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Abstract 

Power electronic circuits are often called switching converters because of the use 

of power semiconductor devices that act as switches to facilitate necessary conversions 

of electrical energy from one form to another. There are energy losses during this 

conversion, and the power semiconductor devices are a major contributor to the reduced 

conversion efficiency. In the case of power transistors, the resistance of the device 

(commonly referred as “on resistance”) operating as a switch in “on” mode is responsible 

for the so-called conduction losses, whereas intrinsic parasitic capacitances are 

responsible for the energy loss during switching between “on” and “off” modes. With the 

increasing need to reduce the size of switching converters for applications such as battery-

operated vehicles, the share of switching losses is increasing due to the use of higher 

voltages and increased switching frequency. In response to the need for better 

understanding of the switching losses, this thesis studies the nature and impact of parasitic 

capacitances on the efficiency of power electronic systems. The devices-under-test are 

commercial devices of different types i.e. power MOSFET, SJ MOSFET, SiC MOSFETs, 

and GaN-HEMT. 

The thesis is presented in the format of a “thesis by a series of published and 

unpublished papers” and includes six journal articles/manuscripts as individual chapters. 

There are four facets of the contributions made by this thesis. The first is a new 

measurement method for accurate quantification of power losses during turn-on and turn-

off intervals. The second is two new equations for accurate calculations of both the energy 

storage in and a current flow through a voltage-dependent capacitor. The third facet is in 

terms of providing circuit designers with a simple and transparent SPICE model for 

GaN˗HEMTs. Finally, a new optimization method is proposed to enable circuit designers 

to select the best power transistors for specific power electronic systems using two 

parameters that are readily available in manufacturers’ datasheets. 

The contributions from this thesis could help the power-electronic engineers to 

improve the efficiency of their next-generation systems. This is becoming urgent with the 

rising concern for environmental protection and energy demand worldwide.          
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Thesis Outline 

This thesis is dedicated to understanding the impact of parasitic capacitances of 

power semiconductor switches on power electronic systems and making use of the created 

knowledge to minimize the effect of these parasitic capacitances. It is in the format of a 

“thesis by a series of published and unpublished papers” with six papers/manuscripts 

included as individual chapters. Due to this arrangement, this thesis does not have an 

introductory literature review chapter. The arrangement of the chapters follows the 

natural progression of identified research questions.  

The research was initiated by analyzing the power losses exhibited by a power 

MOSFET operating in a boost circuit, together with the standard techniques used for the 

calculation of these losses. Many published papers stated that the power loss during the 

switching intervals is equal to the simple product of measured drain current (iD) and 

measured drain-to-source voltage (vDS) [1]-[5]. However, with the advancement in the Si 

MOSFET technology, some researchers realized that the output capacitance (COSS) of the 

power MOSFET contributes significantly to power loss during the switching intervals 

[6]. During the turn-off interval, COSS stores energy depending on the maximum voltage 

applied across the power MOSFET and then dissipates that same energy in the channel 

of the power MOSFET during the turn-on interval. Initially, this realization led to an 

addition of a capacitor-related term, 1/2COSSVDS
2f, to the iDvDS product [7]-[9]. The 

addition of this term was controversial for many years and was finally cleared in 2009 by 

Xiong et al. [10]. This group used the mixed device modeling approach to demonstrate 

the impact of channel current (iCH) during the switching intervals. Using simulated iCH, 

Xiong found that the use of iD underestimates the switching losses during the turn˗On 

interval and overestimates them during the turn˗Off interval. They also revealed that the 

net difference in power losses due to this overestimation and underestimation was not 

justified by the addition of this COSS loss term, hence the term was found to be erroneous. 

This particular finding created the base for the initial research and opened up more 

opportunities to look into the power separation using iCH. In 2016, Castro et al. [11] 

studied the impact of displacement currents during switching intervals on the power 

dissipation of super-junction (SJ) MOSFETs. Using a mixed-mode simulation approach, 

Castro found that using iCH, the turn-On and turn-Off losses in SJ MOSFET were 

underestimated by 25% and overestimated by 200%, respectively. The results presented 

by this group were pointing to the need to use iCH rather than iD for accurate power-loss 

determination. However, both studies involved a simulation-based approach to determine 
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iCH whereas, in a real-life scenario, iCH flows inside a compact MOSFET and cannot be 

measured [12]. This realization defined our first research gap as the lack of a technique 

to measure iCH. Therefore, in Chapter 1, instead of performing a time-consuming 

simulation that is only valid for a specific device, we proposed an experimental method 

to extract iCH for any commercial power transistors using their standard I‒V curves.   

In order to validate the proposed method for high power applications, industry-led 

methods were explored for benchmarking. This exploration led to two insights, related to 

the use of two parameters that are provided in manufacturers’ datasheets for high˗voltage 

power MOSFETs. The first curious thing was the energy-related effective output 

capacitance (Co(er)) and the second was the curve of stored energy in a voltage-dependent 

capacitors (EOSS). The effective output capacitance is defined by the industry as the 

voltage-independent effective capacitance that stores the same amount of energy as the 

voltage-dependent output capacitance (COSS) when the drain-to-source voltage (VDS) rises 

from 0 V to 80% of the maximum VDS [13], [14]. Hence, the value of Co(er) given in the 

datasheets enables circuit designers to use the equation for stored energy by a voltage 

independent capacitor, EOSS = ½Co(er)VDS
2. However, the result is correct only for the 

specific VDS point (80% of the maximum VDS). This issue inspired the development of a 

simple equation for the energy-stored by voltage-dependent capacitances, presented in 

Chapter 2. The proposed equation was validated on commercial power diodes, power 

MOSFETs, SJ MOSFETs, and GaN-HEMTs.  

The attention then turned to the stored energy (EOSS) obtained by integrating the 

instantaneous power as the product of voltage across and current through a voltage-

dependent capacitor. This led to a surprising fundamental problem related to two 

apparently inconsistent but widely used equations for the current through a voltage-

dependent capacitor: iC=dQ/dt = d[C(V)V]/dt=C(V)[dV/dt] + V[dC(V)/dt] and iC =dQ/dt 

= C(V)[dV/dt]. Obviously, only one of them could be correct. A literature search showed 

that researchers support either of the two equations [6], [14]-[18]. This lack of clarity of 

which equation to use is even manifested in widely used simulation tools, such as 

MATLAB and SPICE [19], [20]. MATLAB provides both equations whereas SPICE 

manuals state C(V)[dV/dt] is the correct equation for a voltage-dependent capacitor. This 

confusion defined a research question, which was answered by the analysis and 

experimental results presented in Chapter 3. By measuring the voltage-dependent 

capacitance of a reverse-biased power diode, along with measurements of the current 

flowing through the diode, it was shown that iC=C(V)[dV/dt] matches the measured 

current in the test circuit.  
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The thesis work then turned to the possibilities of reducing the parasitic 

capacitances in power transistors and, consequently, reducing the power losses. We 

started with power MOSFETs, as this is the most widely used switch. After analyzing the 

semiconductor basics and the origin of the parasitic capacitances in the power MOSFET 

as presented briefly in Appendix C, it was found that MOSFET’s parasitic capacitance 

and on-state resistance (RON) are directly proportional and inversely proportional to the 

channel width (W), respectively [21]. This pointed to the idea to vary W to control the 

static and dynamic losses in power MOSFETs. In Chapter 4, we derived equations to 

demonstrate the strong dependency of MOSFETs power losses on its channel width. 

Furthermore, the proposed theory was tested in a boost converter circuit in SPICE to see 

the static and dynamic power losses at different switching frequencies and output powers.  

With advancements in power electronics, silicon technology has reached its 

material limits and is no longer able to cope with the emerging requirements for efficient 

and compact power conversion. This challenge has motivated the development of power 

switches based on superior wide-bandgap materials, such as GaN-HEMTs. Due to their 

promise for power-electronic applications, the thesis work focused on a study of the 

impact of parasitic capacitances in these new devices. The origin of formation of these 

parasitic capacitances in wide-bandgap devices are briefly described in Appendix C. The 

initial attempt was to apply the knowledge of varying W presented in Chapter 5 to GaN-

HEMT based circuits. An investigation of SPICE models for commercial GaN-HEMTs 

that are provided by their respective manufacturers discovered two problems. First, the 

manufacturers provide very complex models, which suffer from convergence problems 

and take a long computational time [22], [23]. Second, the models are based on 

non˗segmented mathematical equations to fit the experimental data [22] and, lacking 

physical meaning, which makes it difficult to match the parameters from those models to 

the device structures. Chapter 5 addresses this issue by demonstrating that, due to their 

physical similarities with the MOSFET structure, GaN-HEMTs can be modeled by using 

selected equations from the standard MOSFET LEVEL 3 model in SPICE. To 

demonstrate the effectiveness of this approach, a double pulse test using the proposed 

model was simulated in LTSPICE and the results were compared to the manufacturer 

model.  

The insight about the impact of W on conduction and switching power losses, 

gained by the result presented in Chapters 4 and 5, could be used to select commercially 

available transistors that would minimize the power losses. Unfortunately, semiconductor 

manufacturers do not disclose the value of W in their device datasheets. In the absence of 
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this information, it is difficult for circuit designers to select the best transistor for their 

intended power switching application. Chapter 6 presents a new solution for this 

challenging issue by proposing a method for selection of the optimum transistor, based 

on the use of two parameters that are provided in the datasheets: Ron and Co(er). The 

proposed method was demonstrated on a commercial family of Infineon SJ MOSFETs 

and on the SiC MOSFET family from ROHM Semiconductor.   
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ABSTRACT Analysis of the switching losses in a powerMOSFET is crucial for the design of efficient power
electronic systems. Currently, the state-of-the-art technique is based on measured drain current and drain-
to-source voltage during the switching intervals. However, this technique does not separate the switching
power due to the resistance of the MOSFET channel and due to the parasitic capacitances. In this paper,
we propose a measurement method to extract the power dissipation due to the parasitic capacitances of a
MOSFET, providing useful information for device selection and for the design of efficient power electronic
systems. The proposed method is demonstrated on a basic boost converter. The proposed method shows that
the existing method underestimates the turn-On losses by 41% and overestimates the turn-Off losses by 35%.

INDEX TERMS Channel current, current diversion phenomenon, COSS losses, efficiency, power losses,
power MOSFET, switching losses.

I. INTRODUCTION
With the increase in demands for electricity and the explosion
in renewable energy technologies, power electronics is play-
ing a vital role in benefiting society. The progress of power
electronic systems is being driven by advancements in power
semiconductor devices [1]. As the market for power devices
continues to grow, it is becoming increasingly important to
select the appropriate power device for a given application.
One of themost important parameters for selection of a power
device is its power dissipation, and so an understanding of the
power losses is crucial.

The most commonly used power switching device,
the power MOSFET, exhibits two types of losses: switching
losses and conduction losses. Operation at high frequencies is
desirable to reduce the overall converter size but, on the other
hand, it also results in an increase in the MOSFET switching
losses. Therefore, to obtain a high efficiency design, it is
necessary to accurately determine the switching losses of the
power MOSFET.

The associate editor coordinating the review of this manuscript and

approving it for publication was Alexander Micallef .

The current state-of-the-art technique for measuring
switching loss of a power MOSFET is performed by integrat-
ing the product of the drain-to-source voltage (vDS ) and drain
current (iD). However, the dynamic characteristics of a power
MOSFET are affected by the various parasitic capacitances
in the device [2]. These are not considered when applying
the standard technique, which leads to underestimation and
an overestimation of the power losses during the turn-On and
turn-Off intervals, respectively. In order to account for these
capacitances, we need to know the difference between the
total current through the drain terminal (iD) and the current
flowing through the channel (iCH ).

The ability to separate iCH from iD enables proper analysis
of charging and discharging of the effective output capaci-
tance (COSS ) and its corresponding power dissipation. This
knowledge aids in the selection of the appropriate MOSFET
for a particular application. In response to this need, vari-
ous modeling and simulation techniques have been used to
analyze the difference between iCH from iD and the impact
of this difference on the switching power losses [3]–[9].
Although simulation-based analyses provide useful insights,
measurements with real MOSFETs and in real circuits are
necessary to obtain the ultimate results. Unlike simulation
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and modeling, the only current that can be measured in a
packaged MOSFET is the current flowing through the drain
terminal. It appears that this has been seen as an unavoidable
limit and, consequently, no measurement results separating
iCH from iD have been reported. In this paper, we show how
to avoid this perceived limit by employing a combination of
static and dynamic measurements, which results in a novel
experimental method for extracting iCH of a powerMOSFET.
With this technique, measured switching losses can be split
into contributions due to the parasitic capacitances and due
to the channel resistance. We demonstrate our technique by
applying it to the practical measurements of a boost converter.

This paper is divided into the following sections: Section II
will discuss the limitations of the current existing technique
for measuring power losses. Section III will give a detailed
description of the experimental setup and the measuring
instruments. Proposed methodology for extracting iCH is pre-
sented in Section IV. The results and discussions are pre-
sented in Section V. Section VI will conclude and foreshadow
potential future work.

FIGURE 1. Typical boost converter.

II. LIMITATIONS OF THE EXISTING POWER ANALYSIS
TECHNIQUES
In order to show the limitations of the existing technique for
analysis of switching power loss, a typical boost converter
utilizing a power MOSFET is selected and shown in Fig. 1.

Fig. 2 shows the experimental switching waveforms mea-
sured across the power MOSFET for a single period.

According to the existing method, the power dissipated in a
powerMOSFET during switching intervals (PSW ) is obtained
by integrating the product of the measured voltage (vDS ) and
the measured current (iD) [10]:

PSW = f
∫
vDS (t)× iD(t)dt (1)

Here, f represents the switching frequency and the inte-
gration is performed during the switching intervals, tON and
tOFF . The turn-On losses (PON ), and turn-Off losses (POFF )
are shown in Fig. 3. Together, these constitute the switching
losses (PSW ). Note that the POFF losses are higher than
PON losses due to the charging of the inductor during the
conduction period. Similarly, the conduction losses (PCON )
in a MOSFET (as depicted in Fig. 3) can also be calculated
by (1) using tCON as the integration interval.

FIGURE 3. Power losses corresponding to the switching waveforms
depicted in Fig. 2 for a single period.

Estimation of the switching losses in a power MOSFET
using (1) is widely performed by many researchers and
manufacturers [10]–[14]. However, with the advancement in
MOSFETs for high voltage applications, it was realized that
the effective output capacitance (COSS ), which is defined as
the sum of the gate-to-drain capacitance (CGD) and the drain-

FIGURE 2. Measured switching waveforms of a power MOSFET while operating as the switch in the boost converter shown in Fig. 1; vDS is the
measured drain-to-source voltage, vGS is the measured gate-to-source voltage, iD is the measured drain current flowing into the power MOSFET,
tON , tOFF , and tCON are the turn-On, turn-Off, and conduction intervals, respectively.
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to-source capacitance (CDS ), also plays a significant role in
MOSFET power losses during the switching intervals [2], [3].
During the turn-Off interval, COSS stores some energy, and
then dissipates it in the channel of the MOSFET during the
turn-On interval. Initial attempts to include the losses due to
COSS added an additional term to (1) [2], [15]–[18]:

PSW = f
∫
vDS (t)× iD(t)dt +

1
2
COSSv2DS f (2)

Here, the newly added term in (2) is generally known
as the output capacitance loss term. The inclusion of the
COSS loss term was very controversial for many years, until
the discrepancy was cleared by Xiong et.al. [3]. Using a
mixed devicemodelling approach, they simulated the channel
current (iCH ) and demonstrated its effect during the transition
period. It was revealed that the first term of (2) underestimates
PON and overestimates POFF . They showed that the net dif-
ference in the power losses during switching intervals does
not justify the addition of the COSS loss term [the second
term in (2)]. In other words, it was found to be specious
and redundant. Also, by careful analysis of the results shown
in [3], it is clear that the estimation of switching losses
using (1) is erroneous, as the current that flows through the
channel of the MOSFET (iCH ) is not equal to iD during
the switching intervals. It is also worthwhile to note that
the switching loss, as depicted in Fig. 3, is comprised of two
losses: a loss due to the channel resistance and a loss due to
COSS charging and discharging. These cannot be separated by
using (1).

Recently published papers, have shown the impact of
displacement currents due to COSS during turn-On and turn-
Off intervals, and how they directly affect the calcula-
tion of switching losses [4]–[7]. The equivalent circuit of
the power MOSFET, as shown in Fig. 4, can be used to
elucidate this current displacement phenomenon during
switching intervals.

FIGURE 4. MOSFET equivalent circuit while charging and discharging of
COSS during (a) turn-Off and (b) turn-On interval.

Referring to Fig. 4(a), when the MOSFET is turning off,
iD gets divided into two components: one component of the
iD flows through the channel of the MOSFET (iCH ), and the
other component of iD, which is iCOSS , charges theCOSS up to
themaximum of vDS . Similarly, when theMOSFET is turning
on, as illustrated in Fig. 4(b), the stored energy in the COSS is
being discharged in the channel of the MOSFET. Hence, it is

obvious that, during switching intervals depicted in Fig. 2,
the measured drain current iD is not equal to iCH .

Castro et al. [5] demonstrated the current displace-
ment phenomenon in superjunction MOSFETs using a
mixed-mode simulation approach. They developed an analyt-
ical model to obtain iCH and used this current to determine the
switching power losses:

PSW = f
∫
vDS (t)× iCH (t)dt (3)

Using (3), Castro et al. [5] found that the modification
does not affect the total switching loss, but it redistributes
the losses between PON and POFF . They also showed that
without the current displacement phenomenon, the PON and
POFF losses were underestimated and overestimated by 25%
and 200%, respectively [5]. Hence, it is quite evident from
their results that the switching losses in a MOSFET should
be obtained with iCH rather than iD.

Two other groups [8], [9], have also estimated the switch-
ing loss by modeling iCH for specific power MOSFETs and
SiC transistors. However, in a real life scenario, iCH flows
inside a packagedMOSFET and cannot be directly measured,
while calculating it by analytical modeling is time consuming
and device-specific [5]–[9]. In Section IV, we aim to address
these limitations by proposing a measurement method to
extract iCH for all types of transistors.

III. EXPERIMENTAL SETUP
We have used the typical boost converter, shown in Fig. 1, to
explain the newmeasurementmethod using real experimental
data. The components we used for this boost converter are
listed in Table 1. The converter is operated at a switching
frequency of 50 kHz using an AFG1022 function gener-
ator. In order to measure the voltages vGS (ts) and vDS (ts)
and the current iD(ts) with sufficient accuracy, probes and
oscilloscopes of sufficient bandwidth must be used [19].
For this reason, a careful selection of the measurement
setup was required, and is listed in Table 2. Note that the
effect of parasitic capacitance of the probes on the measure-
ments is negligible due to low operating switching frequency.
Furthermore, MATLAB is used for processing the measured
data.

TABLE 1. Components of the boost converter.

The static I-V characteristics for the power MOSFET
IRF540 were measured with Agilent Power Device Analyzer

VOLUME 8, 2020 187045
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TABLE 2. Description of the measurement system.

FIGURE 5. Measurement setup for measuring static I-V characteristics.

(B1505A) using four-point probe measurement. The setup to
measure static I-V characteristics is shown in Fig. 5 and will
be explained in detail in the next section.

IV. PROPOSED METHOD
A. EXTRACTING iCH FOR TURN-ON INTERVAL
The MOSFET is operating as a switch in the boost converter
and is in the turn-On mode when vGS is larger than the
threshold voltage. As discussed in Section II, during the turn-
On interval,COSS discharges its energy into the channel of the
MOSFET and is shown by the equivalent circuit in Fig. 6(a).

During the MOSFET turn-On operation, the instantaneous
value of rising gate-to-source voltage, vGS (ts), and falling
drain-to-source voltage, vDS (ts), can bemeasured by the setup
described in the previous section. The measured results are
shown in Fig. 6(b) where ts is the sample time at which the
measurement is performed.

To explain the method of extracting the channel current
iCH (ts) from the measured drain current iD(ts), we will focus
on the specific sampling time ts = 0.46 µs. At that instant of
time, the measured voltage between the drain and the source
is vDS (ts) = 1.01 V, the measured voltage between the gate
and the source is vGS (ts) = 4.07 V, and the measured drain
current is iD(ts) = 0.27 A, as shown in Fig. 6. Now we
need to determine how much current iCOSS (ts) is supplied by
COSS and is discharged into the channel of the MOSFET at
ts = 0.46 µsec. Due to the nonlinear voltage dependency of
both CDS and CGD, calculating the current flowing through
the equivalent capacitance COSS = CDS + CGD is quite
challenging and unreliable. Hence, much better option is to
determine the channel current iCH (ts).

In order to extract iCH at the sample time ts = 0.46 µs,
the same MOSFET is taken out of the boost circuit and is
measured at static condition using instruments described in
Section III. While measuring the MOSFET in static condi-
tions, the same bias voltages are applied to the MOSFET,
which are VDS = vDS (ts) = 1.01 V and VGS = vGS (ts) =
4.07 V, as shown in Fig. 7(a). Traditionally, I–V character-
istics are measured by sweeping VDS from 0 to the required
value, for set values of VGS . However, device heating due to
the continuous power dissipation could increase the tempera-
ture and impact the measured results. To avoid this issue, high
grade instruments such as the Agilent Power Device Analyzer
provide the option of pulsed I–V measurements. An impor-
tant feature for measuring static I–V characteristics is that
the measuring instrument takes some finite amount of time

FIGURE 6. (a) Equivalent circuit of a MOSFET operating in the boost circuit during the turn-On interval, showing that COSS = CDS + CGD discharge their
currents (iCOSS = iDS + iGD) into the MOSFET channel. The numerical values of the voltages and the current are shown at the sample time of 0.46 µs.
(b) Switching waveforms of the MOSFET operating in the boost configuration during the turn-On interval (tON ).

187046 VOLUME 8, 2020
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FIGURE 7. (a) MOSFET is set at static (DC) voltages vGS (ts) = VGS = 4.07 V and vDS (ts) = VDS = 1.01 V to measure the corresponding static (DC)
current ICH = ID. (b) Pulsed I-V measurement using Agilent Power Device Analyzer with the transient settling time of 50 ms.

to settle down the transients, as illustrated in Fig. 7(b). In our
example, when the bias voltages are pulsed to VGS = 4.07 V
and VDS = 1.01 V, the Agilent Power Device Analyzer takes
approximately 50 ms to settle down the transients before the
drain current is measured.

In principle, ICH can be calculated by using a suitable
model for the static current–voltage characteristics of the
MOSFET. To illustrate this point, we can use the simple
equation for a MOSFET in triode region [20]:

ID = ICH = β[(VGS − VT )VDS − V 2
DS

/
2] (4)

To use this equation, we need to know the values of the
threshold voltage (VT ) and the transconductance parameter
(β) for the specific MOSFET that is used in the practical
circuit. To enable circuit simulation, many manufacturers
provide complex MOSFET models with extracted parameter
values, but these models may not provide sufficiently precise
match to the experimental I–V characteristics of specific
MOSFETs. Therefore, static measurements of ICH are much
more simple and reliable.

A MOSFET operating in a circuit has continuously chang-
ing voltages and currents, which results in a large number of
sampling points. Therefore, it is quite impractical to manually
measure the MOSFET static behavior at each of these sample
points. In order to solve this issue the I–V characteristics
of the power MOSFET IRF540 are measured with a small
step size. In our example, the power MOSFET IRF540 was
measured with the step size of 50 mV for VGS and VDS . The
points between the measured values were interpolated using
spline interpolation in MATLAB, which did not cause errors
because the measurements were performed with sufficiently

small step size of 50 mV. Hence, the data collected from
the measured I–V characteristics with such great resolution
served as a lookup table to extract iCH (ts) for corresponding
vGS (ts) and vDS (ts) values during the entire turn-On interval.
The obtained current iCH (ts) is shown in Fig. 8. The difference
iCH (ts) – iD(ts) is equal to the current from the discharging
capacitance COSS .

B. EXTRACTING iCH FOR TURN-OFF INTERVAL
As discussed in Section II and illustrated by the equiva-
lent circuit in Fig. 9(a), COSS is charged during the turn-
Off interval. Again, the instantaneous value of the falling

FIGURE 8. The extracted iCH during turn-On interval is plotted alongside
vGS , vDS , and iD.
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FIGURE 9. (a) Equivalent circuit of the MOSFET operating in the boost circuit during the turn-Off interval, showing that iD splits into iCH and iCOSS .
The values of the voltages and the current correspond to the sample time of −0.42 µs. (b) Switching waveforms of the MOSFET operating in the
boost converter during the turn-Off interval (tOFF ).

gate-to-source voltage, vGS (ts), and the rising drain-to-source
voltage, vDS (ts), can be directly measured by the setup
described in Section III and the results are shown in Fig. 9(b),
where ts is the sample time at which the measurement is
performed.

Taking as an example ts = −0.42µs, the measured voltage
between the drain and the source is vDS (ts) = 2.02V, themea-
sured voltage between the gate and the source is vGS (ts) =
4.12 V, and the measured drain current is iD(ts) = 0.61 A,
as shown in the Fig. 9. Analogously to the turn-On interval,
we need to determine how much current iCH (ts) is flowing
through the channel of the MOSFET at that instant of time.
Just like it was done for the turn-On interval, we use the
measured I–V characteristics of the MOSFET to obtain the
current for the bias voltages of VDS = vDS (ts) = 2.02 V and
VGS = vGS (ts) = 4.12 V and the result is ID = iCH (ts =
0.42 µs) = 0.42 A. Repeating this procedure, iCH (ts) can
be obtained for the entire turn-Off interval, and the result is
shown in Fig. 10.

FIGURE 10. The extracted iCH during turn-Off interval is plotted alongside
vGS , vDS , and iD.

The obtained results for both turn-On and turn-Off inter-
vals are discussed in detail in the next section.

V. RESULTS AND DISCUSSION
The previous section clearly shows the effectiveness of the
proposed method to extract iCH during switching intervals.
During turn-On interval, the extracted iCH is larger than iD
because COSS is discharging into the channel of the MOS-
FET. During the turn-Off interval, the extracted iCH was
smaller than the iD, reflecting the fact that iD is divided
between iCH and the current charging COSS , i.e. iCOSS . This
is consistent with the current displacement phenomenon dis-
cussed in Section II.

A. VALIDATION OF THE PROPOSED METHOD
To further validate the proposed method, we use the energy
conservation principle. According to this principle, the esti-
mation of energy loss by the MOSFET using the extracted
iCH should match the estimation by the prevailing calcu-
lation using iD. The only difference between these two
approaches will be the distribution of power during the turn-
On and turn-Off intervals. The turn-On (EON ) and turn-Off
(EOFF ) energy losses obtained by both methods are shown
in TABLE 3. Both equations, (1) and (3), use the same
integration limits. For EON , the integration limits are defined
from the start to the end of the falling vDS waveform, as shown

TABLE 3. Calculation of energy losses.

187048 VOLUME 8, 2020
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in Fig. 8. For EOFF , the integration interval is from the start
to the end of the rising vDS waveform, as shown in Fig. 10.
It is clear from TABLE 3 that the total switching energy loss
(ESW ) from both methods is quite similar. In other words,
our method of using extracted iCH adheres to the energy
conservation principle. There is a slight discrepancy, which
is due to limited measurement accuracy.

We would like to provide further insight on the power
distribution within MOSFET by plotting PON and POFF of
IRF540 using both methods. The results are shown in Fig. 11.
It is clear from this figure and the data in TABLE 3 that the
existing method using iD underestimates the turn-On losses
by 41.2% and overestimates the turn-Off losses by 35.1%.
Castro et al. [5] documented similar finding on superjunc-
tion MOSFETs using analytical modeling. This percentage
of energy loss distribution depends on both the voltage and
the MOSFETs used. The usage of different MOSFETs will
change COSS and, hence, will change the energy loss dis-
tribution. Furthermore, COSS of each MOSFET depends on
the voltage across the MOSFET, which means the energy
loss distribution for turn-On and turn-Off will be different for
different voltages.

It is also worthwhile to note that the energy conservation
principle holds only if the energy stored in the COSS during
turn–Off interval is being dissipated during the turn-On inter-
val. At a particular voltage, using the fixed value ofCOSS from
the datasheet for calculating the stored energy can result in a

FIGURE 11. Plots of (a) PON and (b) POFF for IRF540. The red dotted line
represents the switching loss calculation using extracted iCH , while the
solid blue line represent the commonly used switching loss calculation
using iD. The latter method underestimate the power loss during turn-On
interval and overestimate the power loss during turn-Off interval.

huge error [21]. Hence, with the help of the extracted iCH ,
it is quite easy to obtain the current iCOSS flowing through
the COSS during the switching intervals, which is given as:

iCOSS (t) = |iCH (t)− iD(t)| (5)

Here, the absolute sign in (5) is used to simplify the COSS
energy calculation. Using (5), the energy stored/dissipated by
the COSS can be calculated as:

Estored/dissipated =
∫
vDS (t)× iCOSS (t)dt (6)

TABLE 4 shows the energy that is stored and dissipated
by COSS of IRF540. We use the same integration limits to
calculate the energy losses. It is evident from TABLE 4 that
the conservation of energy is preserved and therefore supports
the justification for removing the COSS loss term from (2) as
described by Xiong et al. [3]. A slight difference is credited to
the limited measurement accuracy. The empirical results that
are shown in TABLES 3 and 4 validate the proposed method.

TABLE 4. Calculation of COSS energy.

B. ENERGY DISSIPATION DURING THE CONDUCTION
INTERVAL
To obtain the total energy loss during the complete switching
period T = tON + tOFF + tCON , we need to add the energy
losses during the conduction interval. During the conduction
interval the channel current is equal to the drain current
flowing though theMOSFET. Hence, the conduction loss can
be obtained using either current and is given by:

ECON =
∫
vDS (t)× iCH (t)dt = RDS(ON )

∫
i
CH

(t)2dt (7)

Here, RDS(ON ) is the drain to source on-state resistance,
which is generally provided by the manufacturers in the
datasheets. For better power-conversion efficiency, the device
manufacturers keep RDS(ON ) to minimum so that the conduc-
tion losses of the MOSFET can be minimized.

As can be seen from (7), there are two options to esti-
mate conduction losses. One from the measured vDS and iCH
and another from the datasheet RDS(ON ) and the measured
iCH . However, referring to Fig. 8 and Fig. 10, it is clearly
noticeable that the extraction of iCH is only performed during
tON and tOFF , and not during the tCON . This is due to the
low RDS(ON ) of the IRF540 whose value is given in the
datasheet as 77 m�. Lower RDS(ON ) results in very small
drain to source voltage in the conduction region—in order of
millivolts. Since the values of vDS are so small, the extraction
of iCH is quite challenging due to the limited sensitivity of
the differential probes. Moreover, if the measurement error
of small vDS is large, it will eventually result in a large error
in the extracted iCH . Therefore, instead of measuring vDS ,
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RDS(ON ) from the datasheet can be easily used to estimate
conduction losses.

C. IMPACT OF THE SWITCHING FREQUENCY ON THE
ENERGY DISTRIBUTION
From (1) and (3), it is clear that the switching loss in the
switch is directly proportional to the switching frequency.
Using the same boost configuration, we varied the operating
frequency and the resulting distribution of energy losses by
the MOSFET during turn-On and turn-Off intervals is shown
in Fig. 12. It is evident that the error in estimating the distribu-
tion of energy losses during switching intervals is significant
if the energy loss is calculated by

∫
vDS × iDdt . Although the

total switching losses are the same, there are implications for
the design of the control circuitry in terms of minimizing the

FIGURE 12. Energy losses distribution with increasing frequency.

switching losses. Furthermore, different switching strategies
critically rely on the accurate estimation of the switching
losses. Hence, the proposed method can be very helpful when
designing converters with high efficiency.

VI. CONCLUSION
The proposed experimental method to extract iCH inside
MOSFETs is successfully demonstrated in order to calculate
switching power loss due to the parasitic capacitances. The
power dissipation measured by the proposed method is not
affected by the voltage dependence of the parasitic capaci-
tances. Hence, this versatile and facile method can be applied
to any device, either in simulation or experiments. In this
paper, we test it on IRF540 that is employed as a switch in
a basic boost converter. For comparison, the energy losses in
the device during switching were calculated using both the
new and the existing method. This comparison demonstrated
that the new method can accurately measure the distribution
of energy loss during turn-On and turn-Off intervals. Further-
more, the new method can be used to determine accurately
the energy stored in the MOSFET’s output capacitances. The
results obtained by the proposed method are also compared to
the existing method for different switching frequencies. The
difference between the distributions of energy losses shows
the importance of the proposed method when designing more

efficient power circuits. Another implications of this finding
is that circuit designers can use it to select the most suitable
transistor for converter configurations at specific voltage and
frequency.
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Letters

A Simple Equation for the Energy Stored by Voltage-Dependent Capacitances

Utkarsh Jadli , Student Member, IEEE, Faisal Mohd-Yasin , Senior Member, IEEE, Hamid Amini Moghadam,
Jordan R. Nicholls , Peyush Pande , and Sima Dimitrijev , Senior Member, IEEE

Abstract—The parasitic capacitances of semiconductor power
devices that contribute to the switching losses are voltage depen-
dent, which can make calculations of their stored energy difficult.
Typically, manufacturers will provide effective capacitance values
to aid in circuit design and component selection. However, stored
energy calculations using these effective capacitor values are er-
roneous. In this letter, we derive a new equation for the stored
energy in the voltage-dependent capacitance associated with a semi-
conductor depletion region, such as in diodes and transistors. In
particular, we show that the ½ term in ½ CV2 should be replaced by
a new term γ, which depends on the device structure. By applying
our proposed method to several commercial diodes and transistors,
we show that it matches the measured data much better than using
the effective capacitances. The proposed equation will enable better
power circuit design by improving the accuracy of stored energy
calculations.

Index Terms—COSS losses, EOSS, effective capacitance, energy
stored, simple equation, switching losses, voltage-dependent
parasitic capacitances.

I. INTRODUCTION

AN INCREASE in switching frequencies have driven mod-
ern power converters toward greater power densities and

smaller converter sizes. However, with the increase in the switch-
ing frequencies, the switching characteristics—and crucially, the
switching losses—of the power semiconductor devices become
highly impactful and may compromise the overall power ef-
ficiency. The switching characteristics of the power semicon-
ductor devices are highly dependent on the voltage-dependent
parasitic capacitances. At high frequencies, the effect of these
voltage-dependent capacitances is profound, but their impact is
largely overlooked by the researchers [1]–[4].

The output capacitance (COSS) of a power semiconductor
device is the primary voltage-dependent capacitance of interest
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as it actively participates in the switching transitions. For a hard-
switched converter, COSS is charged during turn-OFF interval,
and then discharges the same stored energy through the channel
of the power semiconductor device during turn-ON interval [5]–
[7]. Hence, it plays a crucial role in the distribution of switching
losses. In soft switching circuits, COSS plays a significant role
in determining the resonant frequency for creating zero-voltage
switching conditions [3]. Therefore,COSS cannot be ignored for
power circuits. A greater insight intoCOSS , and in particular, the
impact of its voltage dependencies will be useful for designing
more efficient power converters.

Generally, COSS versus applied drain-to-source voltage
curves are provided by the manufactures in their datasheets,
which is useful for circuit analysis. Modern datasheets also pro-
vide energy stored in the COSS with increasing drain-to-source
voltage (vDS). The COSS stored energy can also be computed
by integrating COSS (vDS)vDS product from zero to a chosen
VDS value [8]. Additionally, the manufacturers also provide
effective capacitances in their datasheets. The primary reason
for this is to translate the voltage-dependent capacitances into
voltage-independent values of the effective capacitances so that
the traditional linear methods can be applied to analyze the
power circuits [7], [9].

The effective capacitance that is widely used for calculating
the energy stored in the COSS (vDS) is defined as the fixed
output capacitance that will store the same amount of energy
as COSS(vDS) does when vDS rises from 0 V to 80% of the
maximum drain-to-source voltage (VDS = 0.8 VDS-MAX) [7],
[10]. According to this definition, the value of the effective
capacitance, which we will label by Ceff, is calculated by the
following equation [11]:

1

2
VDS

2Ceff =

∫ VDS

0

COSS(vDS)× vDSdvDS. (1)

Approximating the voltage-dependent capacitance of power
semiconductor devices with the voltage-independent effective
capacitance (Ceff) simplifies circuit analysis and calculations of
the dissipated energy. However, it can also result in significant
errors [7]. The concept of Ceff is correct for the specific VDS

point selected as the upper integral boundary in (1) meaning
that the energy calculated using ½CeffVDS

2 is correct only for a
single specified VDS point and gives wrong results for all other
vDS voltages.
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This letter addresses the problem in calculating energy stored
using Ceff. For the case of constant capacitances, E = ½CV2

is valid, but this simple equation does not apply for the case
of voltage-dependent capacitors. In this letter, we show that the
factor ½ in the constant capacitance equation can be modified
and used with the actual measured capacitance of the power
semiconductor device to obtain correct values of stored en-
ergy (EOSS) at any voltage across the capacitor. Our approach
provides a simple equation that can fit the stored energy in
the voltage-dependent capacitances of diodes, power MOSFETs,
superjunction (SJ) MOSFETs, and HEMTs.

To demonstrate the theoretical foundation of this approach,
which is to modify the ½ term rather than the voltage-dependent
capacitance, we derive the equation for energy stored by the
parasitic capacitance in semiconductor diodes in the following
section.

II. DERIVATION OF THE FUNDAMENTAL EQUATION FOR

ENERGY STORED IN PARASITIC CAPACITANCES OF

SEMICONDUCTOR DIODES

A. Linear P–N Junction

The depletion-layer width (W) of linear P–N junction is given
by [12]

W =

(
12εs
a

ϕ

)1/3

(2)

where εs is the semiconductor permittivity, ϕ is the electric
potential, and we have expressed the linear change of doping
concentration by ND = ax. Note that the depletion layer in the
N-type region is equal to W/2. The charge stored in the n-type
region (the cathode) of this capacitor is given as [12]

Q = A (a/8)W 2 (3)

where A is the area of the linear P–N junction. Differentiating
(2) and (3), we obtain

dQ = A (a/4)WdW (4)

dW =
1

3

(
12εs
a

)1/3

ϕ−2/3dϕ. (5)

The differential capacitance of the depletion layer for linear
P–N junction can now be calculated using (2), (4), and (5)

Cd =
dQ

dϕ
= A

( a

12

)1/3

εs
2/3ϕ−1/3 = βϕ−1/3 (6)

whereβ = A(a/12)1/3εs
2/3.

In the case of a constant capacitance, C, the well-known
equation for the stored energy is obtained in the following way:

E =

∫ V

0

ϕdQ =

∫ V

0

ϕCdϕ =
1

2
CV 2. (7)

However, in the case of a voltage-dependent capacitor, (7)
has to be modified. The voltage-dependent capacitance has to be
integrated together with the electric potential, and the boundaries
of the integral need to account for the relationship between the

applied voltage and the electric potential across the depletion
layer of the diode. Using (6) for the case of a linear P–N junction,
we have

E =

∫ V+Vbi

Vbi

ϕCddϕ =
3

5
β
[
(V + Vbi)

5/3 − Vbi
5/3

]
. (8)

In terms of Cd = β(V + Vbi)
−1/3, (8) can be rewritten as

E =
3

5
Cd(V + Vbi)

2 − 3

5
Cd(V + Vbi)

1/3Vbi
5/3. (9)

For high reverse bias voltages, Vbi << V, and Vbi can be
ignored in (9). Therefore, the energy stored in the voltage-
dependent capacitance of a linear P–N junction can be approxi-
mated by

E ≈ 3

5
CdV

2. (10)

The comparison between (7) and (10) shows the difference
between the stored energy in a voltage-dependent capacitor and
in a fixed capacitor.

B. One-Sided Abrupt P–N Junction and Schottky Diodes

The derivation for one-sided abrupt P–N junctions and Schot-
tky diodes, which is the opposite extreme case from the linear
P–N junction, is analogous [12]. The following is the result
for the energy stored in one-sided abrupt P–N junctions and
Schottky diodes:

E ≈ 2

3
CdV

2. (11)

Again, the comparison between (7) and (11) shows the differ-
ence between the stored energy in a voltage-dependent capaci-
tance and in a fixed capacitor.

III. PROPOSED METHOD

The equation for the depletion-layer capacitance of an arbi-
trary P–N junction, which is widely used by the researchers
for modeling the voltage-dependent capacitance of the power
semiconductor devices, is given by [5], [7], [12]

Cd(V ) = Cd(0)[1 + (V/Vbi)]
−m. (12)

Here, Cd(0) is the zero bias capacitance and m is the grading
coefficient. Note that the grading coefficient m is equal to ½ for
the case of an abrupt P–N junction, ⅓ for the case of a linear
P–N junction, and it can take a value between ½ and ⅓ for the
case of an arbitrary doping profile at the P–N junction. For high
voltages, V/Vbi>> 1, and (12) can be rewritten as

Cd(V ) = Cd(0)Vbi
mV −m. (13)

The energy stored in this voltage-dependent capacitance is

E =

∫ V

0

Cd(V )V dV =

∫ V

0

Cd(0)Vbi
mV −mV dV (14)

E =
Cd(0)Vbi

mV −m

2−m
V 2 =

Cd(V )V 2

2−m
. (15)
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To simplify (15), we introduce the term γ = 1/(2−m),
which leads to the final form of the proposed equation

E = γCd(V )V 2. (16)

Note that (16) becomes E = ½ CV2 for m = 0, which is the
energy stored in fixed capacitance, exactly like (7). Furthermore,
(16) represents the energy stored in both the abrupt and linear
P–N junctions, as derived in Section II, with γ = 2/3 and γ =
3/5, respectively (the two extreme cases described in Section II).
For an arbitrary doping profile at the P–N junction, γ values
could be between 3/5 and 2/3. Therefore, we propose (16) to be
used as a simple equation for calculating the energy stored in
voltage-dependent capacitances, where γ is a variable parameter
that can be used to fit different doping profiles.

The following section will show the implementation of (16)
in commercial diodes.

IV. IMPLEMENTATION IN COMMERCIAL DIODES

As mentioned in Section III, the doping profile of real junc-
tions lies between the abrupt and liner extremes. Therefore, the
energy stored in the parasitic capacitances of a real diode will
be in between the extreme values given by (10) and (11), which
means that 3/5 < γ < 2/3. The actual value of this parameter for
a specific diode can be determined by fitting (16) to the depen-
dence of stored energy on voltage, obtained by

∫
Cd(V )V dV .

Note that by proposing (16), we enable device manufacturers to
provide the value of γ in their datasheets, instead of either the
simple but incorrect Ceff or the graphs of stored energy versus
voltage that is not suitable for analyses by analytical equations.

To verify the proposed approach, we applied it to three
commercial diodes: STPS10L25D, RFNL20TJ6S, and SB5100.
Capacitance–voltage (C–V) measurements for the respective
diodes were performed with an Agilent Power Device Analyzer
(B1505A) using a four-point probe measurement. The proposed
method was applied to the aforementioned diodes and the results
are shown in Fig. 1. Note that Ceff for each of the diodes was
calculated using (1) and the respective Ceff values are 761 pF
for STPS10L25D, 107.9 pF for RFNL20TJ6S, and 92.4 pF for
SB5100.

The two simple equations, the usual (1/2)CeffV2 and the newly
proposed γCd(V )V 2, are compared to the correct value of the
stored energy

∫
Cd(V )V dV , which was calculated from the

measured Cd–V data. It is clear from Fig. 1 that a significant
error is being made when using Ceff. On the other hand, (16)
fits very closely to the correct values of the stored energy for
all diodes and at all values of the applied voltage. It can also
be noticed that the γ values for all the diodes are in the derived
theoretical range for diodes with doping profiles between the
abrupt and linear extremes.

V. APPLICATIONS TO POWER MOSFETS, SJ
MOSFETS, AND HEMTS

While our proposed method has been derived for the case
of diodes, we can also apply it to the output capacitances of
power MOSFETs and HEMTs. This is because these parasitic
capacitances are primarily caused by depletion regions in the

Fig. 1. Energy stored in the parasitic capacitance of (a) STPS10L25,
(b) RFNL20TJ6S, and (c) SB5100 using different methods.

device structure and the voltage dependences are quite similar
to those of diodes.

Furthermore, the proposed equation can be applied to SJ
MOSFETs with a slight modification to account for the com-
plex structure of this device. The typical C–V dependence of
these devices consists of two distinct ranges [13]. The first is
a low-voltage range, which is mainly determined by the 3-D
surface of the blocking P–N junctions. However, the N-type
region between the P-type columns is fully depleted at relatively
low voltages (typically, less than 10% of the blocking voltage).
When this occurs, any further voltage increase beyond this
boundary voltage increases the depletion layer in the N-type
drift region. This is the second range, where the equation we
have derived for the drift region in diodes is applicable. Since
this high-voltage range begins at voltages smaller than 10% of
the blocking voltage, we can conclude that the specific E(V)
dependence in the low voltage range is of no interest. However,
the energy stored at the boundary voltage when the device enters
the high-voltage range has to be added to the E(V) equation for
the high-voltage range. Therefore, we propose a modification in
the derived equation by adding a constant-energy term, ECONST,
to account for the energy stored at the boundary voltage:
E = γCd(V )V 2 + ECONST.

A 300-V Si power MOSFET (IRFB4137PbF) from Infineon,
a 100 V enhancement-mode GaN HEMT (GS61004B) from
GaN Systems, a 650-V SJ MOSFET (IPB65R045C7) from
Infineon, and a 650 V SJ MOSFET (FCHD125N65S3R0) from
ON semiconductor were selected to test the proposed approach.
The manufacturers have provided the EOSS plot for the
respective devices, which will be used to verify the proposed
equation. We used the grabit.m command in the MATLAB to
extract the COSS and EOSS data from the respective datasheets.
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Fig. 2. Energy stored in COSS of (a) Power MOSFET IRFB4137PbF and
(b) GaN-HEMT GS61004B.

Fig. 3. Energy stored in COSS of (a) SJ MOSFET IPB65R045C7 and (b) SJ
MOSFET FCHD125N65S3R0.

For better resolution, data points between those taken from the
datasheet were generated via interpolation. Ceff values quoted
in the datasheet for IRFB4137PbF, GS61004B, IPB65R045C7,
and FCHD125N65S3R0 are equal to 196, 276, 146, and 62 pF,
respectively.

Unlike the diodes in Section IV, we allowed γ for these
selected devices to be unbounded. The proposed approach
was applied to these selected devices and the corresponding
energy stored in the COSS is shown in Figs. 2 and 3. The
values of γ for IRFB4137PbF, GS61004B, IPB65R045C7, and
FCHD125N65S3R0, obtained by fitting (16) to the energy
values from the datasheets, are 0.66, 0.58, 0.55, and 0.59,
respectively. The values of ECONST for IPB65R045C7 and
for FCHD125N65S3R0 are 5.17 and 0.96 μJ, respectively. It
can be clearly seen that the proposed simple equation (16),
with the modification for SJ MOSFETs, can match the datasheet
values of EOSS . As distinct from this, the energy calculation
using Ceff only matches the energy stored at VDS = 240 V for

IRFB4137PbF, at VDS = 400 V for the two SJ MOSFETs, and at
smaller voltages for GS61004B. Importantly, the approach based
on Ceff cannot represent the entire voltage range. This clearly
shows the error in energy calculations by the simple equation
with constant capacitance Ceff. Therefore, the energy calculation
from our proposed equation, as compared to using Ceff, is much
more accurate.

VI. CONCLUSION

In this letter, we have proposed a replacement of the equation
E = ½CeffV2 for the energy stored in the parasitic capacitances
of diodes and power switches. We have demonstrated both theo-
retically and experimentally that the equation E = γCd(V )V 2,
whereγ is a variable parameter andCd(V ) is the actual measured
capacitance, provides an excellent fit to the actual dependencies
of stored energy on applied voltages for the case of commer-
cial diodes, power MOSFETs, and HEMTs. For the case of SJ
MOSFETS, we have added a constant term ECONST to enable its
application to the high-voltage range of interest for circuit design
and analysis. The proposed equation will be useful for power
circuit design by enabling fast, simple, and accurate calculations
of the switching losses.
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ABSTRACT Two different equations for the current through voltage-dependent capacitances are used
in the literature. One equation is obtained from the time derivative of charge that is considered as
capacitance–voltage product: dQ/dt = d[C(V )V ]/dt = C(V )[dV/dt]+ V [dC(V )/dt]. In the second equa-
tion, the term V [dC(V )/dt] does not exist: dQ/dt =C(V )[dV/dt]. This paper clears the ongoing confusion
caused by the difference between these two equations. We use the voltage-dependent parasitic capacitance
of a commercial Schottky diode in reverse bias mode to test experimentally both equations. The result is
that it is incorrect to add the term V [dC(V )/dt] in the first equation with the measured capacitance. We also
perform a theoretical analysis, which shows that the differential capacitance, C(V ) = dQ/dV , in the correct
current equation corresponds to the physical parameters of the diode capacitance.

INDEX TERMS Capacitors, current, local capacitance, mathematical equation, parasitic capacitance, total
capacitance, voltage dependent capacitors.

I. INTRODUCTION
The capacitors used in most applications are usually voltage
independent. But semiconductor devices, such as diodes
and MOSFETs, contain parasitic capacitances that are
highly voltage-dependent [1]. The impact of these voltage-
dependent parasitic capacitances is pronounced in power
electronic circuits, such as power converters. At high fre-
quencies and high voltages, desirable for power converter
operation, the circuit performance depends on these parasitic
capacitances [1], [2]. Hence, designing efficient power con-
verters, or other power electronic circuits, requires modelling
of these variable capacitances, and so it is necessary to use
the proper model.

The current flowing through a capacitor is given by

iC =
dQ
dt

(1)

The associate editor coordinating the review of this manuscript and

approving it for publication was Ahmed Aboushady .

where Q is the charge on the capacitor plates. For a voltage-
dependent capacitance, C(V ), and voltage V across the
capacitor, putting the charge as Q(V ) = C(V )V in (1) leads
to the following equation:

iC1 =
dQ(V )
dt
=
d [C(V )V ]

dt
(2)

The differentiation in (2) can be applied to both terms, leading
to one of the two possible equations for the current through a
voltage-dependent capacitor:

iC1 = C(V )
dV
dt
+ V

dC(V )
dt

(3)

iC1 = C(V )
dV
dt
+ V

dC(V )
dV

dV
dt

(4)

Another way to determine the current–voltage relationship
for voltage-dependent capacitors is by rewriting (1) in the
following way:

iC2 =
dQ(V )
dV

dV
dt

(5)

98038 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020
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Defining the voltage-dependent capacitance as C(V ) =
dQ(V )/dV , (5) can be written as

iC2 = C(V )
dV
dt

(6)

Apart from the use of voltage-dependent capacitance,
C(V ) = dQ(V )/dV , (6) has the same form as the equation
for voltage-independent capacitance. Comparing iC1 and iC2
given by (4) and (6), respectively, we can see that there is an
extra term in (4). This difference leads to the question which
equation should be used for circuit modeling.

There is a view that (4) represents voltage-dependent
capacitors incorrectly [1], [3]–[5]. However, at first glance,
(4) seems more tempting in the sense that it clearly accounts
for the change in capacitance due to the voltage change.
Consistent with this view is the conclusion that (4) is the
more correct expression than (6) for the voltage-dependent
capacitance [6]–[8]. Another view is that (6) is only appro-
priate for small signals, whereas (4) should be used for large-
signal analyses [9]. It was also shown that (4) and (6) can
be equated by using different definitions for C(V ), which are
the definition of total capacitance C(V ) = Ct = Q/V in (4)
and the definition of differential capacitance C(V ) = Cd =
dQ/dV in (6) [10]–[12]. However, this shifts the question
about the correct current equation to the question which of
these two different capacitance definitions corresponds to the
physical parameters of real voltage-dependent capacitances.
The lack of clarity remains, which is manifested very clearly
by the fact that MathWorks is providing both (4) and (6) as
options in Simulink [13].
In this paper, we present experimental results to demon-

strate that (6) is the correct equation. We also analyze and
discuss the two capacitance definitions to show that Cd is
real and to explain why Ct is the result of a confusing and
unnecessary mathematical transformation.

II. EXPERIMENT
A commercial Schottky diode (STPS10L25) from STMicro-
electronics was selected for the experiment. A reverse-biased
Schottky diode is analogous to a parallel plate capacitor
with the depletion layer acting as the dielectric between the
plates [14]. However, since the depletion-layer width changes
with the applied bias, the capacitance is voltage dependent.

Capacitance–voltage (C − V ) measurements for the
selected diode were performed with an Agilent Power Device
Analyzer (B1505A) using four-point probe measurement.
The C − V measurements, which are shown in Fig. 1, were
performed up to the reverse-bias voltage of 25 V with a step
size of 50 mV.

The selected Schottky diode in reverse-biased mode was
used as a voltage-dependent capacitor in the simple R−C
circuit shown in Fig. 2. To avoid unnecessary signal dis-
tortion, a sinusoidal voltage, vin, with the frequency of
f = 1 MHz was used as the source in the testing circuit [15].
The sinusoidal voltage is generated from AFG1022 function
generator. In order to keep the diode in reverse bias, a DC

FIGURE 1. Measured C−V characteristics of STPS10L25 using Agilent
power device analyzer.

FIGURE 2. Reversed biased Schottky diode (STPS10L25) used as a
voltage-dependent capacitor in a R−C circuit.

offset, VIN , was added in series with the sinusoidal voltage
from the signal generator. The DC bias and the amplitude of
the sinusoidal voltage were selected to cover the maximum
change in the capacitance—as such, both the DC bias and the
amplitude were set at 5 V. The external resistance, R = 56�,
was used to enable minimum noise in the measured current.

Probes and oscilloscopes of adequate bandwidth must be
used for sufficient accuracy [16]. For measuring the voltage
waveform across the diode capacitance, vC−meas, a Tektronix
passive voltage probe (P6139B) of 500 MHz bandwidth was
used. To measure the current flowing through the capacitance
of the reverse-biased diode, iC−meas, a Tektronix current
probe (TCP0030) of 120 MHz bandwidth was employed.
Both of the probes were used in conjunction with a Tektronix
DPO7104 oscilloscope of 1 GHz bandwidth.

III. EXPERIMENTAL RESULTS
The measured voltage across and the current through the
capacitance of the reverse-biased diode are shown in Fig. 3.
Using the measured voltage values and the measured diode
capacitance (Fig. 1), (4) and (6) were used to numerically
calculate the current—these are also shown in Fig. 3. It is
quite evident from Fig. 3 that iC2, calculated by (6), matches
the measured current. It is also evident that iC1, calculated

VOLUME 8, 2020 98039
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FIGURE 3. Measured voltage across (dashed gray line) and measured current through (solid black symbols) the capacitance of reverse-biased
Schottky diode; iC1 (blue line) is the current calculated by (4) and iC2 (red line) is the current calculated by (6).

by (4), is quite erroneous. Therefore, this straightforward
experiment demonstrates that (6) is the correct equation for
the current flowing through voltage-dependent capacitances.

IV. RESOLVING THE CONFUSION DIFFERENCE BETWEEN
TWO CAPACITANCE DEFINITIONS
As mentioned in the introduction, (4) and (6) can be equated
by using two different definitions for a voltage-dependent
capacitance [10]–[12]. These two definitions, commonly
used in the literature and illustrated in Fig. 4, are the total
capacitance Ct (V ) = Q(V )/V and the local or differential
capacitance Cd (V ) = dQ(V )/dV [12], [13]. The capaci-
tances Ct (V ) and Cd (V ) are also referred to as large-signal
capacitance and small-signal capacitance, respectively [11],
[17], [18]. Kulvitit [19] defineCt (V ) as static capacitance and
Cd (V ) as dynamic capacitance. Despite these different inter-
pretations of Ct (V ) and Cd (V ), the mathematical equations
for these two capacitances remain the same. In the following
two sub-sections, we address the questions about the meaning
and applicability of these two definitions.

A. THE REALITY OF DIFFERENTIAL CAPACITANCE,
Cd = dQ/dV
We begin the analysis of the difference between the two
capacitance definitions by answering the following specific
question: Which capacitance, Cd or Ct , corresponds to the
actual physical parameters in real devices? To answer this
question, we will analyze the capacitance due to semicon-
ductor depletion layers, since the depletion-layer widths

FIGURE 4. Charge-voltage (Q− V ) curve depicting the definitions of total
capacitance, Ct , and differential capacitance, Cd .

determine the value of the capacitance in power devices or
in diodes used as varactors.

Take the example of a uniformly doped N-type region in a
Schottky diode or in a one-sided abrupt P−N junction diode.
From the solution of Poisson equation, we know that the
depletion-layer width is [14]:

W =

√
2εsϕ
qND

(7)
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where εs is the semiconductor permittivity, ND is the donor
concentration, q is the charge of an electron, ϕ = V + Vbi
is the electric potential at one of the depletion-layer edges
with respect to the other edge, V is the applied reverse-bias
voltage, and Vbi is the built-in voltage. The charge, Q, in the
depletion layer is:

Q = qNDWA = A
√
2εsqNDϕ (8)

where A is the diode area. The differential capacitance, or
also referred to as local capacitance, (Cd ) is:

Cd =
dQ
dϕ
= A

√
εsqND

2
ϕ−1/2 = αϕ−1/2 (9)

where, α = A
√
εsqND

2 .
The total capacitance (Ct ) is:

Ct =
Q
ϕ
= A

√
2εsqNDϕ−1/2 = 2Cd (10)

The question now is whether Cd or Ct relates to the capac-
itance defined by the physical parameters of the depletion
layer, A (εs/W ):

A
εs

W
= A

√
εsqND

2
ϕ−1/2 = Cd (11)

As a second example, let us take the case for a linear P−N
junction diode, which is the other extreme from the case of
the abrupt junction. Expressing the linear change of doping
concentration byND = ax, and noting that the depletion layer
in the N-type region isW/2, we have [14]:

W =
(
12εs
a
ϕ

)2/3

(12)

The charge stored in the N-type region of this capacitor is:

Q = ND
W
2
A =

1
2
(ax)

W
2
A (13)

⇒ Q =
1
2

(
a
W
2

)
W
2
A = A

a
8
W 2 (14)

Differentiating (14), we obtain

dQ = A
a
4
WdW (15)

Differentiating (12), we get

dW =
1
3

(
12εs
a

)1/3

ϕ−2/3dϕ (16)

The differential/local capacitance (Cd ) of the depletion layer
for a linear P−N junction can now be calculated using (15),
and (16):

Cd =
dQ
dϕ
= A

( a
12

)1/3
ε2/3s ϕ−1/3 = βϕ−1/3 (17)

where, β = A
( a
12

)1/3
ε
2/3
s .

The total capacitance (Ct ) of the depletion layer for a linear
P−N junction is:

Ct =
Q
ϕ
=

3
2
A
( a
12

)1/3
ε2/3s ϕ−1/3 =

3
2
Cd (18)

The capacitance that defines the physical parameters of the
depletion layer for a linear P−N junction, A (εs/W ) is:

A
εs

W
= A

( a
12

)1/3
ε2/3s ϕ−1/3 = Cd (19)

Therefore, the capacitances for the two extreme
cases—(11) for the abrupt and (19) for the linear P–N
junctions—show thatCd relates to the physical device param-
eters rather than Ct .

Using dQ = Cddϕ, and noting again that the electric
potential across the depletion region is a sum of the applied
reverse bias voltage and built-in voltage, ϕ = V + Vbi,
the current through the voltage-dependent capacitor is

i =
dQ
dt
=
dQ
dϕ

dϕ
dt
=
dQ
dV

dV
dt

(20)

⇒ i = Cd
dV
dt

(21)

which matches (6) rather than (4).
We should also stress that the capacitance measurements

give the differential capacitance. Advanced instruments, such
as the Agilent Power Device Analyzer, perform quasi-static
capacitance measurements by utilizing a linearly-ramped
voltage and measuring the current. The capacitance is then
obtained as [20]:

Cmeas(V ) =
i

dV/dt
(22)

where, Cmeas(V ) is the measured diode capacitance. Com-
paring (22) to (21) shows that this measurement gives the
differential capacitance. The other method of measuring the
capacitance is to use a high-frequency small-signal voltage
superimposed onto a DC bias. The capacitance can then be
extracted by analyzing the amplitude and phase of the current
signal. Clearly, this also gives the differential capacitance by
definition.

B. THE MATHEMATICS OF TOTAL CAPACITANCE, Ct = Q/V
Referring to (9), we can see that the charge Q(V ) in the
definition for total capacitance, Ct (V ) = Q(V )/V , can be
obtained by the following integration:

Q(V ) =

Vbi+V∫
0

Cd (ϕ)dϕ (23)

where V is the applied reverse-bias voltage, Vbi is the built-in
voltage, and ϕ is the electric potential across the depletion-
layer width (W ). As indicated by (8), the result is

Q(V ) = A
√
2εsqND(Vbi + V ) (24)

This charge is equal to the total charge of the donor
atoms in the depletion layer, which is equal to the donor
concentration (ND) multiplied by the volume of the depletion
layer (AW) and by the unit charge (q): Q(V ) = qNDAW .
Using (7) for the depletion-layer width, where ϕ = Vbi + V ,
we obtain (24).
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This charge due to donor ions in the depletion layer is
positive and it is exactly equal to the negative charge in
the metal of a Schottky diode, or to the negative charge of
acceptor ions in the P-type depletion layer of a P–N junc-
tion diode. The positive charge, Q(V ), is distributed through
the depletion layer, which means that it is not separated by
the depletion-layer width (W ) from the balancing negative
charge. Given that Q(V ) and −Q(V ) are not separated byW ,
the total capacitance Ct = Q(V )/V is not equal to the
capacitance due to the depletion-layer width, εsA/W .

This shows that we have to consider the total capacitance,

Ct (V ) =
Q(V )
V
=

1
V

Vbi+V∫
0

Cd (ϕ)dϕ (25)

as no more than a mathematically defined capacitance, which
is related to the real capacitance Cd through the integration
in (25). Given that the integral in (25) transforms the real
capacitance Cd into Ct as a variable in an abstract mathe-
matical space, we can transform Ct back to reality by the
inverse first-derivative function. Related to the question of
current through a voltage-dependent capacitance, this can be
achieved in the following way:

iC =
dQ(V )
dt
=
d [Ct (V )V ]

dt
(26)

⇒ iC = Ct (V )
dV
dt
+ V

dCt (V )
dV

dV
dt

(27)

Note that (27) is the same as (4) when C(V ) = Ct (V ),
which is the suggested use of (4) by the authors of [10]–[12].
However, the use of the mathematical Ct in (27) is unnec-
essary because the first derivative dC t (V )/dV in (27) trans-
forms Ct defined by (25) back to the real capacitance Cd .
Given that dV = dϕ, we have

V
dCt (V )
dV

= V
d
dV

 1
V

Vbi+V∫
0

Cd (ϕ)dϕ

 (28)

⇒ V
dCt (V )
dV

= Cd (V )− Ct (V ) (29)

Inserting the result obtained in (29) into (27) shows that the
mathematicalCt disappears as (27) is transformed back to the
current equation with the real capacitance Cd :

iC = Cd
dV
dt

(30)

V. CONCLUSION
We have demonstrated experimentally that the current
through a voltage-dependent capacitor C(V ) should be cal-
culated by (6), where C(V ) is equal to the differential
capacitance Cd = dQ/dV . We have also demonstrated by
theoretical analysis that the differential capacitance relates
to the physical parameters of real capacitances in semi-
conductor devices. Finally, we have shown that the total
capacitance is not a different capacitance in reality but a
mathematical transformation of the measurable differential
capacitance. Although this transformation can be reversed

by the additional term in (4) to yield the correct result for
current through voltage-dependent capacitance, these back
and forth transformations are unnecessary. This result shows
that—to avoid the confusion caused by the two capacitance
definitions and by the two equations for current through
voltage-dependent capacitances—the total-capacitance defi-
nition, Ct = Q(V )/V , should not be used.
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4.1. Introduction 

Power transistors form the core of the switched mode power supplies as switches. 

The major portion of the power losses in those switches is attributed to parasitic 

capacitances [1]. In recent years, those power supplies are further miniaturized to save 

space and cost. Correspondingly, there has been significant development in power 

transistors to enable power supplies to operate at much higher frequencies, voltages, and 

temperatures. Besides offering silicon (Si) power MOSFETs, researchers believe that 

wide-bandgap (WBG) devices such as silicon carbide MOSFETs and GaN-HEMTs offer 

better performances at such extreme conditions [2]-[4]. However, WBG devices are still 

suffering from performance and reliability issues such as trapping and current collapsing 

[3], [5]. Due to these reasons, Si power MOSFETs still dominates the power conversion 

circuits, which propel active research to improve the performances of these devices. 

One such technique is proposed in this chapter. Herein, we demonstrate the 

importance of selecting the appropriate Si power MOSFET to produce boost converter 

with the highest power efficiency. This is accomplished by determining the most 

optimized transistor’s channel width to yield the lowest power loss. To test this 

hypothesis, we use a basic boost converter circuit to plot the static and dynamic power 

losses of MOSFET as a function of W. We also determine the influence of W at different 

switching frequency and output power in term of boost converter’s power efficiency. 

The results indicate that the use of optimized value of W result in highest power 

efficiency in diverse operating conditions. By applying this optimization technique, 

power engineer could choose the commercial power MOSFET with precise W to produce 

converter circuit with highest power efficiency. As far as we know, this finding is not 

widely known by power engineers. Most of them only choose off-the-shelves power 

MOSFETs that have been provided by manufacturers that satisfy the maximum power 

ratings only. 

4.2. Proposed Method 

MOSFET structure consists numerous parasitic elements that can significantly 

affect the power converter performance. Due to the presence of these parasitic elements, 

MOSFET exhibits two types of losses: conduction losses (static losses) and switching 

losses (dynamic losses). The switching losses are primarily attributed to the three parasitic 

capacitances namely as gate-to-source capacitance (CGS), gate-to-drain capacitance 

(CGD), and drain-to-source capacitance (CDS). In MOSFETs datasheet, the three parasitic 

capacitances are defined in terms of the output capacitance (COSS), input capacitance 
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(CISS), and reverse transfer capacitance (CRSS). The individual capacitances can be easily 

extracted from the datasheet by following equations: 

 OSS DS GDC C C   (1) 

 ISS GS GDC C C   (2) 

 RSS GDC C  (3) 

CGS and CGD are formed due to the overlapping of the drain/source and gate 

regions, and therefore will vary according to channel width. In SPICE, the parameters 

that include these overlap capacitances per unit width are defined as CGS0 and CGD0 [6]. 

These parasitic capacitance are highly nonlinear in nature, hence for the sake of simplicity 

the capacitance values are considered as constant for a given channel length (L) and 

channel width (W). The dependency of inductor currents on switching losses during 

transition intervals, which is a potential soft-switching condition, has not been considered 

in this paper. 

Therefore, under hard switching conditions the normalized switching equivalent 

capacitance is given as follows [7]: 

 eq GS GD DSC C C C0 2    (4) 

From (4) the equivalent capacitance as the function of W can be written as: 

 eq eqC W C W0( )    (5) 

The switching losses due to the charging and discharging of the equivalent capacitance 

can be given as [7]: 

 SW eq DDP C W V f2( )    (6) 

where, VDD is the voltage across the drain and source terminal of the MOSFET and f is 

the switching frequency. From (6), it can be inferred that switching losses are proportional 

to W. The conduction losses in the MOSFET are attributed to the channel resistance 

(RDS(on)) which is a function of W and can be represented as: 

 ON DS ONR W R W( )( )   (7) 

The conduction losses in the MOSFET can be calculated as [7], [8]: 

 CON RMS ONP D I R W2 ( )    (8) 

where, D is the duty cycle and IRMS is the root mean square drain current. From (7) and 

(8), it can be seen that the conduction losses are inversely proportional to W. The total 

losses in the MOSFET is given by: 

 total CON SWP P P   (9) 
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 total RMS ON eq DDP D I R W C W V f2 2( ) ( )        (10) 

To minimize the total power losses with respect to W, the derivative of (10) is set to zero 

and the optimum channel width is derived as [7]: 

 
 

 total RMS DS ON
eq DD

d P D I R
C V f

dW W

2
( )0 2

2
0

 
 
 
 

 
      (11) 

 
RMS DS ON

eq DD

I D R
W f

C V f

2
( )

0
( )

 
 

 
 (12) 

Equation (12) depicts the optimum W that can be used to obtain minimum losses in the 

MOSFET. The following section will test the theory of optimum channel width in SPICE 

simulation. 

4.3. Simulation Results 

A typical boost converter as shown in Fig. 1 is used to verify the optimum channel 

width theory whose specifications are [9]: DC input voltage: Vin = 150 V, DC output 

voltage: Vout = 300V, Output Power: Pout = 750 W, maximum inductor current ripple: 

ΔiL = 10A, and maximum voltage ripple: ΔVout < 3 V. The boost circuit as shown in Fig. 1 

is developed in SPICE. The alterations in the properties of the MOSFET can be easily 

done in SPICE using “SPICE model editor” window. The transconductance parameter 

(KP) of SPICE LEVEL 3 model for the power MOSFET is given as: 

  oxKP C W L  (13) 

 

Fig. 1. A typical 150/300V boost converter circuit. 
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where, μ is the electron mobility and Cox is the oxide capacitance. Eq. (13) clearly shows 

the relation between KP and W. Hence, to see the effect of channel width on converter 

power losses, two parameters in the MOSFET model needs to be varied using a width 

multiplying factor. The value of KP and W defined in manufacturer model of IRFP450 is 

21.24μ and 1, respectively. For, VDD = 300 V, IL(RMS) = 5 A, Ceq
0 = 11.85 nF, and 

RDS(ON) = 0.3328 Ω , theoretical results are compared to the simulated results for MOSFET 

power losses and are shown in Fig.2. For comparison, the switching frequency is kept at 

20 kHz. 

Figure 2 clearly demonstrates the theory described in the previous section. The 

conduction losses as depicted in Fig. 2(a) are inversely proportional to W and the 

switching losses are directly proportional to W, as depicted in Fig. 2(b). The minimum 

losses in the boost converter is achieved at a width-multiplying factor of 0.38. A 

noticeable difference between theoretical and simulated power losses can be attributed to 

the linearization of the theoretical aspect. However, the mismatch doesn’t impact the 

optimum channel width obtained from theory and simulation, as can be seen from the 

Fig. 2(c). 

 

 

 

Fig. 2. Comparison of theoretical and simulated (a) MOSFET conduction losses, (b) MOSFET 

switching losses, and (c) MOSFET total losses. 
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4.4. Discussion 

4.4.1. Effect of channel width on the efficiency of the converter 

The efficiency and total power losses w.r.t. W is shown in Fig. 3. It can be seen 

from Fig. 3 that the maximum efficiency for the converter is attained at one third of the 

MOSFET channel unit width for both the switching frequencies i.e. at width multiplying 

factor of 0.3. In addition, the width dependence on the frequency can also be noticed as 

width multiplying factor for 20 khz and 100 khz is 0.38 and 0.3, respectively. The 

maximum efficiency obtained with optimum channel width for switching frequency of 

20 kHz and 100 kHz are 97.39% and 91.69%, respectively. 

4.4.2. Effect of channel width on MOSFET power losses 

The bifurcation of MOSFET power losses is shown in Fig. 4. Figure 4(a) depicts 

the power distribution inside the MOSFET at a switching frequency of 20 kHz. Since the 

switching frequency is quite low, the switching and conduction losses are quite 

comparable, as expected. At width multiplying factor of 0.38, the minimum losses due to 

switching and conduction are achieved which in turns results in high efficiency as shown 

in Fig. 4(a).  Figure 4(b) depicts the power distribution inside the MOSFET at a switching 

frequency of 100 kHz. It is quite clear from Fig. 4(b), that the switching losses are 

dominant over conduction losses. The minimum MOSFET losses are obtained at width 

multiplying factor of 0.3 for this frequency. 

 

 

Fig. 3. Effect of channel width on the efficiency and total power losses of the boost converter at 

(a) switching frequency of 20 kHz and (b) switching frequency of 100 kHz. 
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4.4.3. Switching frequency variation 

Keeping the output power at 750 W, the switching frequency was varied to 

compare the efficiency of the boost converter circuit consisting of MOSFET with one-

third channel width and the MOSFET with unit channel width as shown in Fig. 5. It is 

clear from Fig. 5 that, the MOSFET with one-third channel width gives more efficiency 

than the MOSFET with unit channel width at each switching frequencies. 

 

 

Fig. 4. Effect of channel width on the MOSFET static and dynamic losses at (a) switching frequency 

of 20 kHz and (b) switching frequency of 100 kHz. 
 

 

Fig. 5. Comparison of efficiency of the boost converter consisting of MOSFET with one third channel 

width and the MOSFET with unit channel width with respect to the variation in the switching 

frequency. 
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4.4.4. Output power variation 

Keeping the switching frequency at 100 kHz, the output power is varied to 

compare the efficiency of the boost converter circuit consisting of MOSFET with one-

third channel width and the MOSFET with unit channel width as shown in Fig. 6. It is 

clear from this figure that not only at output power of 750W the MOSFET with one-third 

channel width is more efficient than the MOSFET with unit channel width at all the other 

output power. 

4.4.5. Selection of power MOSFET 

With a width multiplying factor of 0.3, the suitable MOSFET that will minimize 

the boost converter losses should have Ceq
0 = 11.85 nF *0.3 = 3.5 nF, and RDS(ON) = 

0.3328 Ω /0.3 ≈ 1 Ω. On careful observation of MOSFETs in the SPICE library, a power 

MOSFET (STP8NM60) from ST Microelectronics fits the above-mentioned criteria. 

Using STP8NM60 in the same boost converter configuration, efficiency of 92% is 

achieved at a switching frequency of 100 khz and output power of 750 W. 

4.5. Conclusion 

This chapter starts with the hypothesis that W of power MOSFET strongly 

influence its power losses, as demonstrate by the derivation of equation (12). 

Correspondingly, we could produce highly efficient switch mode power supply, since this 

transistor is employed as switches in those high-powered system.  We test it by simulating 

IRFP450 in 150/300 V boost converter circuit, as shown in Figure 1. The results indicate 

that this power MOSFET has the lowest power losses at 0.3 of its channel width. The 
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maximum efficiency of boost converter with that optimized channel width for switching 

frequency of 20 kHz and 100 kHz are 97.39% and 91.69%, respectively. Furthermore, it 

is found that 0.3W yields highest power efficiency at different switching frequency and 

output power as well.  

The practical implication of these results is clear. By applying this optimization 

technique to the power electronic circuits under development, power engineer could 

choose the power MOSFET with precise W to produce circuit with highest power 

efficiency. Such effort will be beneficial for development of new systems with high 

volumes, as the cost of custom-made power MOSFETS could be amortized over time due 

to high quantities and high demands of such efficient systems. 
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Abstract: The device library in the standard circuit simulator (SPICE) lacks a gallium nitride based
high-electron-mobility-transistor (GaN-HEMT) model, required for the design and verification of
power-electronic circuits. This paper shows that GaN-HEMTs can be modeled by selected equations
from the standard MOSFET LEVEL 3 model in SPICE. A method is proposed for the extraction of
SPICE parameters in these equations. The selected equations and the proposed parameter-extraction
method are verified with measured static and dynamic characteristics of commercial GaN-HEMTs.
Furthermore, a double pulse test is performed in LTSpice and compared to its manufacturer model
to demonstrate the effectiveness of the MOSFET LEVEL 3 model. The advantage of the proposed
approach to use the MOSFET LEVEL 3 model, in comparison to the alternative behavioral-based
model provided by some manufacturers, is that users can apply the proposed method to adjust the
parameters of the MOSFET LEVEL 3 model for the case of manufacturers who do not provide SPICE
models for their HEMTs.

Keywords: gallium nitride (GaN); modeling; MOSFET equations; power HEMTs; parameter extrac-
tion; semiconductor device modeling; SPICE equations; SPICE simulator

1. Introduction

Gallium nitride (GaN)-based high-electron-mobility transistors (HEMTs) are emerging
as a promising power switching device for high-efficiency, high-density, and high-frequency
power converters [1]. Compared to the Si counterparts, GaN-based power devices offer
higher breakdown voltage and higher thermal conductivity [1]. These excellent properties
enable GaN-based power devices to meet the high-performance requirements for modern
power converters.

For any power-conversion application, the power circuit designers have to evaluate
the impact of the power-semiconductor devices used in the circuits. From an optimization
point-of-view, there is a need to reduce the number of hardware prototypes. Therefore,
simulation tools are gaining more attention in the development of power electronic sys-
tems [2]. Many researchers are evaluating the high-power and high-frequency circuits with
GaN-HEMT using various device models [1–3]. Hence, accurate modeling of GaN-HEMTs
is an important research area for the simulation of power electronic systems. Various
modeling approaches for GaN-HEMTs are available in the literature and are classified
into four categories [1,3,4]: Behavioral models, semiphysics-based models, physics-based
models, and numerical models. Numerical modeling requires detailed information re-
garding internal structure, device geometry, and material properties of the GaN-HEMT
and uses complex simulation tools such as SILVACO, TCAD, et cetera [5,6]. The accuracy
of numerical models is very good but complexity is very high and computation is very
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intensive [1]. The physics-based models involve solving semiconductor physics equations
in order to obtain the electrical behavior of GaN-HEMTs [7–11]. However, these models are
not suitable for power electronics simulation because of the complex parameter extraction
and long computational time [1,4]. Semiphysics-based models are partly based on behav-
ioral equations and partly on semiconductor physics [12–15]. The models are accurate, fast,
and applicable to different devices from the same class even though some of their empirical
parameters lack physical meaning [1]. A popular modeling approach is to fit mathematical
equations to experimental data without any information about the physical mechanism of
operation, which is an approach called behavioral modeling [16–20]. The major advantage
of behavioral models is their computational efficiency [1,4]. However, when the operating
conditions are changing, the accuracy of behavioral models is quite low [3]. Since, the
exact information of internal parameters, device structure, device geometry, and material
properties are unknown and very difficult to obtain by a power-electronics engineer, the
numerical and physics-based models are unpractical [4]. The issues with the behavioral
models are that they do not perform well in all operating conditions and cannot be adapted
to different devices from the same class. Hence, for accuracy and computational speed,
this paper utilizes semiphysics-based model developed in the Simulation Program with
Integrated Circuit Emphasis (SPICE) for modeling GaN-HEMTs.

Among many simulation platforms that are used for designing and evaluating circuits,
SPICE is widely used by researchers and manufacturers. Another reason for the popular-
ity of SPICE is because almost all the semiconductor manufacturers provide free SPICE
behavioral models for their discrete semiconductor devices. The standard SPICE library
of devices was developed at the time when the focus was on bipolar-junction transistors
(BJTs), junction field-effect transistors (JFETs), and metal-oxide-semiconductor field-effect
transistors (MOSFETs). Because of that, it does not include a library model for the GaN-
HEMTs. Given the need to simulate circuits with GaN-HEMTs, GaN manufacturers such
as GaN Systems, Efficient Power Conversion Corporation (EPC), Transphorm, et cetera,
provide behavioral-based SPICE models in the form of sub-circuits for their respective
GaN-HEMTs. Furthermore, many researchers have proposed GaN-HEMT models that can
be incorporated into SPICE [2,4,12,15,16,20]. However, these SPICE models are obscure
and are not transparent. Furthermore, a large number of fitting parameters makes use of
these models difficult. In addition, some of these models create convergence problems,
require extensive computational time, and are not easily adaptable to other GaN-HEMTs.
Endruschat et al. [2] investigated the possibility of using the MESFET equation in SPICE
(Curtice model), but they showed that its use as a GaN-HEMT model required modification
by the introduction of non-physical parameters. The modified Curtice equations turn into
a behavioral model; they are analytical equations solved using tabular data obtained from
either the measurements or datasheet. However, the discrete nature of the tabular data and
the uneven arrays create convergence problems [21].

To address these problems, we show in this paper that the standard MOSFET LEVEL
3 model in SPICE can be utilized to model GaN-HEMTs. This is achieved by the following
key contributions:

• Selection of relevant equations from the quite complex set of equations comprising
the MOSFET LEVEL 3 model in SPICE.

• Development of a verified method to extract the initial values of all SPICE parameters
in the selected equations, which is necessary to enable proper nonlinear fitting to
measured characteristics of an arbitrary GaN-HEMT.

This paper is divided into the following sections: Section 2 will introduce the GaN
structure studied in this paper. Section 3 will present the selection of static equations
and the method for respective parameters extraction. Sections 4 and 5 will verify the
experimental static and dynamic characteristics, respectively. Section 6 will present the
results of a double-pulse test (DPT) test to compare the effectiveness of the MOSFET LEVEL
3 model with the manufacturer model in LTSpice. Section 7 will conclude and foreshadow
potential future work.
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2. GaN Structure

The internal structure of a normally-off GaN-HEMT is shown in Figure 1 [22]. For
HEMT fabrication on the silicon substrate, as is the case in the structure shown in Figure 1,
aluminum nitride is used as a buffer layer to enable epitaxial growth of the active GaN layer.
The formation of the two-dimensional electron gas (2-DEG) is achieved by the growth of a
resistive AlGaN layer on top of the highly-resistive GaN layer. The transition from GaN to
AlGaN creates polarization charge, which attracts mobile electrons that form the 2-DEG. To
form a normally-off HEMT, which is required for power applications, the electrons under
the gate are repelled by various techniques, such as embedding negative charge in the
AlGaN layer and using gate materials with a suitable work function. Given that a positive
gate voltage is needed to re-establish the 2-DEG under the gate, this region of the HEMT
is analogous to a normally-off MOSFET. The gate-to-drain and gate-to-source regions are
different from the MOSFET structure; however, they can be modeled as fixed drain and
source resistances.
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Figure 1. Internal cross-sectional structure of a gallium nitride based high-electron-mobility-transistor
(GaN-HEMT).

The switching ability of power devices depend on its parasitic capacitances, which
are gate-to-source capacitance (CGS), gate-to-drain capacitance (CGD), and drain-to-source
capacitance (CDS). The three parasitic capacitances, shown in Figure 1, are analogous to the
parasitic capacitances in the MOSFET structure. An important quantitative difference is
that the parasitic capacitances in HEMTs are much smaller, enabling operation at much
higher switching frequencies. A major difference between GaN-HEMT and MOSFET is
the lack of an intrinsic body diode. However, the intrinsic diode in MOSFET models can
be easily eliminated by adopting zero values of its key parameters. Therefore, standard
MOSFET equations can be applied to GaN-HEMTs.

3. Selection of Static Equations and Parameter Extraction
3.1. Selection of SPICE Equations

Modeling a GaN-HEMT requires mathematical equations for the drain current (ID) as
a function of the applied gate-to-source (VGS) and drain-to-source (VDS) voltages. In SPICE,
there are different sets of equations, referred to as model levels. LEVEL 1 is the simplest
MOSFET model, which is based on the rudimentary device equations. Shah et al. [12]
have used the equations of MOSFET LEVEL 1 to model GaN-HEMTs. However, their
approach ignored the transfer characteristic for small VDS values, which in the case of any
GaN-HEMT is impacted by the channel resistances outside the gate (these gate-to-source
and gate-to-drain channel resistances do not exist in MOSFETs). In addition, the simulation
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accuracy of output characteristics is highly dependent on second-order effects, which are
not included in [12]. The MOSFET LEVEL 2 model in SPICE includes second-order effects,
but its equations are complex resulting in computational inefficiency and convergence
issues. MOSFET LEVEL 3 is a much better choice, because its key equations are almost as
simple as in MOSFET LEVEL 1 and as accurate as the complex equations in the MOSFET
LEVEL 2 model. Therefore, the MOSFET LEVEL 3 model is utilized in this paper. In SPICE,
a parameter labeled as LEVEL is assigned to MOSFET devices. By assigning LEVEL = 3,
the SPICE LEVEL 3 model with the relevant equations and parameters is activated.

Equations (1) and (2), shown below, represent our selection from the rather complex
MOSFET LEVEL 3 model, for the purpose of modeling GaN-HEMTs. The SPICE parameters
that need to be specified to activate this selection are shown in the bold font. The list
of these parameters is as follows: the transconductance parameter (KP), the threshold
voltage (Vto), the channel length (L), the channel width (W), the drain resistance (Rd),
the source resistance (Rs), the body-effect parameter (Gamma), the surface potential in
strong inversion (Phi), and the mobility modulation constant (Theta). In this paper, we
will also show that the subthreshold-current parameter (NFS) can be used to model the
non-zero drain current for gate voltages below the threshold voltage. The default values of
the remaining SPICE parameters ensure that all other equations are inactive [23].

ID = KP
1+Theta(VGS−Vto)

W
L (VGS − Vto)(VDS −RsID −RdID)−

[
1 + Gamma

2
√

Phi

]
(VDS−RsID−RdID)2

2 Triode Region (1)

ID = KP
1+Theta(VGS−Vto)

W
L

[
2
√

Phi
2(2
√

Phi+Gamma)

]
(VGS − Vto)2 × Saturation Region (2)

3.2. Methods for Extraction of Initial Values of the Selected Parameters

In principle, the values of equation parameters can be obtained by nonlinear fitting
to experimental data. However, the convergence of nonlinear fitting entirely depends on
the specified initial values of the equation parameters. More importantly, an inadequate
choice of the initial values can lead to poor fitting. Hence, this paper proposes a method
for extraction of the initial values of selected key parameters as the first step, followed by
nonlinear fitting to adjust the values of all parameters in Equations (1) and (2).

The channel length and width, L and W, are the geometric-design parameters specific
to the power device under test. For commercial power-semiconductor devices these values
are undisclosed by the manufactures and are very hard to determine. However, for the
purpose of circuit simulation, it is sufficient to set the value of W and L to 1 µm, which
makes the ratio W/L = 1. That leaves the transconductance parameter KP as the active
parameter whose value will determine the value of the drain current in response to the
applied voltages. In addition to KP, the initial values of Vto, Rs, and Rd are also needed
to enable successful nonlinear fitting. Therefore, the proposed method for the extraction
of initial parameter values includes KP, Vto, Rs, and Rd. The values of the remaining
parameters can be adjusted by nonlinear fitting using their typical or default values.

3.2.1. Extraction of KP, and Vto

The values of KP and Vto can be determined from measured transfer characteristic
of the corresponding GaN-HEMT, biased in the linear region by a small VDS, such as
VDS = 100 mV. To illustrate the extraction method, we chose a commercial 600 V GaN
power transistor, GS66504B, manufactured by GaN Systems. The transfer characteristic
of GS66504B was measured with an Agilent Power Device Analyzer (B1505A) and is
shown in Figure 2. This transfer characteristic was measured at VDS = 100 mV to ensure
that the quadratic term in (1) is negligible. In the linear section of the measured transfer
characteristic, marked by the dashed line in Figure 2, the values of Theta(VGS-Vto), RsID,
and RdID are negligible, simplifying (1) to the following linear form:

ID = KP(W/L)(VGS − Vto)VDS (3)
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Equation (3) shows that the intersection between the extrapolated linear section of
the measured transfer characteristic and the VGS axis that corresponds to Vto = 1.26 V.
The slope of the linear section is 0.879 A/V, which corresponds to KP = 8.79 A/V2 for the
specific case of VDS = 100 mV and W = L = 1 µm.

3.2.2. Extraction of Rs, and Rd

As Figure 2 shows, the measured transfer characteristic deviates from the linear
dependence (the dashed line) for higher VGS and ID values, mainly due to the impact of
the channel resistances outside the gate. MOSFET LEVEL 3 model has embedded source
and drain resistances, Rs and Rd, which we can use to model the impact of gate-to-source
and gate-to-drain channel resistances in HEMTs as shown in Figure 3. Assuming that the
dashed line in Figure 2 corresponds to the HEMT channel under the gate, we can model
this section of the channel by the linear equation:

ID = β(VGS0 − Vto)VDS0 (4)

where, β = KP(W/L), VDS0 = VDS − (Rs + Rd) ID, and VGS0 = VGS − RsID. From
Equation (4), VGS0 can be expressed as:

VGS0 = (ID/βVDS0) + Vto (5)
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For smaller ID values, where the solid and dashed lines overlap, (Rs + Rd) ID is
negligible and VGS0 = VGS. However, for larger ID values, (Rs + Rd) ID is not negligible and
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a larger VGS is required to achieve the same ID. According to Equation (3), the measured
value of VGS is given by

VGS = (ID/βVDS) + Vto (6)

The difference ∆VG = VGS0 − VGS, which is illustrated in Figure 2, can be obtained
from (5) and (6) as:

∆VG =
ID
β

[
1

VDS − (Rs + Rd)ID
− 1

VDS

]
(7)

⇒ Rs + Rd =
VDS
ID
− 1

(ID/VDS) + β∆VG
(8)

Practically, a sufficiently high ID should be selected for the determination of Rs + Rd,
because a sufficiently large ∆VG is needed to avoid a large error in the determined value
for Rs + Rd. For the specific data shown in Figure 2, ∆VG = 0.8 V, VDS = 100 mV, ID = 0.84
A, and consequently Rs + Rd is obtained as 54.3 mΩ. For simplification of the model we
assume equal drain and source resistances, which are Rs = Rd = 27.15 mΩ.

3.2.3. Typical Initial Values for Gamma, Phi, Theta, and NFS

Two parameters, Gamma and Phi, impact the drain current in the triode and saturation
regions. The complete MOSFET LEVEL 3 equations in SPICE use Gamma and Phi to model
second-order effects that we do not need in the case of HEMT modeling. As can be seen
from the square brackets in Equations (1) and (2), it is sufficient to adjust the value of only
one of these parameters. From semiconductor physics, we know that the value of Phi is set
by the energy gap of the material. For the case of GaN, we can set Phi = 2 V, which leaves
Gamma to be determined by the nonlinear fitting. For this purpose, the default value in
SPICE, which is Gamma = 0, can be used as the initial value.

The default value for the parameter Theta in SPICE is also Theta = 0. This is sufficient
as the initial value for the nonlinear fitting, which will adjust the final value of Theta to
improve the fitting of both the transfer and the output characteristics. Finally, note that we
can specify the parameter NFS to fit the subthreshold current on the transfer characteristic.
The typical value of this parameter is 1011 cm−2. However, in the triode and saturation
region, the NFS does not affect the ID as can be seen from Equations (1) and (2). Hence, the
value of this parameter can be adjusted in SPICE simulation after the non-linear fitting is
completed.

3.3. Non-Linear Fitting

Using the set values of W = L = 1 µm and Phi = 2 V, along with the initial values ob-
tained in the previous sub-section (KP = 8.79 A/V2, Vto = 1.26 V, Rs = Rd = 27.15 mΩ) and
the default values Theta = 0, and Gamma = 0, non-linear fitting is applied to Equations (1)
and (2) to obtain the MOSFET LEVEL 3 parameters for GS66504B. The obtained fitted
parameters are typed directly into SPICE and are verified by the experimental transfer
and output characteristics as described in the next section. Note that, without NFS, the
drain current calculated by SPICE will be zero for VGS < Vto. Hence, in order to fit the
sub-threshold region for GS66504B, the value of NFS can be determined by running SPICE
simulations with tried numbers around its typical value of 1011 cm−2.

4. Experimental Verification of the Static Characteristics

In addition to GS66504B GaN-HEMT, we have also selected a 650 V GaN transistor
GS66506T to demonstrate the effectiveness of the selected MOSFET LEVEL 3 equations
and the proposed parameter-extraction method. Putting the fitted values of the selected
parameters directly into SPICE, the simulated transfer and output characteristics for both
GS66504B and GS66506T are compared with the measured results in Figure 4. It is evident
that SPICE simulations are in very good agreement with the measured results, which
demonstrates that the selected MOSFET LEVEL 3 equations in SPICE can be used to model
GaN-HEMTs. Precise modeling in the linear region of the output characteristics, shown in
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Figure 4b,d, is the most significant, as it corresponds to the operation of HEMTs as switches
in on mode and thus, determines the on-state resistance.
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5. Modeling Dynamic Characteristics and Experimental Verification

The dynamic characteristics of GaN-HEMTs are determined by their inherent voltage-
dependent parasitic capacitances. For the designers of power-conversion circuits, the
capacitance of utmost interest is the output capacitance, COSS = CDS + CGD. Hence, model-
ing of CDS and CGD is crucial. The desired individual capacitance data from the datasheet
is extracted using the grabit.m command in MATLAB and is shown in Figure 5.

The MOSFET LEVEL 3 model includes voltage-independent gate-to-source and gate-
to-drain overlap capacitances, through Cgso and Cgdo as the respective parameters. By
observing the datasheets of many GaN-HEMTs, it can be perceived that the CGS and CGD are
fairly constant for most of the voltage ranges; hence the voltage-independent parameters
Cgso and Cgdo can be used to model these capacitances. Note that Cgso and Cgdo are
defined as capacitances per unit of the channel width. Therefore, extracting the values of
Cgso and Cgdo can be achieved by taking the values of CGS and CGD at the maximum VDS.
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The MOSFET LEVEL 3 model also contains a diode model for the MOSFET P-N
junction, which can be utilized to model the non-linear CDS for GaN-HEMTs. The diode
model with relevant SPICE parameters is given by

CDS(vDS) = Cj[1 + (vDS/PB)]−Mj (9)

where, Cj is the zero-bias capacitance per unit area, PB is the built-in voltage, and Mj is
the grading coefficient. To obtain the values of these SPICE parameters requires non-linear
fitting. For this purpose, the CDS value from the datasheet at VDS = 0 V, should be divided
by W × L and used as the initial value of Cj. The initial value of PB can be set at 2 V
(similar to Phi) and the initial value of Mj can be set at 0.5 (typical value for one-sided
abrupt P-N junctions and Schottky diodes).

The modeled capacitances were compared to the extracted capacitance for both GaN-
HEMTs in Figure 5. Good agreement is achieved at higher voltages, but there is a discrep-
ancy between the simulated and datasheet CDS curves at lower voltages due to the internal
physics of HEMTs.

The suitability of the capacitance modeling can be verified by comparing simulated
and actual energy stored in the output capacitance (EOSS). This energy is stored while
the GaN-HEMT is turning-off and the same energy is dissipated while the GaN-HEMT is
turning-on. As high-frequency converters with GaN-HEMTs always require soft-switching,
the EOSS curve is crucial for achieving this condition. The EOSS curve can be calculated
from the respective COSS curve as:

EOSS =

VDS∫
0

COSS(vDS)× vDS dvDS (10)

The EOSS curve calculated from Equation (10) for MOSFET LEVEL 3 modeling is
compared to the datasheet and is shown in Figure 6. The results show that the proposed
model is adequate for simple and fast simulation of HEMTs in power-electronic circuits.
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6. Model Validation by LTSpice Simulation

For power applications, a good way to validate the dynamic characteristics is to check
how the developed model behaves under switching conditions. The manufacturer of
GS66506T, GaN Systems, provides their own developed LTSpice model to be used for
simulation purposes (the model is shown in Appendix A). Moreover, GaN Systems has
developed a half-bridge double-pulse test (DPT) in LTSpice to evaluate the switching
performance of their developed models in comparison to experimental measurements. As
shown in the application notes [24], the manufacturer model is in good agreement with
the experimental switching conditions. Hence, an identical double-pulse test platform
developed by GaN Systems is used in this paper to verify the switching characteristics of
the developed MOSFET LEVEL 3 model. Since LTSpice shares the same core libraries as
any other SPICE version, the MOSFET LEVEL 3 model can be used in LTSpice simulation
with adequately set parameter values, as shown in Appendix B. It is worth noting that
two more parameters, namely, gate resistance (RG) and drain-to-source shunt resistance
(RDS), are added while converting SPICE to LTSpice models to avoid convergence problem
in LTSpice. The addition of these parameters does not have much effect on the electrical
characteristics of the modeled GaN-HEMT. The value of RG is directly taken from the
GS66506T datasheet as 1.1 Ω. The RDS is theoretically infinite; hence a very high value
of 1 MΩ is used in the model. The DPT test bench in LTSpice is shown in Figure 7. The
parameters of the DPT circuit along with their values are given in Table 1. The switching
waveforms of the DPT circuit with both the manufacturer’s and MOSFET LEVEL 3 models
as the device under test (DUT) are shown in Figure 8.
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Table 1. Parameters of the double-pulse test (DPT) circuit used for LTSpice simulation.

S. No.
Parameters

Value
Symbol Description

1 VBUS DC bus voltage 400 V
2 ISW Switching current 22.5 A
3 RGON Turn-on gate resistor 10 Ω
4 RGOFF Turn-off gate resistor 2 Ω
5 VDRV_P Turn-on gate voltage 6 V
6 VDRV_N Turn-off gate voltage 2 V
7 DT Dead time 100 ns
8 T_ON Turn-on period 2 µs
9 T_P Total period 2.5 µs

10 L_DPT Switching current
inductance 64 µH

11 L_GATE Gate inductance 1 nH

12 LS_EX External source
inductance 10 pH

13 L_DS Power loop
inductance 1 nH

Figure 8a,b shows the results with an operating DC bus voltage of 400 V and
Figure 8c,d shows the results with an operating switching current of 22.5 A. Despite
the simplicity of MOSFET LEVEL 3 model, the turn-off transients shows satisfactory agree-
ment with the manufacturer model, whereas a bigger difference can be seen in Figure 8a,c
during turn-on transients for both operating points. This deviation during the turn-on
interval is most likely caused by the mismatch of modeled CDS and CGD at lower voltages.
In addition, the MOSFET LEVEL 3 model does not include any parasitic inductances,
which results in more pronounced oscillations as seen in Figure 8. However, for power
applications, the power distributions during switching intervals are more relevant. The
turn-on and turn-off power losses using the MOSFET LEVEL 3 model and manufacturer
model for the two operating points are shown in Figure 9. Furthermore, the total energy
losses during switching transients are presented in Table 2.
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Table 2. Energy losses during switching transients.

Energy Losses E=
t2∫
t1

(vDS × iD) dt Manufacturer Model MOSFET LEVEL 3 Model

EON 35.92 µJ 42.50 µJ
EOFF 7.23 µJ 5.05 µJ

ESW = EON + EOFF 43.15 µJ 47.55 µJ

Figure 9 and Table 2 demonstrate the effectiveness of the simple MOSFET LEVEL 3
model approach in comparison to the complex manufacturer model. Despite the observed
deviation in the switching waveforms shown in Figure 8, the switching energy losses for the
full current rating calculated from both models are quite close. In order to further evaluate
the switching performance of the MOSFET LEVEL 3 model, the drain current was varied
keeping the dc bus voltage constant and the comparison to the manufacturer model is
shown in Figure 10. As can be seen, the simple MOSFET LEVEL 3 model provides adequate
results in comparison to the complex manufacturer model. The observed variation between
both curves in Figure 10 is acceptable in terms of designing power circuits, whereas the
availability, transparency, and simplicity of the MOSFET LEVEL 3 model enables fast and
effective simulations during the design of practical power-switching circuits.
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7. Conclusions

This paper demonstrates that standard MOSFET equations, available in the SPICE
circuit simulator, can be used to model commercial GaN-HEMTs. A set of equations from
the available MOSFET LEVEL 3 equations in SPICE has been selected and a method for the
extraction of the related SPICE parameters has been proposed. The validity of this approach,
including the proposed parameter-extraction techniques, is verified by demonstrating an
adequate match between simulated and measured static and dynamic characteristics.
Furthermore, a DPT is performed for one of the GaN-HEMTs and is compared to its
manufacturer model. It is demonstrated that the simple MOSFET LEVEL 3 model provides
adequate results in terms of total switching energy losses. The transparency of the MOSFET
LEVEL 3 model is further helpful in adapting to any GaN-HEMTs which is quite difficult
in the manufacturer model. Due to the simplicity of this approach and the familiarity of
circuit designs with the standard MOSFET SPICE model, this approach is ideally suited
for the analysis and design of circuits with GaN-HEMTs. Future work may include an
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improvement of modeling of voltage-dependent capacitances to obtain switching energy
losses as close as possible to the complex manufacturer model while keeping the model
simple and transparent.
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Appendix A

** GaN Systems Manufacturer model for GS66506T
*****************************************************************
.subckt GaN_LTspice_GS66506T_L1V4P2 gatein drainin sourcein
.param sf = 0.73
.param rTC = −0.004 gan_res = {44.75e−3} metal_res = {3.2e−3} gtc = 2.83 sh_s =

0.05263 sh_d = 0.94376
.param cur = 0.099 x0_0 = 1.1 x0_1 = 1.1 x0_2 = 1.0 thr = 1.61 itc = 0.42 atc = 90.8
rd drainin drain {sh_d * (metal_res/2.0 *(1-1*rTc*(Temp-25)) + gan_res*PWR((Temp +

273)/298,gtc))/sf }
rs sourcein source {sh_s * (metal_res/2.0 *(1-1*rTc*(Temp-25)) + gan_res*PWR((Temp

+ 273)/298,gtc))/sf }
rg gatein gate {1.0 * sf}
Rcsdconv drain source {4000Meg}
Rcgsconv gate source {4000Meg}
Rcgdconv gate drain {4000Meg}
bswitch drain2 source2 I = (if(v(drain2,source2) > 0,
+(cur*(-(Temp-25)*itc + atc)*log(1.0 + exp(26*(v(gate,source2)-thr)))*
+v(drain2,source2)/(1 + max(x0_0 + x0_1 *(v(gate,source2) + x0_2),0.2) *v(drain2,

source2))),
+(-cur*(-(Temp-25)*itc + atc)*log(1.0 + exp(26*(v(gate,drain2)-thr)))*
+ v(source2, drain2)/(1 + max(x0_0 + x0_1*(v(gate,drain2) + x0_2),0.2)*v(source2,

drain2))))) * sf
R_drain2 drain2 drain {(1e−4)}
R_source2 source2 source {(1e−4)}
C_GS gate source {228.3e−12 * sf}
C_GS1 gate source Q = sf * (−0.9431e−12*(1-1./(1 + exp(0.0177*(-v(drain, source) +

300.03))))
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+ −0.4182e−10*(1-1./(1 + exp(0.0700*(-v(drain, source) + 33.3)))) + −0.5657e−10*(1-
1./(1 + exp(0.277*(-v(drain, source) + 1.1))))

+ -(−0.435*90.48e−12*(1-1./(1 + exp(0.06*(-v(drain, source) + 1.1))))
+ −0.435*0.54e−10*(1-1./(1 + exp(0.9*(-v(drain, source) + 2.1))))))*x
C_GS2 gate source Q = 0.464*2.23e−010*log(1 + exp(6.5*(x-1.45))) * sf
C_GD gate drain {0.6e−012 * sf}
C_GD1 gate drain Q = 0.444*4.6e−10*log(1 + exp(0.277*(x + 1.1))) * sf + 0.444*13.2e−

10*log(1 + exp(0.070*(x + 33.3))) * sf + 0.444*1.2e−10*log(1 + exp(0.0177*(x + 300.03))) * sf
C_SD source drain {0.8e−010 * sf}
C_SD1 source drain Q = 0.444*4.4e−9*log(1 + exp(.15*(x + 68))) * sf
+ 0.444*6.56e−9*log(1 + exp(.03*(x + 180))) * sf
.ends
*$

Appendix B

** MOSFET LEVEL 3 model for GS66506T
*****************************************************************
* Node 1 -> Drain
* Node 2 -> Gate
* Node 3 -> Source
.SUBCKT GS66506T 1 2 3
M2 9 7 8 8 MM L = 1U W = 1U
RS 8 3 3m
RD 9 1 3m
RG 2 7 1.1
RDS 3 1 1e6
.MODEL MM NMOS Level = 3
+Gamma = 6.0
+Theta = 1.20
+Phi = 2.0
+Kp = 30.05
+Vto = 1.43
+NFS = 10e11
+Cgso = 184e−7
+Cgdo = 1.162e−7
*Modeling drain-source-capacitance
D1 3 1 MD
.MODEL MD D
+CJO = 315.4e−12
+VJ = 2.0
+M = 0.3441
.ENDS GS66506T
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Abstract: A balance between static and dynamic losses of a power MOSFET is always desirable for
accomplishing the maximum efficiency for a specific power converter. The standard semiconductor
theory suggests that a minimum power dissipation in a MOSFET can be achieved by selecting a
specific device active area. However, for power circuit designers, the active device area is unknown
given that only datasheet parameters are available. Hence, in this paper, we propose a simple method,
based on semiconductor theory, to select optimum power MOSFET from a family of MOSFETs using
only datasheet parameters. By applying this optimization method to the specific power supply circuit
under development, power engineers can select the best transistors to yield lowest power losses for
the systems under development.

Keywords: dynamic losses; datasheet parameters; optimization; power dissipation; power MOSFET;
static losses

1. Introduction

Power semiconductor devices form the core of the modern power conversion systems.
The overall efficiency of the power converters depends mainly on the losses attributed
to power semiconductor devices. Therefore, a thorough understanding and selection of
the power semiconductor device are required for designing efficient and reliable power
converters.

One such popular and widely used power semiconductor device is a power MOSFET.
The total power dissipation in a power MOSFET consists of static loss that is determined
by the on-resistance and dynamic loss that is determined by the parasitic capacitances [1].
The standard semiconductor theory shows that the total power dissipation has a minimum
for specific device active area [2]. This happens because an increase in the active area
reduces the on-resistance, reducing static loss, but it increases the parasitic capacitances,
increasing the dynamic loss. However, the active device area that minimizes the total
power dissipation depends on specific circuit configuration and parameters, such as the
on-state current flowing through the power MOSFET and the switching frequency. Be-
cause of that, the device manufacturers cannot provide a single optimum MOSFET for all
applications and instead offer a family of MOSFETs manufactured by the same process
but with different on-resistances [3]. On the other hand, the power circuit designers do
not know the active device area and the other needed semiconductor device parameters to
determine the minimum power dissipation for a particular application; hence, they cannot
use the standard semiconductor theory of active device area to select the MOSFET with the
optimum on-resistance.

In this paper, we propose a method for this selection, which is based on semiconductor
theory, using only datasheet parameters such as on-resistance and energy related effective
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output capacitance. The proposed method is demonstrated by commercial superjunction
(SJ) MOSFETs and silicon carbide (SiC) MOSFETs.

2. Proposed Method

The maximum current handling capability of any power MOSFET is generally limited
by the on-resistance (RON). The total RON of a power MOSFET structure comprises many
individual resistances connected in series between the drain and the source terminal.
However, the contribution of the channel resistance (RCH), the accumulation resistance
(RA), the JFET resistance (RJFET), and the drift region resistance (Rdrift) is significantly higher
than the rest of the resistances, therefore dominating the value of static losses [2]. It must be
noted that all the contributing resistances are inversely proportional to the channel width
(W) [2,4].

The switching characteristics of a power MOSFET are mainly determined by its
intrinsic parasitic capacitances. The parasitic capacitances of the power MOSFET can be
classified as input capacitance (CISS) and output capacitance (COSS). At higher voltages and
switching frequencies, the dynamic losses due to charging/discharging of COSS dominate
the switching performance [5]. Hence, in this brief, the dynamic power dissipation by COSS
is given more consideration than the influence of CISS. COSS comprises gate-to-drain (CGD)
and drain-to-source (CDS) capacitance. Both CGD and CDS span the depletion region, which
is directly proportional to W; hence, COSS as a function of W can be expressed as [6,7]:

COSS = LW

√
qεND

2V
(1)

where q is the charge of an electron, ε is the semiconductor permittivity, ND is the donor
doping density, and V is the applied drain-to-source voltage.

Because the power MOSFET datasheets do not show the device parameter W, the
power circuit designers cannot use it to calculate the resistances and the capacitances
and, therefore, cannot use the corresponding equations to select the power MOSFET
that will minimize the power losses. On the other hand, RON and COSS are available on
every datasheet. From the standard semiconductor theory, it is clear that RON is inversely
proportional to W and COSS is directly proportional to W. This means that:

RON · COSS = κ (2)

where κ is a constant that groups all technological parameters for the specific family of
MOSFETs. The constant κ is effectively a figure of merit for a family of MOSFETs. In
fact, if we integrate COSS curve with respect to V and replace COSS with the integrated
charge, QOSS, we obtain a well-known figure of merit: RON · QOSS [8]. However, most
manufacturers do not provide QOSS–V curves in the datasheets. Instead, most datasheets
provide energy-related effective output capacitance, Co(er). The reason for introducing Co(er)
is the nonlinear nature of COSS, which makes it difficult for a circuit designer to analyze
power circuits. The constant capacitance Co(er) is defined as the capacitance that gives
the same stored energy as COSS while V is rising from 0 to 80% of the drain-to-source
breakdown voltage, and it is given by [9]:

Co(er) =
2

V2

V∫
0

COSS(v)× vdv (3)

Because the value of Co(er) is available in most datasheets, it is convenient to use it in
(2) instead of the voltage-dependent COSS:

RON · Co(er) = κ (4)

The dynamic power dissipation due to charging/discharging of Co(er) is given by [2,10,11]:
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Pdynamic = f Co(er)V
2 (5)

where f is the switching frequency. Using (4) and (5) can be expressed in terms of RON as:

Pdynamic =
(

f κV2
)

/RON (6)

The static power dissipation can be expressed by the standard equation [1,2,11]:

Pstatic = DRON I2 (7)

where D is the duty cycle and I is the root-mean-square drain current. Combining (6)
and (7), we can express the total power dissipation in terms of RON as the parameter
distinguishing different MOSFETs from the same family:

Ptotal = DRON I2 +
(

f κV2
)

/RON (8)

To minimize the total power losses with respect to RON, the derivative of (8) is set to
zero and the optimum RON is derived as:

dPtotal
dRON

= 0 ⇒ RON( f ) =
V
I

√
f κ

D
(9)

Equation (9) shows that Ptotal has a minimum for a specific RON, depending on the
values of V, f, D, and I. In the next section, the proposed method for selection of the
optimum RON is demonstrated with SJ MOSFETs.

3. Demonstration of the Proposed Method Using SJ MOSFETS

Superjunction devices consist of multiple, alternate highly doped n and p semiconduc-
tor stripes leading to lower RON without sacrificing the blocking voltage. Hence, for the
same breakdown voltage, the RON of SJ MOSFETs will be much lower than the conventional
Si-based planar MOSFETs.

To demonstrate the proposed method described in the previous section, nine Infi-
neon 650 V CoolMOS C3 technology SJ MOSFETs were considered. Individual κ values
were calculated using (4) by taking RON and Co(er) values from the respective SJ MOSFET
datasheets. The mean of all the individual κ values was equal to 1.835 × 10−11 ΩF, and this
value was taken to represent this family of MOSFETs. The values of Co(er) in the datasheets
were given for V = 480 V, and this voltage was used in (6). Since the SJ MOSFETs have
different current ratings, the current of the lowest rated SJ MOSFET current, I = 2.5 A,
was utilized.

Using D = 0.5, κ = 1.835 × 10−11 ΩF, V = 480 V, and I = 2.5 A, the theoretical static,
dynamic, and total losses were calculated and are shown in Figure 1. For the same
bias voltage, current, and duty cycle, the total losses for individual SJ MOSFETs were
calculated using their respective κ in (8) and are also shown in Figure 1. Despite the
variation of individual κ values around the mean value of 1.835 × 10−11 ΩF, the total
losses of the commercial SJ MOSFETs follow the trend of the proposed theory, as can be
seen from Figure 1. For f = 20 kHz and f = 100 kHz, the minimum losses are occurring
for RON = 164.5 mΩ and RON = 367.8 mΩ, respectively. For the power converter oper-
ating at V = 480 V, I = 2.5 A, and f = 20 kHz, SJ MOSFETs SPW47N60C3, SPW35N60C3,
SPW24N60C3, and SPW20N60C3 are the best selection because they minimize the power
loss. However, the selection of the best MOSFET changes for higher frequencies. The
maximum switching frequency of 100 kHz was used for this demonstration because CISS
of CoolMOS C3 family of MOSFETs is quite large, and higher switching frequencies are
practically not feasible. For the power converter operating at the same bias voltage and
current but at the switching frequency of 100 kHz, SJ MOSFET SPP11N60C3 provides the

63



Electronics 2021, 10, 2150 4 of 8

minimum power loss. It can be observed from Figure 1 that the optimal RON increases as
the switching frequency increases. This is because the switching losses due to the parasitic
capacitances begin to dominate at higher switching frequencies. To minimize the dominant
switching losses, a MOSFET with a smaller capacitance has to be selected, and this MOSFET
will have a smaller channel width (Equation (1)), which in turn means that RON of this
MOSFET is larger.
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cially available Infineon CoolMOS C3 technology SJ MOSFETs.

For a different family of MOSFETs, corresponding to a different technology process,
the constant κ has a different value. At Infineon, the CoolMOS CE family of MOSFETs
is based on newer and better optimized technology. The CISS of CoolMOS CE family
of MOSFETs is lower than that of the CoolMOS C3 family of MOSFETs, enabling them
to operable at higher switching frequencies. Hence, in order to show the effectiveness
of the proposed method, nine 600 V SJ MOSFETs from the CoolMOS CE family were
considered. For CoolMOS CE family, the mean κ = 1.453 × 10−11 ΩF was used to calculate
the theoretical static, dynamic, and total losses, as shown in Figure 2. The voltage, current,
and duty cycle were kept the same. For f = 100 kHz and f = 500 kHz, the minimum
losses are occurring at RON = 327.3 mΩ and RON = 731.9 mΩ, respectively. Hence, for the
power converter operating at 100 kHz, SJ MOSFET IPAW60R280CE should be selected
to minimize the power loss, whereas IPAW60R460CE is the best choice when the power
converter operates at 500 kHz.

For the case of a higher output current, static losses starts to dominate the dynamic
losses. By keeping switching frequency at 100 kHz, the proposed theory was applied to
CoolMOS CE family of MOSFETs for higher currents, as shown in Figure 3. It can be seen
from Figure 3 that the SJ MOSFET with the lowest RON, i.e., IPAW60R190CE, is the best for
power converters operating at output currents higher than 5 A.
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4. Validation

A widely used clamped inductive load circuit was used in LTSPICE to validate the pro-
posed approach. The circuit parameters for the simulation were: VDD = 480 V, IDD = 2.5 A,
RG = 25 Ω, VGG = 15 V, f = 100 kHz, D = 0.5, tr = 30 ns, tf = 20 ns, LS = LD = LG = 5 pH, and a
650 V SiC Schottky diode (SCS320AJ). The CoolMOS C3 family MOSFET models provided
by the Infineon were utilized in the configured circuit. These models include the parasitic
inductances and capacitances of the power MOSFET. Apart from COSS, the dynamic losses
of a power MOSFET are mainly influenced by the transistor switching time and diode
reverse recovery. The diode reverse recovery loss is a fraction of transistor switching time
loss and hence is neglected in the paper. The transistor switching time loss is attributed
to CISS of the MOSFET, and the power loss due to this switching time can be calculated
as [11]:

Pswt = V × I × f × (QGS + QGD)

IG
(10)

where IG is the gate current and (QGS + QGD)/IG determines the rate of charging/discharging
CISS by the gate driver. The term (QGS + QGD)/IG is inversely proportional to RON for a
family of MOSFETs. Hence, for lower RON, higher charge is required, and for higher RON,
lower charge is required to charge CISS of the MOSFET. Charging and discharging of CISS
is through the channel of the MOSFET, and hence for each MOSFET of the same family, the
actual VDS waveform depends on RON of the corresponding MOSFET. In the Miller region,
the inductive load fixes the drain current at a constant value ID, which means that VDS can
be replaced by RON × ID. Therefore, the switching time in (10) becomes independent of
RON. The consequence of this observation is that the minimum power dissipation appears
at the same RON, regardless of the actual value of IG and the RON-independent power
dissipation due to IG. The constant for the theory was estimated to be 3 W by comparing
(6) to the LTSPICE simulation of the already found optimized MOSFET in CoolMOS C3
family, i.e., SPP11N60C3. Hence, the entire theoretical total loss curve for f = 100 kHz as
shown in Figure 1 was raised by 3 W and was compared with the LTSPICE simulation of
each MOSFET, as shown in Figure 4.
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It is quite clear from the simulation results shown in Figure 4 that the switching time
and the parasitic inductances of the MOSFET do not impact the selection of the MOSFET
and follow a similar trend. Still, the optimized MOSFET to choose from the CoolMOS C3
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family for the given circuit conditions is SPP11N60C3. The theory quite matches all the
available simulated MOSFETs, which shows the effectiveness of the proposed approach.

5. Application of the Proposed Method to SiC MOSFETs

Wide band gap devices such as SiC MOSFETs have emerged as a potential alternative
to conventional Si-based power devices for numerous power converter applications. To
demonstrate the proposed method, six commercially available 650 V SiC MOSFETs from
ROHM Semiconductor were used. The mean value of κ for this family of MOSFETs was
5.775 × 10−12 ΩF. The comparison of the transistor loss obtained from (8) and the power
losses of individual SiC MOSFETs, at constant output current of 20 A, is shown in Figure 5.
As expected, the power loss is minimized by a MOSFET with a higher on-state resistance
when the switching frequency is increased. In the specific case of 100 kHz, the MOSFET
SCT3022AL minimizes the power loss, whereas the SCT3060AL should be selected for the
switching frequency of 500 kHz.
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6. Conclusions

A method to select optimum power MOSFET from a family of MOSFETs considering
only datasheet parameters, such as RON and Co(er), is proposed in this paper. The proposed
method is demonstrated with two families of Infineon SJ MOSFETs, CoolMOS C3 and
CoolMOS CE. The proposed method is validated in LTSPICE using CoolMOS C3 models
provided by the manufacturer. The proposed method is further demonstrated with the
SiC MOSFETs family from ROHM Semiconductor. The validation of the proposed method
with LTSPICE shows that the average values of current and voltage are sufficient for the
purpose of selecting the MOSFET with optimum RON. The simulation with LTSPICE
produced typical current and voltage waveforms. That is why the agreement between
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the power dissipation obtained by LTSPICE simulation (with the typical waveforms) and
the power dissipation obtained with the proposed analytical equation (using the average
values of current and voltage) demonstrates that the average values are sufficient for this
purpose. By applying this optimization method to the specific power supply circuit under
development, power engineers can select the commercial power MOSFET with the specific
RON that maximizes the power efficiency of the designed circuit.
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Conclusions 

This thesis presents a collection of published and unpublished works with the 

overall goal of improving the efficiency of the power electronic systems. Chapter 1 

investigates the power losses on a basic boost converter using a typical power MOSFET 

as a switch. After studying the literatures, it was found that the state-of-the-art calculation 

of switching losses (based on the measured drain current and drain-to-source voltage) 

actually underestimates and over-estimates the losses during the turn-On and turn˗Off 

intervals of the switch, respectively. A careful look on the MOSFET structure reveals the 

discrepancy that is due to the unaccountable channel current. In particular, the drain 

current is split into channel current and output capacitor current during the switching 

intervals. This channel current could not be measured using the established technique, as 

the commercial transistor is kept inside a package. To solve this problem, an experimental 

method to extract the values of channel current using standard I‒V curve of the transistor 

is proposed. In a basic boost converter circuit, the established method underestimates the 

turn-On losses by 41% and overestimates the turn-Off losses by 35%. The results obtained 

by the proposed method are also compared to the established method for different 

switching frequencies. The difference between the distributions of energy losses shows 

the importance of the proposed method when designing more efficient power circuits. 

Chapter 2 examines the influence of voltage-dependent output capacitance 

towards the calculation of its energy storage. In general, the manufacturers of the 

transistors provide effective capacitance for energy calculation using, E = ½ Ceff V2. 

However, it was found to be inaccurate for the whole operating voltage range. Therefore, 

for a better accuracy, a replacement of this equation was proposed as E = γCd(V)V2. The 

theoretical and experimental validations are performed on power diodes, power 

MOSFETs, Gan-HEMTs, and SJ MOSFETs. It was shown that the proposed equation 

matches the measured data much better than by using the effective capacitance. For power 

circuit designers, the proposed equations will provide them with fast, simple, and accurate 

calculations of the switching losses of the output capacitances of any commercial 

transistors.  

Chapter 3 of the thesis clears the ongoing confusion regarding the correct equation 

for current through the voltage-dependent capacitors. It was demonstrated experimentally 

that ic = dQ/dt = C(V)[dV/dt] is the correct equation, where C(V) is the differential 

capacitance. We also determines that this capacitance represents the physical capacitor 

that is formed in the semiconductor devices, while the total capacitance is merely a 

mathematical transformation of the measurable differential capacitance. Hence, to avoid 

70



further confusion, this chapter recommends not to use the total capacitance definition for 

voltage dependent capacitors. 

Chapter 4 studies the influence of channel width of the power MOSFET to the 

efficiency of the power converter. Basic semiconductor theories state that the 

capacitances and channel resistance of that transistor are directly and inversely 

proportional to the channel width, respectively. In this study, we link that theory to output 

parasitic capacitances by deriving an equation to demonstrate the strong dependency of 

power transistor losses to its channel width. This theory is verified by simulating a power 

MOSFET in a boost converter circuit at different switching frequencies and output power. 

The results show that the optimized channel width demonstrates highest power efficiency 

at different operating conditions. 

Chapter 5 addresses an emerging issue in the employment of next generation 

wide-bandgap power transistors such as GaN-HEMT. The standard SPICE libraries are 

developed for conventional semiconductor devices such as BJT’s, JFET’s, and 

MOSFETs. While manufacturers of GaN-HEMTs provide their device libraries, these are 

mostly based on behavioural models and some device parameters are not disclosed. This 

chapter demonstrates that standard MOSFET LEVEL 3 equations in SPICE can be 

modified to accommodate GaN-HEMTs. We have selected two 650 V GaN transistors: 

GS66504B and GS66506T to illustrate the accuracy of the new modelling approach when 

two devices of similar performance are used. While the breakdown voltage is the same at 

650 V, other device parameters such as Vt, KP, Rd, Rs, Gamma, Theta, and NFS are not. 

The difference in extracted parameter values for the two selected GaN HEMTS can be 

observed in Figures 4, 5, and 6 of chapter 5 showing the effectiveness of the proposed 

method.  A double-pulse test is used to compare the simulation results from the modified 

SPICE model and the manufacturer model. The proposed model provides reasonable 

results in terms of total switching energy losses. Most importantly, the transparency of 

the open model will be helpful for engineers to analyse and design power electronic 

circuits with GaN-HEMTs. 

Chapter 6 offers the practical solution for selecting the most suitable power 

transistors for intended power electronic applications. Previously in chapter 4, the 

influence of channel width of the transistor to the power losses has been established. As 

stated in chapter 5 however, most manufacturers do not disclose the value of this 

parameter as well as other device-related information in their datasheet and device model. 

In the absence of these information, power circuit designers cannot use the optimization 

method. As a workaround, this chapter proposes the extraction of two parameters, namely 
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“output capacitance” and “on resistance” of the transistor that are publicly available from 

the manufacturers’ datasheet to achieve the same goal. We successfully demonstrate this 

revised optimization method on two families of Infineon SJ MOSFETs and ROHM SiC 

MOSFETs. On reflection, this is perhaps the best contribution from this thesis. By 

applying this optimization method to the specific power supply circuit under 

development, power engineers can select the best transistors to yield lowest power losses 

for the systems under development.  

Future Work 

The outputs from this thesis have opened up several possibilities for future works. 

First, the new measurement technique using power MOSFET that is detailed in chapter 1 

could be applied to other devices such as SJ MOSFETs, SiC MOSFETs, and GaN-

HEMTs. It will be interesting to study the severity of over- and under-estimation of power 

losses at different switching intervals for those devices. Additionally, a newly found COSS 

hysteresis in the SJ MOSFETs could be better understood by this technique.  

Second, we could not perform high power measurement for all our circuits in this 

thesis. After researching and getting quotation from the vendors, the cost of equipment 

such as Programmable DC Electronic and load module were beyond our budget. 

Unfortunately, this is a harsh reality of research, which prompt the extensive use of circuit 

simulator and manufacturers’ device models to validate the new contributions that are 

presented in this thesis. The availability of future funds to purchase those equipment to 

validate the results experimentally could trigger the next stage of this project.   

Third, the strong dependency of channel width of power transistors to obtain 

highest efficiency of power electronic systems opens new opportunity from a 

semiconductor manufacturing point-of-view. If sufficient volumes of power transistors 

could be secured for commercial systems, the designers of such system could ask the 

foundries to produce custom-made transistors for optimised operations. 
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C.1 Background  

In the year 1947, there was an incredible invention of the first silicon transistor by 

Bardeen, Brattain, and Shockley at Bell Telephone Laboratories, which marked the first 

electronics revolution in the history of mankind. Whatever modern electronic equipment 

available nowadays contain traces of that remarkable discovery. In 1956, they received 

the Nobel Prize in Physics for their marvellous achievement. Also in the same year, the 

same organization invented another breakthrough device namely Silicon Controlled 

Rectifier (SCR), which began the second electronics revolution. The SCR was 

commercialized into market in 1958 by the General Electric Company and this year was 

the marked as the beginning of the power electronics era. 

Power electronics is generally defined as the application of solid-state devices for 

controlling, conditioning, and converting electric power. It is also defined as an 

engineering art of converting electrical power from one form to the desired form using 

solid-state devices and control circuits in a convenient, compact, and efficient way. The 

field in itself is multidisciplinary as it involves the study of circuit theory, control system, 

signal processing, electromagnetics, electric machines, solid-state devices, and power 

systems. A basic block diagram of power electronic converter is shown in Fig. 1 [1]. The 

function of switching converter is to process the raw input power in accordance with the 

control input and generates the desired output power. It can be categorised into four types 

and are listed in Table I. 

 

Fig. 1. A basic block diagram of power electronic converter [1]. 
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Power electronics is revolutionizing the control of power and energy and has 

already become an important part of the modern technology. It is helping the modern 

society to use the energy efficiently by remarkably reducing the power consumption. The 

revolution in power electronics which was started way back in 1960’s, has opened up 

unprecedented possibilities in terms of handling the way electrical power is generated, 

transmitted and used. Nowadays, the impact of power electronics can be seen in every 

possible aspects of life. From our phone/laptop charger to a high voltage direct-current 

(HVDC) systems, power electronics is transforming the current technology in every 

possible way. There are no boundaries to the application of power electronics. Some 

modern applications of power electronics include uninterruptible power supplies (UPS), 

light controls, motor controls, vehicle propulsion system, audio amplifiers, induction 

heating, security systems, washing machines, welding, flexible alternating-current 

transmission systems (FACTs), etc. A well summed up application of power electronics 

consisting of modern devices are depicted in Fig. 2 [2]. 

TABLE I : Types of Switching Converter  

S.No. 
Switching 

Converter 
General Name Function 

1 AC to AC AC voltage regulators 
Converts fixed AC input to variable AC output 

of controllable frequency and magnitude 

2 AC to DC Controlled Rectifiers 
Converts AC input  to DC output in a controlled 

manner 

3 DC to DC Chopper 
Converts DC input to output DC of higher or 

lesser magnitude 

4 DC to AC Inverter 
Converts  DC input to an AC output of 

controllable frequency and magnitude 

 

 

Fig. 2. Different applications of power electronics depending on required power and 

frequency [2]. 
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For power conversion or processing, semiconductor devices are used as a switch 

for controlling the amount of flow of energy and power, efficiently [3]. In recent years, 

the development of new power devices and power electronic systems has evolved a lot 

and are making the way to the more efficient future. The next section will give some 

insights regarding the need for efficient power conversion systems. 

C.2 Efficiency & Reliability Factor 

In any power processing application, high energy efficiency is generally required 

because of the cost and reliability. The efficiency of a switching converter (η) is generally 

given as: 

 𝜂 =  
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
  (1) 

where, Pout is the output power and Pin is the input power. Also, the power loss in a 

switching converter is given by:  

 𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 = 𝑃𝑜𝑢𝑡 (
1

𝜂
− 1)  (2) 

Let us suppose we are building a converter with 50% efficiency. According to 

Eq. (2), for this type of converter power loss (Ploss) will be equal to the power output 

(Pout). If the output power for this converter is quite significant, then so will be the power 

loss also. Therefore, an extra cooling system will be required for dissipating this power 

loss which is converted to heat, resulting in spending more money on the overall 

converter. In addition to this, aforementioned configuration will also cause the other 

electronic component in the converter to operate for higher temperature. This will reduce 

the converter reliability and therefore will result in an overall unreliable system. Hence, 

this particular example shows the necessity of high efficiency in power converters and 

shows un-practicability of a low efficiency converter. Therefore, in order to achieve 

higher output power from the converter, high efficiency is the key and Fig. 3 illustrates 

this point. High efficiency is also a measure of success for a power converter. Since the 

power loss is minimum for highly efficient converter, high-density electronic elements 

can be used which further leads to small size and weight of the converter [1]. Therefore, 

a major challenge in designing a power converter is its efficiency with compact size.  

Since the characterisation of losses in a power converter is deemed necessary for 

improving the power converter efficiency; the next section will briefly describe the major 

loss components in a power converter. 
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C.3 Realisation of Switch and its Characteristics 

Depending on the type and application of switching converter, it consists of some 

basic electronic elements such as: 

1) Capacitive elements 

2) Resistive elements 

3) Semiconductor devices operating in linear mode for amplification 

4) Semiconductor devices operating in switched mode for power conversion 

5) Magnetic elements such as transformer and inductor 

For switching converter, the power semiconductor devices such as Power Diodes, 

Thyristor (SCRs), Power Bipolar Junction Transistor (BJT), Insulated Gate Bipolar 

Transistor (IGBT), Power Metal Oxide Field effect Transistor (MOSFET), Silicon 

Carbide Transistors (SiC), Gallium Nitride High Electron Mobility Transistor (GaN 

HEMTs) etc. are generally operated in switched-mode, hence are termed as a switch. 

Most of the switching devices are selected based on the power handling capacity and for 

the particular application required. To behave like a switch, the power semiconductor 

devices have to be operated in cut-off and saturation mode. Ideally, during cut-off region 

the power semiconductor device operates as ‘switch OFF’ while in saturation it works as 

a ‘switch ON’. 

C.3.1 Characteristics of an ideal switch  

Generally, when we built a circuit consisting of ideal switches, the overall system 

becomes lossless, as there is no energy dissipation element between the source and the 

 
Fig. 3. Efficiency vs. Power Loss in a converter 
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load. Hence, switches are the core component of a switching converter. A switch is said 

to be ideal if it has desired following properties [3] – [5]: 

1. Turn-Off & Turn-On of the switch should be instantaneous i.e. the delay time, rise 

time, and fall time should be equal to zero. 

2. During On-state it should have 

 Zero on state resistance i.e. Ron = 0  

 Zero forward voltage drop i.e. Von = 0 

 Able to handle infinite forward current i.e. Ion = ꝏ 

 Zero on state loss i.e. Pon = 0 

3. During Off-state it should have 

 Infinite off state resistance i.e. Roff = ꝏ 

 Able to handle infinite forward or reverse voltage i.e. Voff = ꝏ 

 Zero forward or leakage current i.e. Ioff = 0 

 Zero off state loss i.e. Poff = 0 

4. Turn-Off and Turn-On of the switch should be controllable 

5. Should be capable of handling rapid voltage across it i.e. dv/dt = ꝏ 

C.3.2 Characteristics of an practical switch  

In reality, no switch is ideal and does not completely satisfies the properties 

mentioned in section C.3.1. A typical controllable switch is shown in Fig. 4(a) and the 

corresponding switch waveforms are shown in Fig. 4(b). A practical switch requires 

certain time which is divided into Turn-On delay time (td(on)), rise time (tr), Turn-Off delay 

time (td(off)), and fall time (tf) in order to Turn-On and Turn-Off the switch as depicted in 

the Fig. 4(b). Also, during the conduction period (tcon) i.e. when the switch is fully ON, 

there is finite small resistance within the switch due to which there is a small voltage drop 

across the switch during this interval. Due to the introduction of these time delays and 

finite ON-state resistance, practical switch dissipates energy while switching as well as 

conducting. While conduction the switch exhibits conduction loss (PCON) and while 

switching the switch exhibits switching loss (PSW), which is further divided into Turn-On 

loss (PON) and Turn-Off loss (POFF) [3]. 

Generally, instantaneous power across an element is defined as “the product of 

the voltage across the element and the current flowing through it” [6]. So according to 

this definition the total power that will be dissipated by the switch is given by: 

𝑃𝑠𝑤𝑖𝑡𝑐ℎ = 𝑓 ∫ 𝑣𝑆𝑊(𝑡) × 𝑖𝑆𝑊(𝑡) 𝑑𝑡 
𝑇

0

= 𝑃𝐶𝑂𝑁 + 𝑃𝑆𝑊 
(3) 
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where, 𝑃𝑆𝑊 = 𝑃𝑂𝑁 + 𝑃𝑂𝐹𝐹 (4) 

Here, T is the total time period and f is the switching frequency. Also, it can be noticed 

that the total loss in the switch is directly proportional to the switching frequency. Hence, 

switching frequency is an important parameter in selection of switch and in designing of 

the converter. Overall, switches i.e. power semiconductor devices forms the core of a 

switching converter and are responsible for major losses in the power converter. 
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The origin of parasitic capacitances in power transistors 

The switching characteristics of a power switch/transistor is highly dependent on 

the intrinsic parasitic capacitances. The three intrinsic parasitic capacitances of a power 

transistor are gate-to-source capacitance (CGS), gate-to-drain capacitance (CGD), and 

drain-to-source capacitance (CDS). In manufacturer datasheets, the three parasitic 

capacitances are presented as the input capacitance (CISS = CGS + CGD), the output 

capacitance (COSS = CDS + CGD), and the reverse transfer capacitance (CRSS = CGD). These 

parasitic capacitances are the main reason for the time delays in the power switches during 

switching intervals resulting in switching losses. Therefore, a brief study on the formation 

of these parasitic capacitances is presented in the next subsections for the popular 

switches in power electronic systems. 

D.1 Si Power MOSFET 

A Si power MOSFET has four-layer structure of alternating n-type and p-type 

doping as shown in Fig. 1, and comprises of many paralleled enhancement-mode 

MOSFET cells. The channel is formed between the source and the drain in the p-type 

layer. The n- layer is called the drain drift region and determines the breakdown voltage 

of the power MOSFET. The physical origin of the major capacitances of the power 

MOSFET are also illustrated in Fig. 1. CGS is due to the overlap of gate and source regions 

and is composed of the gate electrode and the source region acting as two metal plates, 

and the silicon dioxide as a dielectric in between them. CGS is independent of the applied 

drain-to-source voltage (VDS), and is represented by a constant value in all the available 

datasheets. CGD is due to the overlap between gate and drain regions and is associated 

with the depletion layer underneath the gate. CGD is also called gate–drain feedback 

capacitance and is highly non-linear in nature. Both CGS and CDS are proportional to the 

channel width (W) and in SPICE models are represented by the overlap capacitances per 

unit width, CGS0 and CGD0. CDS is formed by the p–n junction depletion layer between the 

drain and source electrodes and varies inversely with the square root of VDS. There are 

two structures of commercial power MOSFETs, planar and trench, but both of them 

exhibit these three parasitic capacitances, which govern their switching ability and the 

corresponding losses. 

Appendix D 
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D.2 Superjunction (SJ) MOSFET 

Superjunction MOSFET structure is a revolutionary technology that has 

challenged the well-known theoretical limit of silicon technology in high voltage devices. 

The idea behind the superjunction structure is simple: making the electrons flow through 

very rich doped n- area instead of a relatively high resistive n- area in the conventional 

power MOSFETs. Under reverse bias conditions, the introduction of p columns in the 

superjunction structure, as shown in Fig. 2, cancels the charge around the n region 

allowing the drift region to be thinner and heavily doped.  Superjunction devices consist 

of multiple, alternate highly doped n and p semiconductor stripes leading to lower RON 

without sacrificing the blocking voltage. Hence, for the same breakdown voltage, the RON 

of SJ MOSFETs will be much lower than the conventional Si based planar MOSFETs. 

SJ MOSFET exhibits the same three parasitic capacitances as the Si power MOSFET, 

which are illustrated in Fig. 2. However, for a given RON the effective channel width and 

 
Fig. 1. A cross-sectional view of a planar Si power MOSFET depicting the 

approximate origin of the parasitic capacitances. 

 
Fig. 2. A cross-sectional view of a SJ MOSFET depicting the approximate origin of 

the parasitic capacitances. 
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hence the silicon chip size of a SJ MOSFET is much smaller than the conventional Si 

power MOSFET, therefore making the parasitic capacitances very low. 

D.3 Silicon Carbide (SiC) MOSFET 

In the 1980’s, it was discovered that, for a given blocking voltage, the on-

resistance of the drift region is inversely proportional to the third power of energy 

bandgap of the semiconductor. This triggered activities to develop the growth of wide-

bandgap materials, such as silicon carbide (SiC). A specific reason for the popularity of 

SiC-based devices over other wide-bandgap devices is fabrication that is similar to the 

existing Si process technology. Similar to silicon, the doping concentration of SiC can be 

controlled over five orders of magnitude for both p-type (Al) and n-type (N or P) doping. 

The structure of SiC MOSFETs and the formation of parasitic capacitances is quite 

similar to the Si power MOSFETs, as shown in Fig. 3. However, the critical field of SiC 

is 300 V/µm, which is 10 times larger than Si, enabling SiC devices to have smaller 

parasitic capacitances and smaller on-resistance for the same blocking voltage. 

D.4 Gallium Nitride High-Electron-Mobility-Transistor (GaN-

HEMT) 

Another potential wide-bandgap material, which is gaining attention in the last 

few years, is gallium nitride (GaN). Its breakdown field is 20% higher than that of SiC.  

HEMT is a typical structure of the GaN power transistor, as shown in Fig. 4. The 

GaN˗HEMT structure incorporates a heterojunction between the two materials with 

different energy gaps resulting in the formation of polarization charge between the two 

materials, which induces a two-dimensional electron gas (2DEG) layer at the GaN side 

 
Fig. 3. A cross-sectional view of (a) SiC planar MOSFET and (b) SiC trench 

MOSFET depicting the approximate origin of the parasitic capacitances. 
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of this heterojunction. This 2DEG layer acts like a channel of the MOSFET allowing the 

flow of the current between the drain and source. Due to low surface-roughness and 

Coulomb scattering, the mobility of electrons in the 2DEG region is around 2000 cm2/Vs, 

which is 100 times higher than SiC MOSFETs. This feature enables GaN˗HEMT to have 

low on-state resistance and high current density with much smaller area. In terms of 

switching, GaN power devices offer an additional advantage owing to its inherently small 

output capacitance. The overlap between gate electrode and the 2DEG layer is very small, 

resulting in tiny gate-to-drain capacitance. Furthermore, the 2DEG layer is located above 

the very low doped and hence depleted GaN layer, creating a dielectric which 

consequently results in tiny drain capacitance. This very much differs from the 

conventional MOSFET structure where the drain capacitance is formed due to drain-to-

body p–n junction. 

 

 

 

Fig. 4. A cross-sectional view of GaN-HEMT depicting the approximate origin of 

the parasitic capacitances, which governs the switching ability of it. 
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