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Abstract. This paper proposes a State Space Model for a power a Silicon
Carbide (SiC) MOSFET. The model uses the electrical EKV MOSFET
structure. The model is developed for the SiC MOSFET C2M0025120D
CREE (1200V, 90A) and uses the parameters extracted from datasheet
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1 Introduction

In high power applications, Silicon (Si) circuits are more and more replaced by
SiC MOSFET devices. The wide range of operation lead to parameter variations,
inherent perturbations and constraints which affect behavior of the components.
Then disposal of good simulation models are necessary to get realistic simulations
and accurate results.

The increasing use of switching devices in converters in power systems give
more abilities but results in complex control problems related to nonlinearities
involved and distortion in the electric network. Non robust controls result in a
degradation of the power factor and generate voltage and current disturbances
which have a different frequency than the fundamental. The state space models
are helpful for systems analysis advanced controllers design. Up to now and to the
best of our knowledge, the only author talking about state space representation
for a MOSFET is Karvonen [1,2]. The model used, is based on SPICE® equations
of discrete elements whose values are extracted from datasheet. But only the
state vector is presented in the paper and in the thesis. The author uses the
Modified Nodal Analysis (MNA) [3,4]. The state space equation have never been
developed for MOSFETs and proposed in literature.

In this paper, we propose state space representations, for a SiC MOSFET,
deduced from a circuit model we have recently proposed [5, 6], based on the
well known EKV MOSFET model [7]. The model is developed for the SiC
MOSFET transistor C2M0025120D CREE (1200V, 90A) [8] and is implemented
in Matlab/Simulink simulation softwares to allow easy control design for SiC
MOSFET based applications. The results show that the proposed model is the
most interesting to develop advanced controllers, compared to all the literature
existing models.
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2 SiC MOSFET Model

2.1 The Modelling Context

The MOSFET Models Several simulators have been proposed to describe
the device conception and its behaviour. In [9], we find for an electro thermal
simulator integrated into the environment. This is based on the use of the
Verilog-A description language and the SKILL script language. The VERILOG-A
language is used for modeling electrical components and for thermal modeling.
Circuit design does not require all details which make such models very slow to
run. The EKV model is an accurate mathematical MOSFET model developed by
C. C. Enz, F. Krummenacher and E. A. Vittoz based in the 1980s, which takes
into account physical properties [7].

The manufacturers propose as much as possibles models for their new circuits.
Recently CREE proposed an LTspice simplified models for SiC MOSFETs like
the one we are interested in [8]. The models proposed in Psim, Pspice, LMS
AMESIM, Saber simulation softwares are often redundant, need solvers and
complex. Linearized models are valid only in a restricted area. In order to get
credible results based on simulations, we need to have accurate models, with
acceptable precision.

In [1]the proposed MOSFET model is base on combined nodal and voltage
loops analysis to get the equivalent circuit equations (by applying Kirchhoff’s
laws) to evaluate the states and their derivatives [10]. The main contribution
of [2] is the Gate-Drain capacitance characterization and its dependance on the
current flow.

2.2 The nominal Electric Model

The electrical model of a SiC MOSFET proposed in [5] is based on the EKV’s
one. The electric equivalent circuit of figure 1 summarizes the model description
like it has been used in physical modeling based simulation softwares like Saber,
Pspice and Psim. The Source, Gate and Drain voltages are respectively 𝑉𝑆 , 𝑉𝐺 et
𝑉𝐷 . The resistance 𝑅𝐺 estimates the gate losses as well as 𝑅𝐷 and 𝑅𝑆 are used
to account for losses at the Source and Drain electrodes. The circuit includes also
3 inductors in series with the electrodes (𝐿𝐺, 𝐿𝐷, 𝐿𝑆) to describe the behavior
at high frequencies.

In this model, we used parameters extracted from the data-sheet [5,6]. The
model accounts for a MOSFET operation in 3 regions. It is composed by two cur-
rent sources 𝐼𝐺1 and 𝐼𝐺2. For interpolation between these 3 regions of operation,
a linear combination of logarithmic functions is used by EKV. The specific current
is 𝐼𝑠0 = 2.𝑉 2

𝑡ℎ.𝐾𝑠.𝑔𝑚. The Drain-Source current (𝐼𝐷𝑆), in the EKV MOSFET
model, is defined by equation (??), as the difference between the direct 𝐼𝐺1 (2)
and the reverse one 𝐼𝐺2 (3) [6].
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Fig. 1. Electric model of the SiC MOSFET (C2M0080120D)

𝐼𝑀 = 𝐼𝐺1(𝑉𝑝 − 𝑉𝑆) − 𝐼𝐺2(𝑉𝑝 − 𝑉𝐷) (1)

𝐼𝐺1 = 𝐼𝑠.𝑔𝑚.

[︂
𝐿𝑛(1 + 𝑒𝑥𝑝

𝑉𝑝 − 𝑉𝑠

2𝑉𝐷𝑆
)
]︂2

(2)

𝐼𝐺2 = 𝐼𝑠.𝑓𝑡.

[︂
𝐿𝑛(1 − 𝑒𝑥𝑝

𝑉𝑝 − 𝑉𝐷

2 )
]︂2

(3)

𝑔𝑚 is the transconductance, 𝐾𝑠 is the slope factor, 𝑉𝑝 = (𝑉𝐺−𝑉𝑡ℎ)
𝐾𝑠

the pinch
voltage with 𝑉𝑡ℎ the thermodynamic reference voltage and 𝑓𝑡 the internal thermal
voltage.

The following electric equations corresponding to the figure (1) can then be
obtained applying the Kirchhoff laws for each current node and voltage loop
of the circuit. The equation system is redundant and non linear. Let us note
𝜉𝜖 {0, 1} a state control variable introduced to switch betokening the ON/OFF
states. We have 𝜉 = 1 when the MOSFET is in ON state and respectively 𝜉 = 0
when the MOSFET is in the OFF state.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑉𝐺𝐺 = 𝐿𝐺
𝑑𝑖𝐺

𝑑𝑡 + 𝑅𝐺𝑖𝐺 + 𝑉𝐺𝑆 + 𝑉𝑆

𝑉𝐷𝐷 = 𝐿𝐷
𝑑𝑖𝐷

𝑑𝑡 + 𝑅𝐷𝑖𝐷 + 𝑉𝐷𝑆 + 𝑉𝑆

𝑉𝐷𝐷 − 𝑉𝐺𝐺 = 𝐿𝐷
𝑑𝑖𝐷

𝑑𝑡 + 𝑅𝐷𝑖𝐷 + 𝑉𝐷𝐺 − 𝐿𝐺
𝑑𝑖𝐺

𝑑𝑡 − 𝑅𝐺𝑖𝐺

𝑉𝑆 = 𝐿𝑆
𝑑𝑖𝑆

𝑑𝑡 + 𝑅𝑆𝑖𝑆

𝑉𝐷𝑆 = 𝜉.𝑅𝐷𝑆𝑜𝑛𝐼𝑀

𝑖𝐷𝑆 = 𝐶𝐷𝑆
𝑑𝑉𝐷𝑆

𝑑𝑡

𝑖𝐺𝑆 = 𝐶𝐺𝑆
𝑑𝑉𝐺𝑆

𝑑𝑡

𝑖𝐷𝐺 = 𝐶𝐷𝐺
𝑑𝑉𝐷𝐺

𝑑𝑡

𝑖𝐺 = 𝐶𝐺𝑆
𝑑𝑉𝐺𝑆

𝑑𝑡 − 𝐶𝐷𝐺
𝑑𝑉𝐷𝐺

𝑑𝑡

𝑖𝐷 = 𝜉.𝐼𝑀 + 𝐶𝐷𝐺
𝑑𝑉𝐷𝐺

𝑑𝑡 + 𝐶𝐷𝑆
𝑑𝑉𝐷𝑆

𝑑𝑡

𝑖𝑆 = 𝜉.𝐼𝑀 + 𝐶𝐺𝑆
𝑑𝑉𝐺𝑆

𝑑𝑡 + 𝐶𝐷𝑆
𝑑𝑉𝐷𝑆

𝑑𝑡

(4)

The Modified Nodal Analysis (MNA) is in general used to solve this set of
simultaneous, redundant and non linear equations [3,4] by selecting appropriate
variables. The best formulation, to avoid redundancy, computation burden and
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singularities, for simulation and the control design, is the state space form, after
simplifying the model.

The inputs are the voltage sources (𝑢(𝑡) = [𝑉𝐺𝐺, 𝑉𝐷𝐷]𝑇 ) and the outputs
may be all the state variables ( 𝑖𝐺, 𝑖𝐷, 𝑖𝑆 , 𝑉𝐺𝑆 , 𝑉𝐷𝐺, 𝑉𝐷𝑆 ) or only some of them
as needed by the application considered.

2.3 State Space SiC MOSFET Model

The SiC MOSFET inputs are the two voltage sources (𝑉𝐷𝐷,𝑉𝐺𝐺). The MOSFET
model is in general implemented as an electric circuit (see Fig. 1) completed with
an appropriate elements to switch between ON and OFF states and introducing
the non linear current of equation (??) [1]. The system of equation (4) deduced by
application of Kirchoff’s laws is redudant and has different time and values scales.
The input, the outputs and the state equation have to be carefully selected.

First State Space formulation trial The SiC MOSFET circuit is made of six
energy storage elements (3 capacitances and 3 inductances). Storage elements
are obviated in the system equations (4). The corresponding energy storage
variables are, in nature, the internal system states (to be used for the state space
representation).

We can keep as state variables the 3 currents (charging the capacitances) and
the 3 voltages (inductors), which seem, a priori, independant. The chosen state
vector 𝑋 is then composed by 𝑣1 and 𝑣2.

𝑣1 =
[︀
𝑖𝐺 𝑖𝐷 𝑖𝑆

]︀𝑇
𝑎𝑛𝑑 𝑣2 =

[︀
𝑉𝐺𝑆 𝑉𝐷𝐺 𝑉𝐷𝑆

]︀𝑇 (5)

𝑋 =
[︀
𝑖𝐺 𝑖𝐷 𝑖𝑆 𝑉𝐺𝑆 𝑉𝐷𝐺 𝑉𝐷𝑆

]︀𝑇 (6)

Let us keep only a minimum of independant equations (3 for voltages Differ-
ential Equations (DAE) and 3 for currents ones):

⎧⎨⎩ 𝐿𝐺
𝑑𝑖𝐺
𝑑𝑡

+ 𝐿𝑆
𝑑𝑖𝑆
𝑑𝑡

+ 𝑉𝐺𝑆 + 𝑅𝐺𝑖𝐺 + 𝑅𝑆𝑖𝑆 = 𝑉𝐺𝐺

𝐿𝐷
𝑑𝑖𝐷
𝑑𝑡

− 𝐿𝐺
𝑑𝑖𝐺
𝑑𝑡

− 𝑅𝐺𝑖𝐺 + 𝑅𝐷𝑖𝐷 + 𝜉.𝑅𝐷𝑆𝑜𝑛𝐼𝑀 − 𝑉𝐺𝑆 = 𝑉𝐷𝐷 − 𝑉𝐺𝐺
𝑑𝑖𝑆
𝑑𝑡

= 𝑑𝑖𝐷
𝑑𝑡

+ 𝑑𝑖𝐺
𝑑𝑡

(7)

⎧⎨⎩
−𝐶𝐷𝐺

𝑑𝑉𝐷𝐺

𝑑𝑡 + 𝐶𝐺𝑆
𝑑𝑉𝐺𝑆

𝑑𝑡 = 𝑖𝐺

𝐶𝐷𝑆
𝑑𝑉𝐷𝑆

𝑑𝑡 + 𝐶𝐺𝑆
𝑑𝑉𝐺𝑆

𝑑𝑡 = 𝑖𝑆 − 𝜉.𝐼𝑀
𝑑𝑉𝐷𝑆

𝑑𝑡 − 𝑑𝑉𝐷𝐺

𝑑𝑡 − 𝑑𝑉𝐺𝑆

𝑑𝑡 = 0
(8)

We get then{︃
�̇�1 = −𝑀−1

1 𝐾1𝑣1 − 𝑀−1
1 𝐾2𝑣2 + 𝑀−1

1 𝑢1 + 𝜉.𝑀−1
1 𝑅𝐷𝑆𝑜𝑛𝑢2

�̇�2 = −𝑀−1
2 𝐾3𝑣1 + 𝑀−1

2 𝑢2
(9)

which gives us the state space representations of the electric part of the model
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�̇� = 𝐴𝑋 + 𝐵𝑢 (10)

The matrices are as follows

𝑀1 =

⎡⎣ 𝐿𝐺 0 𝐿𝑆

−𝐿𝐺 𝐿𝐷 0
−1 −1 1

⎤⎦ , 𝐾1 =

⎡⎣ 𝑅𝐺 0 𝑅𝑆

−𝑅𝐺 𝑅𝐷 0
0 0 0

⎤⎦ (11)

𝐾2 =

⎡⎣ 1 0 0
−1 0 0
0 0 0

⎤⎦ 𝑎𝑛𝑑 𝑢1 =

⎡⎣ 𝑉𝐺𝐺

𝑉𝐷𝐷 − 𝑉𝐺𝐺

0

⎤⎦ (12)

and

𝑀2 =

⎡⎣ 𝐶𝐺𝑆 −𝐶𝐷𝐺 0
𝐶𝐺𝑆 0 𝐶𝐷𝑆

−1 −1 1

⎤⎦ 𝑎𝑛𝑑 𝑢2 =

⎡⎣ 0
−𝐼𝑀

0

⎤⎦ (13)

𝐾3 =

⎡⎣ −1 0 0
0 0 −1
0 0 0

⎤⎦ (14)

Computing the inverse matrices 𝑀−1
1 et 𝑀−1

2 , we get the A matrix

𝐴 =

⎡⎢⎢⎢⎢⎢⎢⎣

−𝑅𝐺(𝐿𝐷+𝐿𝑆)
𝑑1

𝑅𝐷𝐿𝑆
𝑑1

−𝑅𝑆𝐿𝐷
𝑑1

−𝐿𝐷−𝐿𝑆
𝑑1 0 0

𝑅𝐺𝐿𝑆
𝑑1

−𝑅𝐷(𝐿𝐺+𝐿𝑆)
𝑑1

−𝐿𝐺𝑅𝑆
𝑑1

𝐿𝑆
𝑑1 0 0

−𝑅𝐺𝐿𝐷
𝑑1

−𝑅𝐷𝐿𝐺
𝑑1

−𝑅𝑆(𝐿𝐷+𝐿𝐺)
𝑑1

−𝐿𝐷
𝑑1

0 0
𝐶𝐷𝑆

𝑑2
0 𝐶𝐷𝐺

𝑑2
0 0 0

−(𝐶𝐷𝑆+𝐶𝐺𝑆)
𝑑2

0 𝐶𝐺𝑆
𝑑2

0 0 0
− 𝐶𝐺𝑆

𝑑2
0 𝐶𝐷𝐺+𝐶𝐺𝑆

𝑑2
0 0 0

⎤⎥⎥⎥⎥⎥⎥⎦ (15)

This state space representation offers a very bad numerical conditionning.
We can remark that we have two null eigen values 𝜆1 = 𝜆2 = 0. This means
that there are two integrators in the process. This will integrate twice all the
numerical computation errors. There are two big complex conjugate eigen values,
in the A matrix which are for our case: 𝜆3 = 𝜆*

34 = −1.1250𝑒 + 08 + 1.0468𝑒 + 08𝑖.
The last two eigen values are the bigest and the smallest ones 𝜆5 = −87.903𝑒+06
and 𝜆6 = 8.4371𝑒 − 09. They have as ratio 𝜆1

𝜆2
= −1.0419𝑒 + 16 which show us

that this matrix is very badly conditionned for simulation omputings.
This proves that this state space form cannot be used in simulations because

of the numerical problems; this justifies the need of the NDA approach [1].

Second State Space formulation The fact we got two zero eigen values
means that special relations exist between the state variables considered and
inputs. Effectively we can remark that in the system equations we have Algebraic
equations mixed with differential equations. The previous system 4 can then be
rewretten to emphasize the Differential and Algebraic Equations (DAE). We
can observe, in the oridnary differential equations (ODEs) of 16 and 17, that
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dependence of the three currents and the three voltages is obvious. Each one of
those systems has then only 2 independent ODEs, as their third one expresses
only the difference beetwen the previous ones.⎧⎨⎩ 𝐿𝐺

𝑑𝑖𝐺
𝑑𝑡

+ 𝐿𝑆
𝑑𝑖𝑆
𝑑𝑡

+ 𝑅𝐺𝑖𝐺 + 𝑅𝑆𝑖𝑆 + 𝑉𝐺𝑆 = 𝑉𝐺𝐺

𝐿𝐷
𝑑𝑖𝐷
𝑑𝑡

+ 𝑅𝐷𝑖𝐷 + 𝑉𝐷𝑆 + 𝐿𝑆
𝑑𝑖𝑆
𝑑𝑡

+ 𝑅𝑆𝑖𝑆 = 𝑉𝐷𝐷

𝑖𝐷 = 𝑖𝑆 − 𝑖𝐺 = 𝑖𝐷𝐺 + 𝑖𝐷𝑆 + 𝜉.𝐼𝑀

(16)

⎧⎨⎩ −𝐶𝐷𝐺
𝑑𝑉𝐷𝐺

𝑑𝑡 + 𝐶𝐺𝑆
𝑑𝑉𝐺𝑆

𝑑𝑡 = 𝑖𝐺

𝐶𝐷𝑆
𝑑𝑉𝐷𝑆

𝑑𝑡 + 𝐶𝐺𝑆
𝑑𝑉𝐺𝑆

𝑑𝑡 = 𝑖𝑆 − 𝜉.𝐼𝑀

𝑉𝐷𝑆 = 𝑉𝐷𝐺 + 𝑉𝐺𝑆

(17)

So we can remark that the variables 𝑖𝐷 and 𝑉𝐷𝑆 (respectively) can be
deduced by algebraic equations from the state variables 𝑣1 =

[︀
𝑖𝐺, 𝑖𝑆

]︀𝑇 and
𝑣2 =

[︀
𝑉𝐺𝑆 , 𝑉𝐷𝐺

]︀𝑇 (respectively). In addition these equations include the system
non linearities and thermal dependances and variations. We can replace 𝑖𝐷 =
𝑖𝑆 −𝑖𝐺 = 𝑖𝐷𝐺+𝑖𝐷𝑆 +𝐼𝑀 . The same can be done for the voltage 𝑉𝐷𝑆 = 𝑉𝐷𝐺+𝑉𝐺𝑆

which imposes the inherent EKV current sources. Then we get the following ODE
systems become

{︂
𝐿𝐺

𝑑𝑖𝐺

𝑑𝑡 + 𝐿𝑆
𝑑𝑖𝑆

𝑑𝑡 + 𝑅𝐺𝑖𝐺 + 𝑅𝑆𝑖𝑆 + 𝑉𝐺𝑆 = 𝑉𝐺𝐺

−𝐿𝐷
𝑑𝑖𝐺

𝑑𝑡 + (𝐿𝐷 + 𝐿𝑆) 𝑑𝑖𝑆

𝑑𝑡 − 𝑅𝐷𝑖𝐺 + (𝑅𝐷 + 𝑅𝑆) 𝑖𝑆 + 𝜉.𝑅𝐷𝑆𝑜𝑛𝐼𝑀 = 𝑉𝐷𝐷

(18){︂
𝐶𝐺𝑆

𝑑𝑉𝐺𝑆

𝑑𝑡 − 𝐶𝐷𝐺
𝑑𝑉𝐷𝐺

𝑑𝑡 − 𝑖𝐺 = 0
(𝐶𝐺𝑆 + 𝐶𝐷𝑆) 𝑑𝑉𝐺𝑆

𝑑𝑡 + 𝐶𝐷𝑆
𝑑𝑉𝐷𝐺

𝑑𝑡 − 𝑖𝑆 = −𝜉.𝐼𝑀
(19)

Finally {︃
�̇�1 = −𝑀−1

1 𝐾1𝑣1 − 𝑀−1
1 𝐾2𝑣2 + 𝑀−1

1 𝑢1

�̇�2 = −𝑀−1
2 𝐾3𝑣1 + 𝜉.𝑀−1

2 𝑢2
(20)

The matrices are as follows

𝑀1 =
[︂

𝐿𝐺 𝐿𝑆

−𝐿𝐷 𝐿𝐷 + 𝐿𝑆

]︂
, 𝐾1 =

[︂
𝑅𝐺 𝑅𝑆

−𝑅𝐷 𝑅𝐷 + 𝑅𝑆

]︂
(21)

𝐾2 =
[︂

1 0
0 0

]︂
𝑎𝑛𝑑 𝑢1 =

[︂
𝑉𝐺𝐺

𝑉𝐷𝐷

]︂
(22)

and

𝑀2 =
[︂

𝐶𝐺𝑆 −𝐶𝐷𝐺

𝐶𝐺𝑆 + 𝐶𝐷𝑆 𝐶𝐷𝑆

]︂
𝑎𝑛𝑑 𝑢2 =

[︂
0

−𝐼𝑀

]︂
(23)

𝐾3 =
[︂

−1 0
0 −1

]︂
(24)

The matrices determinants are 𝑑1 = 2.7900.10−16 and 𝑑2 = 2.1135.10−19

(respectively for 𝑀1 and 𝑀2) which means than we have interest to simulate the
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two equations separately (one for 𝑣1 and the second for 𝑣2). The system has as
eigen values 𝜆𝑝:

𝜆𝑝 = 108[−0.4679 + 6.3800𝑖; −0.4679 − 6.3800𝑖; −1.0967 + 1.7151𝑖; −1.0967 − 1.7151𝑖]
(25)

3 Simulations Tests and Model Validation

In order to verify the afore-mentioned characteristics, a series of simulation
circuits were developed. The developed model has been implemented in Saber,
Pspice and Psim softwares and compared to the experimental curves presented
by the SiC MOSFET data sheet for its validation and parameters extraction.

Fig. 2. Transeint responses

4 Conclusion

A new state space model has been proposed in this paper for a SiC Power MOS-
FET. It is deduced from an electric equivalent circuit, by selecting appropriate
nonlinear differential equations written in a state space form.

This model can be implemented under Matlab/Simulink software and tested
in simulation. The Characteristics of the MOSFET simulation models (on-state
resistance, threshold voltage, and transconductance, etc...) are compared to
Pspice simulation model

The simulation model of SiC power MOSFET is easy to use in numerical
design and prototyping of electric circuits and simulations. The future work of
our staff will be on nonlinear and robust control of a power circuit including the
SiC MOSFETs.
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