time simulation. Engineers can examine how a system design interacts with its physical components securely and cost-effectively without needing a physical prototype. The literature containing numerous examples of power electronic systems using HIL and real-time simulation applications can be found in [1,2,3]. However, integrating high frequency, Silicon Carbide (Sic) based switching converters in current power electronic systems poses a challenge because to accurately depict their nonlinear dynamics, short real-time simulation time steps are required. These short time increments place strong constraints on the computing hardware used for the simulation. As a result, there has been a shift towards using FPGAs and Digital Signal Processors (DSPs), which have the ability to perform real-time computation in smaller time steps.



The use of HIL simulation on FPGAs for power electronics converters has become popular as it effectively addresses the difficulties [4,5,6,7] related to the complicated topology of these converters and enables higher switching frequencies [8,9,10,11,12]. However, modeling power electronics converters using this technique can be difficult due to the circuit’s constantly changing topology [13,14,15].



The detailed modeling of complex power system equipment has been successfully achieved using FPGAs, as demonstrated in the literature [16,17,18,19,20,21]. Despite the existence of nonlinear IGBT and diode models for some time, they have rarely been used in the hardware emulation of power converters due to their complexity. Instead, simpler switch models are more commonly used. The two-node architecture, which includes a current source in parallel with resistance [22], has proven to be efficient in two-level voltage-sourced converters. Additionally, in other circuit simulations, the ideal switch model is often used. However, these IGBT and diode models only represent the on and off-state properties and are unable to provide additional data for converter testing. The Look-Up Table (LUT) approach and curve-fitting-based linear switch models [23,24] are used in these models to record the typical switching transients. However, the accuracy of this model is limited by the exclusion of non-linearities, and both models lack adaptability since the electromagnetic environment, along with the stored waveform shapes in the FPGA ROM, cannot be altered, which is typically the case in the gate driver circuit. This highlights the need for adaptable models.



Furthermore, FPGA programming requires specialized knowledge of hardware description language (HDL), making it a demanding and time-consuming task. The HDL Coder tool provided in Matlab/Simulink can be used to generate automated HDL code from a model-based Simulink design, hence providing a faster alternative to hand coding (Figure 1). This allows the engineers/developers to spend more time during the detailed design phase for creating higher-quality fixed-point algorithms. Reducing the need for extensive knowledge of HDL helps in speeding up the FPGA development process considerably [25,26,27,28].



The central contribution of this paper is to introduce a novel power diode and IGBT behavioral models for FPGA. These models are specifically designed for the real-time simulation of rapid transients in power electronics circuits, addressing the aforementioned problems in the models previously used. For automated HDL code generation, the HDL coder tool from Matlab/Simulink is used in this model.



The aim of this research is to propose a methodology and workflow for the hardware emulation of power converters based on FPGA, which includes nonlinear behavioral switch models. The emulation is conducted using the HDL Coder tool provided in Matlab/Simulink. The organization of the paper is outlined accordingly. Section 2 describes the nonlinear behavioral device models. Section 3 demonstrates the Methodology for power electronics using Matlab/Simulink to implement the two models in hardware. Two case studies focusing on the basic device-level simulation of a single IGBT and power diode to verify their hardware are elucidated in Section 4. The conclusion is presented in Section 5.




2. Non-Linear Behavioral Device Model


2.1. Power Diode Non-Linear Behavioral Model


In the literature, a diode pin can be modeled as an equivalent circuit in Figure 2. Reverse-biased diodes behave similarly to variable capacitors, which are modeled by voltage-controlled current sources with RL and L [29]; ROFF models the steady state of the diode during this period. RON represents the on-state resistance, while the voltage at the diode conduction threshold is denoted by VTH. The forward recovery current IF is established with a time constant imposed by the CR capacitor. Notably, when the remaining charge is removed by the reverse current during the reverse recovery phase, the same capacitor interferes, generating oscillations of both current and voltage.



The expression for the reverse current during charge extraction by recombination is defined using the following:


    i   A K     t   = −     d I   F     d t   t +     d I   F     d t     t   0    



(1)




where t0 represents the time when the reverse current reached zero.



At the moment of the second discharge, the representation of the reverse current variation is expressed as follows:


    i   A k     t   = −   I   R R M     e     t −   t   1       τ   L        



(2)




where     τ   L    = L/RL is the time constant, and t1 is the moment the current crosses IRRM.



A development of (1) and (2), together with the formula for the softness factor s, yields Equation (3) for the maximum reverse current IRRM, as well as Formulas (4) and (5) for tL and the transconductance of the voltage-controlled current source.


    I   R R M   =    2   S + 1   .   Q   R R   .     d I   F     d t     



(3)






    τ   L   =   1   l n ⁡ ( 10 )        2 s   2     s + 1       Q   R R         d I   F     d t       



(4)






  G =   1   L      2   s + 1       Q   R R         d I   F     d t       



(5)







G is calculable from [30]:


  G =     R   O N   .   C   F     L    



(6)







For the L inductor to remain unaffected by conduction, the CF capacitor’s energy must be larger than the L inductor’s energy.


    1   2   · L ·   I   F   2   ≪   1   2     ·   R   O N     2   ·   C   F   ·   I   F   2      



(7)







Therefore, the inductance L needs to check the following:


  L ≪     R   O N     2   ·   C   F    



(8)







Manufacturers offer essential data, which may be utilized to identify all parameters using the equations presented in this section. These characteristics are derived from standard circumstances.




2.2. IGBT Behavioral Model


IGBTs have become a popular switching device in many power electronics applications due to their low conduction losses and high switching speeds. An accurate model of an IGBT is essential for analyzing and predicting various device and circuit characteristics, such as transients and power loss. Hefner’s physics-based model [31,32], widely regarded as one of the most comprehensive analytical IGBT models, has been adopted [33] in well-known circuit-level simulators like Saber and PSpice.



This work builds on the model developed in [34,35]; the modeling of IGBT under MATLAB/SIMULINK is based on behavioral analysis. This type of modeling consists of replacing the power component with an electrical network composed of elements such as inductances, resistors, capacities, current and voltage generators, etc. Each element or set of elements in this network reflects a physical phenomenon. This type of model is simpler than analytical and numerical models, as its purpose is not to replicate the various physical phenomena of the semiconductor component. The electric model adapted was examined under the simulators of PSPICE and SABER in previous studies [36]. The proposed model considers the IGBT’s static function as well as its transient behavior resulting from the impact of nonlinear inter-electrode capacities.



According to [34], the electric IGBT model is a hybrid transistor that incorporates the advantages of both a Metal Oxide Semiconductor Field Effect Transistor (MOSFET) at its input and a BJT at its output. This results in the IGBT having high voltage-handling capabilities, low conduction losses of the BJT, and low power control advantages of the MOSFET. The developed model can predict both the static and dynamic behavior of the IGBT. Furthermore, the parameterization of the IGBT can be carried out easily using manufacturer data. This model represents the optimal balance between accuracy and simulation complexity.



2.2.1. Static IGBT Model


The following components make up the static MOSFET model:




	
Jmos: The controlled current source (Imos) represents the drain current.



	
VTH: DC voltage source represents the threshold voltage.



	
RGE: Resistance of the Leakage gate-emitter.



	
RDN: The resistive characteristic of the MOSFET channel, characterized by drain resistance.



	
DG: Diode permits the transition from the off to the on state.



	
DDC: An anti-parallel body diode is represented by a binary resistance RONDC/ROFFDC. It permits the transition from the linear to the saturated zone.



	
According to three scenarios, the VGE voltage controls the MOSFET current:



	
VGE < VTH: The transistor is off,



	
VGE + VCE0 − VTH > VCE is expressed below.










          I   m o s   =   K   p       ( V   G E   −   V   T H   )   ∗     ( V   C E   −   V   C E 0   ) −       ( V   C E   −   V   C E 0     )   2     2     ( 1 + θ   ( V   G E   −   V   T H   ) )    



(9)







	
VGE + VCE0 − VTH < VCE is expressed below.








    I   m o s   =     K   p     2         ( V   G E   −   V   T H   )   2     ( 1 + θ   ( V   G E   −   V   T H   ) )    



(10)




where θ is the correction factor that accounts for the transverse field in the MOSFET channel, and Kp is the transconductance.



The static BJT model for the bipolar component consists of the following:




	
VCE0 is the voltage threshold for the conduction of the base-emitter junction;



	
DP and DE represent base-collector junctions and the base-emitter, respectively;



	
β is the bipolar gain;



	
JPNP is a controlled current source that indicates the bipolar transistor’s current gain.









2.2.2. Dynamic IGBT Model


The static model is expanded with additional components to describe the dynamic behavior of the IGBT. These components include voltage-controlled current sources and non-linear terminal capacitances, representing the load responsible for the tail current (IC) during the turn-off state of the IGBT.



By removing one or two capacitors, constructors offer measuring capacitors between two terminals. The following Equation (11) may be used to calculate the values of the inter-electrode capacitances CGE, CCE, and CGC using the reverse transfer capacitance (CRE), the input capacitance (CIE), and output capacitance (COE).


            C   I E   = C   G E   +   C   G C           C   O E   =   C   C E   +   C   G C           C   R E   =   C   G C         ⇒           C   G E   = C   I E   −   C   R E           C   C E   =   C   O E   −   C   R E           C   G C   =   C   R E          



(11)







The curve of the CGE, CCE, and CGC capacitances is shown in Figure 3. Figure 4 depicts the modified model for these nonlinear capacitances.



The following equations are used to determine the coupling coefficients GGC and GCE:


    G   G C     =     R   o n G C       C   G C m a x       L   G C      



(12)






    G   C E   =     R   o n G C       C   C E m a x       L   G C      



(13)







The following equations are used to calculate the CGC capacity parameters:


    R   O N G C   ≫     V   C E S         C   G C m a x       d V   C G C       d t      



(14)






    R   O F F G C   ≫     V   C E S         ( C   G C m i n   −   C   G C   )     d V   C G C       d t      



(15)






    L   G C   ≪   R   O N G C   2     C   G C m a x    



(16)







The CCE parameters are calculated using Equations (6)–(8).



The bipolar component is approximated by a controlled current source Gt (Figure 4), where Equation (17) provides the coupling coefficient Gt:


    G   t   =     R   o n D E   ·   C   B E       L   B E      



(17)




where CBE denotes the bipolar component that stores charges, CBERonDE = toff. toff is determined using device datasheets.



Figure 4 depicts the investigated IGBT model.



The parameters for the model under investigation are obtained from technical specifications, established mathematical formulas, and then fine-tuned using a stochastic algorithm within Matlab [34].






3. Design Methodology for Power Electronics


FPGAs are programmable logic devices composed of numerous simple logic elements (LEs). A high-speed Hardware Description Language (VHDL) can be used to program these LEs. The VHDL code is used to form logical functions by connecting individual LEs. Signal propagation delays and the number of LEs used are the main constraints of FPGA technology, but advancements in FPGAs have reduced propagation latency and increased the number of LEs available. The current market leaders in FPGA technology are AMD and Altera, offering various FPGA boards and kits.



Simscape HDL Workflow Advisor and HDL Coder are able to generate HDL code from the Simscape model for deploying on FPGA hardware. The Advisor translates the Simscape model to a Simulink implementation model that HDL Coder uses to generate HDL code.



Converting the Simscape model to HDL code enables the following:




	
Leverage the physical system modeling capabilities of Simscape;



	
Rapidly prototype models using the configuration and parallelism capabilities of the FPGA;



	
Simulate the HDL implementation in real time with hardware-in-the-loop (HIL).








Before executing the Simscape HDL Workflow Advisor, the network must be configured to rule out delays and execution parameters that are enabled.



The complex physical systems can be modeled and deployed in Simscape while converting the models into HDL code. Figure 5 shows the workflow diagram of the functionalities at various stages:



Each module must leverage the physical models in the Simscape library to guarantee the generation of HDL code for FPGA calls. While building the model, non-nonlinear modules cannot be used. The backward Euler method is adopted using the numerical integration algorithm.



3.1. State Space Model Generation


Before translating the Simscape model to an HDL low-level model, simulation verification must be performed after its successful development. The conversion of the physical model to a corresponding state-space model can be achieved by enabling HDL Workflow Advisor by typing “sschdladvisor(gcs)” on the MATLAB command. The configuration of the Configuration Solver must be examined to determine whether the Simscape model contains nonlinear modules or not. The same flow chart in Figure 6 illustrates the conversion procedure. The state space equation is then extracted and discretized. Once the discrete state space model is constructed, the program identifies the number of valid modes in the Simscape model and its input and output states.



Once the HDL algorithm is validated, comparing the functionality of the HDL implementation model to the original Simscape algorithm, then HDL code can be generated for the implementation model. Using makehdl (‘gmStateSpaceHDL_current_model/HDL Subsystem’) MATLAB command prompt.




3.2. FPGA in the Loop Model Generation


Researchers widely use simulation tools that give the ideal tools to simulate any system without the risk of damage. The simulation is carried out via electronic design automation (EDA). The EDA simulator link presents a verification interface between the HDL simulator (and FPGA board) and Simulink (Matlab) tools. Using co-simulation, the verification operation between the Verilog HDL design and the Matlab/Simulink model is achieved. Using the EDA simulator link allows researchers to implement hardware verification on the FPGA board using FPGA in the loop (FIL) simulation. The Matlab/Simulink environment provides the toolbox and functions for HDL and FIL.



FIL has both hardware and software benefits and their approach. The FIL utilized the capabilities of Matlab/Simulink during co-simulation processing. The algorithm runs in real time when loaded on the FPGA board using FIL. During FIL processing, system components like power electronics, sensors, and other electrical elements are simulated on Matlab/Simulink.



HDL describes electronic circuits in terms of the circuit’s operation, design, and tests to verify its operation using simulation. At the first step of the code conversion process, the new design ideas and algorithms are represented in terms of mathematical models and are tested in MA TLAB/Simulink floating point data types. The real HDL code generation process starts by modeling the model in MATLAB Simulink using an HDL Coder library. The components and blockset supported in HDL Coder can be found by typing hdllib in the command window. Figure 7 shows the code conversion and verification process in MATLAB Simulink HDL Coder.



Once the Simulink model is created, HDL Workflow Advisor guides in a step-by-step process to generate code from the model. Moreover, it helps to check various other parameters and setting that is required for optimal code generation and verification.



The following steps in the HDL Workflow Advisor are essential and should be performed with caution [37].



	➢

	
Set Target Device and Synthesis Tool: You must select the correct target platform for your project. If you are using a custom board that is not supported by the Matlab Add-Ons, you must first install a custom board definition before you can proceed.




	➢

	
Set Target frequency: You need to choose the clock frequency that will be used in the code that will be generated for the FPGA. This frequency can usually be set to the highest sampling frequency used in the code, which is the time it takes the FPGA to sample a signal.




	➢

	
Prepare Model for HDL Code Generation: Follow the steps and accept the changes that are proposed. An error called “Abnormal exit” may occur during these steps. This problem is related to the Scope, and it can be resolved by erasing the Scope.




	➢

	
Check Block Compatibility: If delay balancing is enabled globally, this task does not require any user input. However, if delay balancing is disabled globally and only enabled locally, a warning will be generated during this step. To avoid the verification from being blocked, the “Ignore warnings” option must be set.




	➢

	
FPGA-in-the-loop Implementation: This section allows you to customize the FPGA-in-the-loop process. You can add additional files to the table below, such as HDL Coder black-box source code, custom FPGA design tool scripts, and/or constraint files. The last step of the process is to build the FPGA-in-the-loop code. This step can sometimes fail, even if all of the previous steps were successful. The most common problems are VHDL syntax errors, insufficient disk space, or insufficient permissions to write to the folder.




	➢

	
Program Target Device: This step facilitates the loading of the bitstream onto the FPGA. The loading process can be accomplished either using a JTAG connection or by employing a network connection to the host computer via the “Download” option.







The generated HDL code is implemented on the FPGA. The Simulink reference model simultaneously sends input signals to the FPGA, and its output signals are returned from the FPGA. The board must be properly connected to the computer. Connections can be made using a JTAG-USB cable, Ethernet cable, or PCI-Express, depending on the board. The output signals from the FPGA are feedback to Simulink. This involves generating the input signals to the FPGA and analyzing its output signals in Simulink. With the FPGA in the loop, you can compare the implementation in the FPGA with the Simulink reference model. The HDL Workflow Advisor enables you to choose the board and create the system in Simulink. You can select one of the supported boards or customize the board you want to use. This technique provides the advantage of testing the system on the FPGA without the need for oscilloscopes or logic analyzers.





4. Case Study and Validation


To validate the VHDL code of this case study, we use the DE1-SoC board from Altera. A combination of necessary technical details was compiled using the User Manual [38]. Once the code is generated and loaded onto Fpga, it is time to test it by running the simulation (Figure 8).



4.1. Single Diode


As illustrated in Figure 9, the diode turn-on and turn-off transient characteristics as well as the DC mode behaviors are achieved using a resistance load and a square wave voltage source. The test circuit and diode parameters are shown in Table 1. Actually, the diode utilized in this circuit is already illustrated in Figure 2. The board resource usage of the circuit implementation is listed in Table 2.



The steady-state results and transient-state results using Matlab toolbox and FIL are shown in Figure 10 and Figure 11. The current and voltage diode results using the FIL are the same as the results using the Matlab toolbox. In addition, diode transient-state results acquired are compared to those of Simulink. As seen, the FPGA-based loop simulation results are similar to the outputs of the Simulink simulation.




4.2. Single IGBT


This case study focuses on the basic device-level simulation of an IGBT to validate its hardware model. As shown in Figure 12, with a resistance load, a square wave voltage source at the gate, and a DC voltage source in the test circuit, the IGBT steady-state behaviors as well as the turn-on and turn-off transient characteristics can be observed. The IGBT device selected in this circuit is the IRGBC20U (Figure 4). The test circuit and diode parameters are shown in Table 3. The board resource usage of the circuit implementation is listed in Table 4.



The steady-state voltage, steady-state collector current, and IGBT instantaneous power dissipation results using the Matlab toolbox and FIL are shown in Figure 13 and Figure 14. The transient-state voltages and currents results using the FIL are the same as the results using the Matlab toolbox. In addition, the transient-state voltages and currents results acquired are compared to those of Simulink. As seen, the FPGA-based loop simulation results are similar to the outputs of the Simulink simulation.





5. Conclusions


In this paper, we presented a method for hardware emulation of a device-level nonlinear behavioral IGBT model and power diode. The proposed method uses the HDL Workflow Advisor and Simscape tool to convert the HDL Subsystem to an FPGA and the simulation model to a state space model. This approach reduces development time and costs, and it also enables FPGA in-loop simulation without the need for a challenging hardware programming language.



The proposed method was verified via a circuit simulation in Matlab/Simulink. The results showed that the hardware emulation was in agreement with the simulation results, and it also had a faster performance on an FPGA compared to an offline computer program.



The proposed method is a valuable tool for the design and optimization of power electronic circuits. It allows designers to simulate the behavior of the circuit with a high degree of accuracy, which can help to ensure that the circuit will operate as desired.



The proposed method is also a promising approach for future research on FPGA code automation and power electronics transient simulation.
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Figure 1. Comparison of model-based design and manual workflow timelines for FPGA prototyping [25]. 
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Figure 2. Structure of pin diode behavioral model. 
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Figure 3. Curves of capacitances between terminals for the commercial IGBT IRGBC20U. 
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Figure 4. IGBT electrical model. 
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Figure 5. Simscape hardware-in-the-loop workflow. 
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Figure 6. Model generation flow chart. 
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Figure 7. Flowchart of FIL processing. 
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Figure 8. FIL Test. 
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Figure 9. Test circuit for diode. 
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Figure 10. Steady-state off-line simulation Matlab/Simulink: diode voltage and current at the on and off mode. 
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Figure 11. Steady-state FIL simulation results: diode voltage and current at the on and off mode. 






Figure 11. Steady-state FIL simulation results: diode voltage and current at the on and off mode.



[image: Designs 07 00115 g011a][image: Designs 07 00115 g011b]







[image: Designs 07 00115 g012] 





Figure 12. Test circuit for IGBT. 
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Figure 13. Single IGBT device-level offline simulation results in Simulink: (a) steady-state voltage and collector current; (b) IGBT instantaneous power dissipation. 
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Figure 14. Single IGBT device-level FIL simulation results: (a) steady-state voltage and collector current; (b) IGBT instantaneous power dissipation. 
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Table 1. Test circuit and diode parameters.
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	Test Circuit Parameters





	Vpulse = ±1 V, (f = 2.5 kHz, width = 200 μs, period = 400 μs), Rg = 5 Ω



	Diode Parameters



	RON = 6.57 × 10−3 Ω, ROFF = 1 × 108 Ω, VS = 1.18 V, G = 1.317 × 103 Ω−1, RL =1.85 × 10−3 Ω, L = 10−10 H, CR = 100 pF










 





Table 2. Diode Test Circuit Hardware Resources utilization.
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	Multipliers
	17



	Adders/Subtractors
	274



	Registers
	1545



	Total 1-Bit Registers
	14,373



	RAMs
	0



	Multiplexers
	2423



	I/O Bits
	100



	Static Shift operators
	0



	Dynamic Shift operators
	34










 





Table 3. Test circuit and IGBT parameters.
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	Test Circuit Parameters





	Vpulse = ±15 V, (f = 2.5 kHz, width = 200 μs, period = 400 μs), R = 30 Ω; Rg = 30 Ω; VDC = 100 V



	IGBT Parameters



	VCE0 = 1.6119 V, VTH = 5.3 V, θ = 8.10 × 10−2, KP = 1.6166, βPNP = 1.349 × 10−1, RDN = 2.0 × 10−3 Ω, Gp = 3.830, RONDE = 8.04 × 10−2 Ω, ROFFDC = 4.690 × 106 Ω, RONDC = 3.893 × 10−1 Ω, ROFFDP = 9.361 × 105 Ω, RONDP = 8.00 × 10−3 Ω










 





Table 4. IGBT test circuit hardware Resources utilization.
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	Multipliers
	134



	Adders/Subtractors
	2175



	Registers
	20,459



	Total 1 Bit Registers
	371,253



	RAMs
	0



	Multiplexers
	19,297



	I/O Bits
	260



	Static Shift operators
	0



	Dynamic Shift operators
	274
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