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Abstract 
Recently, solid state DC circuit breaker (SSCB) using normally-on SiC-JFET offers a great 
protection device for DC microgrid due to its fast response time (in tens of microseconds) and 
low on-state losses. At the simulation stage, an appropriate model of the SiC-JFET should be 
built in order to reflect correctly behaviors of the breaker during faults and clearing faults 
processes. For instance, the fault clearing time should be in tens of microseconds. This paper 
presents the development of a novel model for commercial normally-on SiC-JFET in solid 
state circuit breaker application. The parameters of the model are first extracted from the 
SiC-JFET experimental data. Afterward, the operation of a SiC-JFET in a prototype of solid 
state breaker is evaluated by comparing the static and dynamic characteristics of SiC-JFET 
model, which is simulated in Matlab/Simulink, to the experimental measurement. Good 
agreement between simulation and experiment has been achieved and confirms the validity of 
the built model of the SiC JFET. 
Keywords: DC circuit breaker, JFET model, normally-on SiC-JFET, SiC-JFET simulation, 
Solid state DC circuit breaker (SSCB). 
___________________________________________________________________________  

I.  Introduction 
In recent years, low voltage DC microgrid becomes favorable due to the advantages of high 
energy efficiency, better integration with renewable energy sources and energy storage 
systems [1]-[3]. Most applications of the DC microgrid can be seen in the buildings, data 
centers, telecommunication stations, renewable energy systems, aircrafts and ships. One of the 
important concerns with DC microgrids is the protection issue. Different from AC grid, DC 
grid employs power converters and DC-AC inverter to control and transfer power flows and 
voltage. Furthermore the length of conductor line is not very high, therefore the inductance in 
DC grid is very small. These lead to higher short-circuit current and higher time rate of rise of 
the fault current in comparison with that of AC grid. Mechanical circuit breakers, which have 
response time in tens of milliseconds seem not to meet the safety requirement of DC 
microgrid. Some studies indicated that solid state DC circuit breakers using power 
semiconductor devices as main switches could overcome this challenge [4]-[6].  
The switching power semiconductor is the key device in the solid state DC circuit breaker. It 
conducts the current at the normal condition and automatically turn-off when the current 
though it ramps beyond permission values. Consequently it should have the ability to block a 
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high voltage when turned off and conduct arbitrarily large current with low on-state power 
loss. In other words, switching devices used in DC circuit breaker should be low 
on-resistance, robustness with short-circuit and robustness with avalanche. 
At first periods, IGCTs and IGBTs are preferred devices for solid state DC breaker due to 
their superior switching characteristics [7]-[9]. However, these solutions remain 
disadvantages in high on-state loss of silicon power devices and small current rating when the 
blocking voltage of breaker increases.  
With the development of wide band-gap power semiconductor devices, solid state DC 
breakers based on SiC, become favorable [10]-[12]. SiC JFETs and MOSFETs exhibit a very 
low on-resistance (from 45 mΩ to 100 mΩ) and possible lower on-losses than Si-IGBT 
solutions. Commercial power devices are available for voltage rating of 1200 V and 1700 V). 
Furthermore, a lot of studies shown good robustness and reliability of SiC devices under 
short-circuit and avalanche condition. Experiments with semiconductor devices under 
repetitive short-circuit conditions were carried out, [13]-[15]. The high critical energy and 
long short-circuit withstand time compared with other devices illustrated that the excellent 
short circuit capability of SiC JFET (see Table I). It is seen that SiC JFET is more appropriate 
semiconductor switch for converters and especially solid state DC circuit breakers. 

TABLE I – ROBUSTNESS WITH SHORT-CIRCUIT AND AVALANCHE OF SOME SEMICONDUCTOR 

DEVICES [13] – [15] 
Parameters Si IGBT SiC MOSFET INFINEON 

SiC JFET 
USCi 
SIC-JFET 

Rating breakdown voltage, V 1200 1200 1200 1200 
On Rating  Von = 1.3 V 25 mΩ 70 mΩ 45 mΩ 

On losses @ 20 A (W) 26 10 28 18 
On Losses @ 20 A with 3 

devices in parallel (W) 
~25 3.3 9.3 6 

Short-circuit withstand time, µs 15-20 18 118  
Critical energy in avalanche 

mode condition, J 
1.95 1.567 8.4 0,9 

Number of repetitive 
non-destructive avalanche 

before destruction 

> 50000 > 10 > 10000 > 10000 

 
For the first 3 devices the critical energy in avalanche mode are estimated from the critical 
energy in short-circuit. The critical energy in avalanche mode was determined by the tests, 
which were carried out in Ampere laboratory for SiC-JFET of USCi, with the value 0.9 J, see 
Figure 1.  
In order to understand the behaviors of JFET in DC circuit breaker, simulation of JFET 
should be firstly done. However, there is few JFET models validated for SiC in the literature. 
A physic-based model for a 4H-SiC JFET implemented in Pspice environment was developed 
by Elisa Platania [16]. This model requires the physical parameters, which depend on device 
geometry and doping, which are usually unpublished by the manufacturers. In 2006, Y. Wang 
presented a SPICE model of SiC JFET [17], in which the parameters are extracted from 
measurement data. This model is simple, convenient, and reliable since it gives reasonably 
sufficient agreement between simulation and experimental results. In our paper, a SiC JFET 
model is developed in Matlab/Simulink. Experimental tests have been implemented to 
validate the model in both static and dynamic conditions. The paper is organized as follows. 
Section II presents mathematical model of JFET in both static and dynamic state, methods to 
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extracted parameters, Simulink model and validation are performed. Part III introduces an 
example of applying proposed model to simulate the operation of a solid state DC circuit 
breaker. Finally, conclusion is given in Section IV. 

 
Figure 1 – Ids and Vds of  SiC-JFET in critical energy test under avalanche mode 

II.   Mathematical model of normally-on SiC JFET 
This section introduces the static and dynamic models based on the equivalent circuit diagram 
of a N-channel JFET model as shown in Figure 2. The model was developed by Y.Wang [16] 
based on the quadratic model JFET Schichman and Hodge [18]. It is composed of a 
voltage-controlled current source, which represents the current flow through drain and source 
poles of JFET, drain resistance Rd, source resistance Rs, gate-drain junction capacitance Cgd, 
gate-source junction capacitance Cgs, two pn-junctions D1, D2. This model is analyzed in 
static state, dynamic state and temperature dependence. Following this, the extraction of 
parameters for the Malab/Simulink model is presented. Lastly, the SiC JFET model is 
validated in both simulation and experiment. 

 
Figure 2 – Equivalent circuit of SiC JFET model  
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1. Static model 
The JFET is a controlled voltage device, in which current flow through drain and source 
terminals (ID) is controlled by two voltages drain-source voltage Vds and gate-source voltage 
Vgs. For each value of Vgs, varying of Vds creates a single ID-Vds characteristic curve. The 
non-linear characteristics of drain current in four operation regions: cut-off region, ohmic 
region, saturation region and breakdown region according to the value of drain-source voltage 
are described in following equations: 
The forward mode (VDS ≥ 0)  

Cutoff region, VGS – Vt0 ≤ 0: 𝑰𝑫 = 𝟎 (1) 

Linear region, 0<VDS<VGS-Vt0: 𝑰𝑫 = 𝜷𝑽𝑫𝑺 𝟐 𝑽𝑮𝑺 − 𝑽𝒕𝟎 − 𝑽𝑫𝑺 𝟏 + 𝝀𝑽𝑫𝑺  (2) 

Saturated region, 0<VGS-Vt0≤VDS: 𝑰𝑫 = 𝜷 𝑽𝑮𝑺 − 𝑽𝒕𝟎 𝟐 𝟏 + 𝝀𝑽𝑫𝑺  (3) 

The inverse mode (VDS < 0) 
Cutoff region, VGS– Vt0 ≤ 0: 𝑰𝑫 = 𝟎 (4) 

Linear region, 0<-VDS<VGS-Vt0: 𝑰𝑫 = 𝜷𝑽𝑫𝑺 𝟐 𝑽𝑮𝑫 − 𝑽𝒕𝟎 + 𝑽𝑫𝑺 𝟏 − 𝝀𝑽𝑫𝑺  (5) 

Saturated region, 0<VGS-Vt0≤-VDS:  𝑰𝑫 = 𝜷 𝑽𝑮𝑫 − 𝑽𝒕𝟎 𝟐 𝟏 − 𝝀𝑽𝑫𝑺  (6) 

Breakdown region: if absolute value of VDS is larger than breakdown voltage, the 
gate-channel junction breakdown, the current increases very rapidly, the avalanche effect may 
destroy the JFET. In this region, ID equals an infinite value. 
The values of threshold voltage Vt0, transconductance parameter β, and channel-length will 
be extracted from the measurement data of JFET in subsection II-3. 

2. Dynamic model 
A gate-drain capacitance and a gate-source capacitance are used to model the gate junction, 
which parameterize the switching behaviour of JFET. Since neither of the two gate junctions 
is normally forward biased, the diffusion charge component stored in the these junctions of 
JFET is negligible. The expression of charges gate-source (Qgs) and gate-drain (Qgd) could 
be in the form of voltage-dependent capacitors Cgd(Vds) and Cgs(Vds) as: 

Cgd(Vds) = Crss(Vds) 
Cgs(Vds) = Ciss(Vds)- Cgd(Vds) 

In this model, capacitors can be simply used zero-bias gate-source capacitance (Cgs0) and 
zero-bias gate-drain capacitance (Cgd0). 

3. Temperature dependence 
Two parameters strongly depending on temperature are threshold voltage Vt0 and drain 
current ID. The variation of threshold voltage according to the temperature is expressed by: 
 𝑉!! 𝑻𝟐  = 𝑉!! 𝑻𝟏 +  𝛼(𝑇! − 𝑇!) (7) 

where T1 = 250C is the standard temperature of JFET; α is the gate threshold voltage 
temperature coefficient. When the temperature increases, the limit of saturation current level 
decreases. This decrease can be expressed by the change of transconductance parameter 
according to the temperature in equation (8). 
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 𝛽 𝑻𝟐  = 𝛽 𝑻𝟏 ∙ 1.01!"#(!!!!!) (8) 

in which βtc is the transconductance exponential temperature coefficient.   

4. Extraction of parameters 
A commercial SiC JFET (UJN-1205K) manufactured by USCi [19] is used for this study. 
Characteristics of this JFET is measured by using a Keysight B1506A power device analyzer 
for circuit design. On-state resistance (RDson) measured at zero bias gate voltage was 45 mΩ 
and breakdown voltage measured at the gate voltage of -20V was 1800V indicates that this 
JFET are suitable for DC circuit breaker. Following that, the JFET parameter extraction 
procedure from the measured data witll be presented.  
From equation (3), if consider λ sufficient small, we get: 
  
 I! = β V!" − V!"  (9) 

The straight line described in the equation (9) can be obtained from the transfer characteristics 
of the device. The intersection point of the line with x-axis points the threshold voltage Vt0, 
and the slope is 𝛽.  
Similarly, from equation (3), we get: 
 𝑔!"#$ =  

𝑑 𝐼!
𝑑 𝑉!"

= 𝛽𝜆 𝑉!" − 𝑉!! ! (10) 

Substituting the previously determined values into equation (10), the channel length 
modulation λ could be estimated. 
To calculate the gate threshold voltage temperature coefficient, the threshold voltage 
measurement and extraction is carried out at room temperature (T1) and T2 = 1250C. The 
coefficient can be calculated by: 
  
 𝛼 =

𝑉!! 𝑇! − 𝑉!! 𝑇!
(𝑇! − 𝑇!)

 (11) 

Likewise, by extracting the transconductance parameters at aforementioned temperatures, 
transconductance exponential temperature coefficient can be obtained by 
  
 

𝛽𝑡𝑐 =
𝑙𝑛 𝛽 𝑇!

𝛽 𝑇!
𝑇2 − 𝑇1 𝑙𝑛1.01

 
(12) 

Finally, drain resistance Rd and source resistance Rs can be selected by a half of RDson. 
The values of extracted model parameters are summarized in Table II. 

5. Matlab/Simulink model 
The Matlab/Simulink model for the UJN-1205K JFET is illustrated in this subsection. It is 
noted that the model can also be applied to JFET in general with extracted parameters 
correspondingly. 
The SiC JFET model is created in Simulink environment as a block shown in Figure 3. There 
are three ports corresponding with three terminals of JFET: Drain (D), Source (S) and G 
(Gate). The block has 5 inputs that are: Mode M in order to select the static mode (M=0) or 
dynamic mode (M=1); Temperature T indicates the temperature value at which the JFET is 
working during the simulation; drain-source voltage Vds which is the voltage applied to the 
JFET, gate-source voltage Vgs is the voltage supplied to the gate of the device, and gate-drain 
voltage Vgd. 
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TABLE II – EXTRACTED PARAMETERS OF JFET MODEL 

Symbol Model parameter Value  Unit 

Vt0 Threshold voltage -8.5 V 
β Transconductance parameter 1.56 AV-1 

λ Channel length modulation parameter 0.0117 V-1 

Rd Drain ohmic resistance 0.0225 Ω 
Rs Source ohmic resistance 0.0225 Ω 

Cgs0 zero-bias gate-source capacitance 11e-10 F 
Cgd0 zero-bias gate-drain capacitance 9e-10 F 
α Threshold voltage temperature coefficient -0.0025 V0C-1 

βtc Transconductance exponential temperature coefficient -0.66 0C-1 
 

 
Figure 3 – SiC JFET block 

The main core of JFET model inside of the SiC-JFET block is displayed in Figure 4. 

 
Figure 4 – SiC JFET model  

The drain current of JFET is controlled by the output of a MATLAB Function block. This 
block calculates the value of drain current in the ohmic region, the linear region, saturated 
region and breakdown region for both forward and inverse modes consider to the variation of 
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temperature through equations (1) to (8). The values of capacitors and resistors appreciate 
with the extracted values in Table II.  
The model can operate in either static or dynamic states due to the selection of M value and it 
also decides which components have to be taken into account to execute the simulation. 

6. Validation of the SiC JFET model 
The proposed SiC JFET model in Matlab/Simulink is validated by following steps. 
Simulation of JFET is first implemented with the proposed model and corresponding 
parameters extracted from the measurement data of UJN-1205K JFET; Experiment on the 
UJN-1205K JFET is then carried out to aquire the necessary voltage and current. Afterwards 
comparison between simulation results and experiment data in both static and dynamic states 
will be made to confirm the proposed model of JFET.    
a. Validation of static characteristic 
As mentioned above, the simulation of JFET is developed with extracted parameters and 
proposed model to obtain ID-Vds characteristic. In the experiment, JFET operates at room 
temperature (250C) and the gate-source voltage is swept from -9V to 0V. Figure 5 illustrates 
simulation and experiment ID-Vds characteristics in continuous and dotted curves, 
respectively. 

 

 

Figure 5 – Static characteristic, simulation results vs experimental results for a normally-on 
JFET  

It is seen that adequate agreement between simulation results and measurments when JFET is 
in on-state at Vgs =0 or blocked at Vgs = -8.5V is obtained. In other cases, although there are 
larger errors between simulation and experiment, acceptable accord can be achieved. 
b. Validation of dynamic characteristic  
The dynamic characteristics of JFET model was confirmed by comparing simulation turn-off 
curves with measurement data, which is obtained from unclamped inductive switching (UIS) 
test. The UIS test was carried out in the following conditions of the test circuit: a DC supply 
voltage of 400 V is supplied; 100 Ω resistor is connected in series with 10µH inductor and 
wired to DUT (Device Under Test); and a single pulse is applied to the gate to make switching 
state, see Figure 6. 
Experiment results and simulation results under UIS turn-off test is illustrated in Figure 7. It is 
seen that the current and voltage fall time in simulation is 0.6µs, which is closed to the 
experiment value of 0.7 µs. Additionally, the oscillation of simulation current is less than that 
of the experiment one. Typically, the high di/dt rate during a turn-off process causes a large 
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voltage spike on JFET drain-source voltage. This voltage is approximately at the level of 
870V in both experiment and simulation. Obviouly, adequate agreement between experiment 
and simulation of JFET in UIS test is achieved. 

 
Figure 6 –Unclamped Inductive Switching test circuit  

 
(a) Measurement                 (b) Simulation  

Figure 7 – Turn off JFET under single pulse unclamped inductive switching test  
The behaviors of JFET in the turn on process is shown in Figure 8. It is seen that the good 
agreement between experiment and simulation of JFET in UIS test with the turn on time 
about 0.5 µs. 

 
(a) Measurement                 (b) Simulation  

Figure 8 – Turn on JFET under single pulse unclamped inductive switching test 
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To sum up, the proposed JFET model in Matlab/simulink can be effectively used to simulate 
behaviors of JFET. Hence, it can be applied to the investigation of JFET operation as well as 
the application of solid state DC circuit breakers and converters. In the next section, an 
application to DC circuit breaker will be shown. 

III.   Application in DC circuit breaker 
The proposed SiC JFET model is employed to simulate the operation of a solid state circuit 
breaker, which uses JFET as a main switch. The short circuit diagram is depiected in Figure 9. 
The operating principle of this circuit breaker is based on the increase voltage between gate 
and source terminals when short circuit occurs. This voltage will be sensed by protection 
driver and fault signal will be sent to turn JFET off [20]. 

 
Figure 9 – Short circuit diargram                        

Simulation results are shown in the Figure 10. It is seen that the system is working at normal 
condition with the load current around 25.8A. There is a short-circuit fault at the time 10 µs. 
The current ramped rapidly to reach a value of 90A, and the JFET starts to interrupt the fault. 
The short-circuit current remained oscillating during about 50 µs . This fast fault clearing time 
can meet the requirement of a solid state circuit breaker. 

 
Figure 10 – Short circuit current  

 
Figure 11–Drains-source voltage during time JFET clearing short circuit fault                              
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The energy store in the inductor can be simply estimated by the equation: 
 𝐸!"#$%& =  

1
2
𝐿 𝐼!"# ! =

1
2
10𝑥10!! 90 ! = 0.0405 𝐽 (13) 

where L is inductance, whose value is shown in Figure 9. Imax is the maximum short-ciruit 
current. In order turn off JFET safely, all stored energy should be dissipated in JFET during 
avalanche. This causes the voltage Vds of JFET to rise up to 1700V (see Figure 11), and enter  
the avalanche mode.  
The energy dissipated in the JFET during avalanche can be obtained by the integral of the 
product between Vds and short-circuit current (or ID) during the period of avalanche: 
 

𝐸!"## =  𝑉!"
!!!!"

!!!
𝑡 ∗ 𝐼!(𝑡)𝑑𝑡 (14) 

In simulation, the dissipated energy in avalanche mode during turn-off of short ciruit current 
is estimated at 0.065J, which is very small in comparison with the JFET critical energy in 
avalanche mode of 0.9J.  
From table I, it can be concluded that all the devices may satisfy the energy constraint. But 
Si-IGBTs have clearly the highest on-losses and there are no advantage to parallel some 
IGBTs. JFETs and MOSFET based on SiC may be paralleled and the on-losses could be 
greatly reduced with respect to IGBT solutions. If SiC-MOSFETs have the best figure for the 
on losses, the robustness in avalanche or short-circuit mode is very poor. The INFINEON 
JFET has the best robustness but it is no longer fabricated. So USCi JFET is the best solution 
and we hope that other manufacturers will supply some better SiC-JFETs in a near future. 

IV.   Conclusions 
In the paper, a model of a normally-on SiC JFET has been developed in Matlab/Simulink 
software. It has been shown that the model can be used adequately to simulate the behaviors 
of a JFET in the either static state with ID-Vds characteristic or dynamic state with switching 
performance. The temperature-dependence operation of JFET can be also investigated by 
using this model. 
The simulation results of JFET operating in a solid state DC circuit breaker has illustrated the 
application of model in terms of the robustness operation of JFET in short-circuit and 
avalanche conditions. 
This offers the avaibility to apply the proposed model in the study of complex systems. Some 
improvements should be added particularly for self-heating and new devices. 
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