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Abstract
This study addresses the inefficiencies and limitations of conventional silicon-based MOSFETs in photovoltaic (PV) Maxi-
mum Power Point Tracking (MPPT) buck converters by introducing a simulation based approach to assess 200 V Schottky 
p-GaN High Electron Mobility Transistors (HEMTs). Motivated by the need for more efficient and reliable renewable 
energy solutions, the study explores the advantages of Gallium Nitride (GaN) devices in overcoming challenges such as 
limited power capacity, poor efficiency, and heat dissipation inherent in traditional semiconductors. By integrating MAT-
LAB Simulink and SPICE simulation techniques, the transfer characteristics of GaN HEMTs are compared against those 
of MOSFET and Silicon Carbide (SiC) devices, with a specific focus on the impact of output capacitance (COSS) extrac-
tion on system performance. A duty cycle controlled Perturb and Observe (P&O) MPPT algorithm is introduced, and a 
comprehensive evaluation of a standalone PV array under varying irradiance conditions is conducted. The analysis extends 
to a hard-switching multi-pulse test under constant input, contrasting GaN with MOSFET and SiC devices to highlight 
GaN’s superior efficiency and suitability for remote energy applications. Conclusive simulations reveal that 200 V p-GaN 
HEMTs exhibit 2.24 times lower average power losses during hard-switching cycles compared to MOSFETs, demonstrat-
ing their exceptional performance in optimizing standalone PV MPPT buck converters. This advancement significantly 
contributes to enhancing the efficiency and reliability of renewable energy systems globally.
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Abbreviations
PV	� Photovoltaic
MPPT	� Maximum Power Point Tracking
GaN	� Gallium Nitride
HEMTs	� High Electron Mobility Transistors
SiC	� Silicon Carbide
COSS	� Output capacitance
2DEG	� Two-dimensional electron gas
GIT	� Gate Injection Transistors
EVs	� Electric vehicles
VDS	� Drain-source voltages
LGA	� Land Grid Array
RDS(ON)	� Dynamic on-resistance
IPV	� Produced photovoltaic current
VPV	� Produced photovoltaic voltage
DC	� Direct current
D	� Duty cycle
PWM	� Pulse-width modulation
Rload	� Load resistor
Lbuck	� Buck inductor
Cbuck	� Buck capacitor
P&O	� Perturbation and Observation
Dinit	� Starting duty cycle
dV	� Change in voltage
CISS	� Input capacitance
CRSS	� Reverse transfer capacitance
CGD	� Gate-to-drain capacitance
DUT	� Device under test
VGS	� Gate-to-source voltage

1  Introduction

Energy issues and environmental degradation are exacer-
bated by our dependence on fossil fuels, which is further 
exacerbated by the rapid growth of industrial activity and 
the global population [1–6]. This matter emphasizes the 
importance of solutions that are derived from renewable 
energy sources [4, 7, 8]. Solar photovoltaic energy is a 
prominent alternative that offers a pure and inexhaustible 
power source [3, 6, 9, 10]. Off-grid solar photovoltaic sys-
tems offer numerous benefits in remote regions where it is 
impractical to connect to the primary power infrastructure 
[11–14]. These configurations enable the direct energizing 
of devices or the charging of storage batteries using solar 
electricity. This is made possible by DC-DC converters 
that modulate the voltage to optimize device performance 
[15–18].

The rising use of solar photovoltaic systems necessitates 
improvements in the efficiency and endurance of energy 
conversion technology. Conventional silicon-based Metal-
Oxide-Semiconductor Field-Effect Transistors (MOSFETs) 

are widely used in power conversion applications, but they 
have inherent limitations such as high on-resistance, and 
significant switching losses due to slower switching speeds 
[19]. These problems contribute to insufficient heat dissipa-
tion and limited power handling capabilities, rendering sili-
con MOSFETs unsuitable for high-efficiency, high-power 
applications. Silicon Carbide (SiC) devices, as wide-
bandgap semiconductors, have evolved to address some of 
these constraints by providing greater breakdown voltages 
and better thermal conductivity than silicon devices [20]. 
However, SiC devices continue to encounter issues such 
as reduced switching frequencies owing to increasing gate 
charge and capacitance, and manufacturing process com-
plications. These constraints restrict their effectiveness in 
applications needing very fast switching rates and efficiency.

In contrast, Gallium Nitride (GaN) High Electron Mobil-
ity Transistors (HEMTs) are gaining popularity in power 
electronics owing to their better material features, includ-
ing greater electron mobility, a bigger critical electric field, 
and a broader bandgap energy [21, 22]. These features allow 
GaN HEMTs to switch quicker, have lower on-resistance, 
and be more efficient at high frequencies than silicon MOS-
FETs and SiC devices. GaN HEMTs’ distinctive AlGaN/
GaN heterostructure promotes the development of a two-
dimensional electron gas (2DEG), which adds to their supe-
rior electrical performance [23].

Two recent advances in GaN device technology are 
Schottky p-GaN HEMTs and Gate Injection Transistors 
(GITs). In Schottky p-GaN HEMTs, the gate creates a 
metal-semiconductor (Schottky) junction above a p-type 
GaN layer, allowing normally-off operation and enhanced 
gate control, both of which are critical for energy efficiency 
and safety in power applications. In contrast, GIT devices 
modify conductivity by introducing holes into the channel 
via a p-type gate mechanism, enabling a fail-safe operat-
ing mode that is particularly favorable for some applications 
[24].

Schottky p-GaN HEMTs are ideal for applications that 
need fast switching, high frequency, and high efficiency, 
such as RF amplification, AC-DC power supply, and DC-DC 
converters. GITs, on the other hand, are better suited to appli-
cations requiring great power density and dependability, 
such as high-voltage DC transmission systems and electric 
vehicles (EVs). Standard GaN HEMTs made using lateral 
AlGaN/GaN methods may support drain-source voltages 
(VDS) of up to 650 V. Many manufacturers provide devices 
in small packaging with voltage ratings ranging from 30 V 
to 300 V to meet a broad variety of power applications. Fig-
ure 1 depicts the commercial Schottky p-GaN HEMT struc-
ture, which demonstrates the complicated engineering and 
design techniques used in these high-performance devices 
[25, 26].
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GaN devices have developed numerous defects, despite 
their remarkable semiconducting properties, notably in 
power applications for solar PV converters. The hot electrons 
generated at the AlGaN/GaN heterojunction are the cause 
of the aberrant gate voltage threshold and potential device 
instability, which subsequently migrate into or become con-
fined within the buffer or dielectric layers. Additionally, 
GaN HEMTs demonstrate a significantly lower gate break-
down voltage than conventional Metal-Oxide-Semiconduc-
tor Field-Effect Transistors (MOSFETs). In high-frequency 
power converter applications, this may result in irreversible 
device failure due to the generation of spikes or surges at the 
gate in conditions of elevated dv/dt or parasitic inductance. 
Charge trapping events are also responsible for fluctuations 
in dynamic on-resistance (RDS(ON)), which lead to increased 
conduction losses in power applications [24]. In order to 
reduce ringing disturbances caused by elevated dv/dt and 
di/dt rates, it is imperative to implement meticulous circuit 
design, despite the exceptional fast-switching capabilities of 
GaN devices. Companies like Efficient Power Conversion 
(EPC) have implemented Land Grid Array (LGA) packag-
ing for applications that require reduced power consump-
tion. This method reduces dimensions while increasing 
output capacitance as a result of the increased number of 
drain and source connections. In half-bridge topologies, the 
simultaneous operation of switches can result in the eleva-
tion of switching losses due to the interaction among capaci-
tances [25].

Recent advances in GaN HEMT converters, notably for 
solar PV applications, have resulted in better circuit designs 
and modeling capabilities, particularly in non-isolated 

converter arrangements. Suskis et al. (2014) developed 
a synchronous boost MPPT converter employing GaN 
switches, attaining a theoretical efficiency of 98.9% using 
the SPICE EPC2001 model [27]. However, this research 
employed a constant voltage source for the PV input and 
did not include PV maximum power point tracking (MPPT) 
modeling, input scenario analysis, or a comparison of GaN 
HEMTs with silicon MOSFETs and SiC technology. Simi-
larly, Alharbi (2017) created a non-isolated DC-DC buck-
boost converter using a TPH3206PD cascade GaN-FET and 
a CPW2-0600-S010B SiC-Schottky diode, which achieved 
a simulated efficiency of 95.3% at 100  kHz [28]. This 
research did not properly investigate variable frequencies, 
power losses, or specific converter efficiency measures.

Empirical assessments show that GaN DC-DC convert-
ers are very efficient in real applications. Mikołaj (2021) 
tested four buck-boost converters using Si MOSFETs and 
E-GaN HEMTs in SEPIC and cascaded topologies, obtain-
ing a maximum efficiency of 96.5% at 180 kHz [29]. How-
ever, this study did not look into PV applications or MPPT 
integration. Mdanat (2020) examined switching waveforms 
for GaN, MOSFET, and SiC devices in a 15-kW converter 
[30]. The lack of parasitic inductance in the models made 
them idealized and less convincing for real applications. 
Furthermore, the high-power output surpassed GaN’s opti-
mum range, restricting its suitability for medium-voltage 
applications. Alharbi (2021) investigated medium-voltage 
bidirectional DC-DC converters by comparing Si-MOS-
FET, SiC MOSFET, and cascade GaN HEMT technologies 
[31]. The GaN HEMT design achieved 96.2% efficiency 
with a 96 V input at 40 kHz. Nonetheless, this research did 

Fig. 1  Typical structure of 
Schottky p-GaN HEMT
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delineates the modeling and performance assessment of the 
proposed system using MATLAB Simulink, including pho-
tovoltaic input and output characteristics under diverse solar 
irradiation conditions. Section  4 advances the discourse 
with a SPICE Simulation Analysis of GaN HEMTs tai-
lored to the requirements of the PV converter, highlighting 
static transfer and output capacitance characteristics while 
examining power losses via hard-switching tests. The paper 
concludes by examining key results and their implications, 
underscoring the significant advancements made in enhanc-
ing PV MPPT systems via the use of GaN HEMTs.

2  Methodology

2.1  Proposed PV MPPT Buck Converter Scheme

Figure 2 illustrates a schematic of a self-sufficient PV system 
that incorporates an MPPT mechanism within a buck con-
verter layout. This system features an array of four PV pan-
els serially connected, each converting solar radiation into 
direct current (DC). The produced current (IPV) and voltage 
(VPV) from the array are directed to an MPPT controller. This 
controller adjusts the duty cycle (D) of a pulse-width modu-
lation (PWM) signal to maximize power capture, responsive 
to the changing solar irradiance and ambient temperatures. 
The MPPT buck converter’s functionality is driven by two 
p-GaN HEMTs, Q1 and Q2. These switches cycle between 
conduction and non-conduction states as dictated by the 
PWM signal, thus reducing the voltage from the PV array 
to levels conducive for battery storage or direct consump-
tion by the load (Rload). The absence of a reverse recovery 
characteristic in p-GaN HEMTs obviates the need for an 
external Schottky diode, with Q2’s switching, managed by 
precise dead-time control, effectively preventing reverse 
currents. Integral to the converter’s operation, the inductor 

not include PV MPPT applications, emphasizing the need of 
application-specific studies to fully comprehend the poten-
tial of GaN HEMT converters in solar energy systems.

These investigations point to substantial limitations in 
the applicability of GaN HEMT technology to PV MPPT 
systems. Much of the current research focuses on enhanc-
ing MPPT approaches in simulation settings using ideal-
ized MOSFET models, frequently missing the nuances of 
semiconductor device performance under different operat-
ing situations. Investigations on the electrical properties of 
GaN HEMTs and SiC devices often focus on circuit features 
rather than completely examining their integration with PV 
MPPT systems.

This study addresses these deficiencies by presenting a 
simulation-based method that integrates PV MPPT algo-
rithm creation with GaN HEMT circuit analysis. This work 
uses MATLAB Simulink and SPICE simulation techniques 
to analyze the transfer characteristics of GaN HEMTs 
in comparison to traditional MOSFET and SiC devices, 
focusing specifically on the impact of output capacitance 
(COSS) extraction on system efficiency. This comprehensive 
research encompasses the implementation of a duty cycle-
controlled P&O MPPT algorithm in a standalone 4-series 
PV array under diverse irradiance conditions, along with an 
in-depth analysis of hard switching performance. This study 
emphasizes the superior efficiency and potential of GaN 
HEMTs in enhancing standalone PV MPPT buck converters 
using an integrated research methodology, marking a sig-
nificant advancement in the global pursuit of reliable and 
efficient renewable energy sources.

The document is structured as follows: Sect. 2 delineates 
the proposed photovoltaic maximum power point tracking 
buck converter system, including a duty-cycle-based per-
turb and observe maximum power point tracking control 
and a method for assessing parasitic capacitances in gal-
lium nitride high electron mobility transistors. Section  3 

Fig. 2  Schematic of proposed 
standalone PV MPPT buck 
converter
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cycles, in conjunction with a starting duty cycle (Dinit) and a 
nominal perturbation magnitude (ΔD). With each iteration, 
the algorithm calculates the product of the PV voltage (VPV) 
and current (IPV) to ascertain the current power output (PPV), 
comparing it with the preceding iteration’s power (Pold) to 
gauge the directional change in power. Simultaneously, it 
evaluates the change in voltage (dV) to determine the appro-
priate direction for duty cycle perturbation. In instances 
where power output decreases (dP < 0), it inversely adjusts 
the duty cycle direction. Conversely, a positive dP, indica-
tive of a power increase, prompts continuation in the same 
direction of perturbation. The adjustment of the duty cycle 
(D) is executed in fine increments ΔD, strictly within the 
designated Dmax and Dmin boundaries, to ensure the system’s 
operation remains within optimal and safe parameters. The 
algorithm leverages persistent variables (Vold, Pold, Dold) 
to retain the voltage, power, and duty cycle values from 
the previous cycle, thus enabling an efficient comparative 
analysis for subsequent perturbations. Through this iterative 
process, the algorithm proficiently traces the MPP, thereby 
maximizing the PV system’s power generation.

2.3  Measurement of Parasitic Capacitances in GaN 
HEMTs

The output capacitance (COSS) of GaN HEMTs, defined 
as the combination of drain-source capacitance (CDS) and 
gate-to-drain capacitance (CGD), plays a crucial role in half-
bridge topologies, directly influencing switching perfor-
mance through charge-discharge cycles across the device 
parasitic capacitances. Specifically, COSS significantly 
impacts converter design, particularly in soft-switching 

(Lbuck) and capacitors (Cbuck and Cin) mitigate the pulsat-
ing nature of the switched output, ensuring a consistent DC 
supply. The inductor modulates current rate changes, accu-
mulating energy when Q1 is energized and dispensing it 
upon deactivation. The capacitors act to smooth out voltage 
fluctuations, further refining the output. The energy is thus 
made accessible for powering loads or recharging batteries. 
The MPPT controller, through a feedback system, oversees 
the power output, persistently fine-tuning the PWM duty 
cycle to secure operation at the MPP of the PV panels.

2.2  Duty-Cycle-Based Perturbation and 
Observation MPPT Control

As delineated in Fig.  3, the Duty-Cycle-Based Perturba-
tion and Observation (P&O) algorithm was selected for 
Maximum Power Point Tracking (MPPT) due to its proven 
reliability, simplicity of implementation, and straightfor-
ward control structure, making it highly suitable for prac-
tical photovoltaic (PV) system deployments. Although 
advanced MPPT techniques, such as fuzzy logic or neural 
network-based algorithms, have been developed, they often 
introduce complexity in control design, require exten-
sive training data, and demand increased computational 
resources. In contrast, the Duty-Cycle-Based P&O algo-
rithm offers an effective balance of simplicity and robust-
ness, making it ideal for scenarios demanding reliability 
and ease of implementation. This control scheme adeptly 
iterates the adjustment of the power converter’s duty cycle 
to pinpoint the MPP amidst fluctuating solar irradiance lev-
els. Initially, the algorithm is configured with predetermined 
limits for the maximum (Dmax) and minimum (Dmin) duty 

Fig. 3  Flowchart of duty-cycle-
based perturbation and observa-
tion MPPT control
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An impedance analyzer or simulation can directly detect a 
combination of resistance and capacitance in series, repre-
sented as Cm and Rm. Consequently, the equivalent resis-
tance and capacitance can be described as:

Rm = RESR + RLeak
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During the CISS extraction process, a constant drain-to-
source voltage (VDS) is maintained while the gate-to-source 
voltage (VGS) is varied by overlaying a small sinusoidal AC 
signal onto a constant DC value. The total charge differen-
tial for each voltage increment is recorded, directly linked to 
CISS, calculated from the disparities in charge and voltage. 
For COSS extraction, with VGS set to an appropriate level, 
VDS is swept with an added small sinusoidal signal. The 
necessary charge is recorded, facilitating the calculation of 
COSS from the imaginary part of the impedance divided by 
the angular frequency (2πf). Lastly, CRSS is determined by 
maintaining VDS constant and applying a small AC signal to 
the gate. This process measures the drain-induced charge, 
correlating it to CRSS. This value is derived from the varia-
tions in induced charge relative to changes in VGS, assuming 
the transistor remains off [33].

2.4  Estimation of Proposed PV MPPT System with 
MATLAB Simulink

In the pursuit of realizing the proposed solar PV MPPT con-
verter depicted in Fig. 2, MATLAB Simulink was utilized 
alongside the duty-cycle-controlled P&O MPPT algorithm. 
The objective was to configure a standalone PV system with 
an approximate power rating of 1 kW. To this end, a series 
connection of four IECS-6M6A-215 solar panels was mod-
eled as the system’s input. The simulation outputs, specifi-
cally the I-V and P-V curves for the solar array, are presented 
in Fig.  5 (a-b), accommodating solar irradiances ranging 
from 0.2 to 1 kW/m². Observations from the maximum solar 
irradiance reveal a PV voltage of 114.3 V at the maximum 
power point (MPP), while the open-circuit voltage exceeds 
140 V. Conversely, the short-circuit current registers at 8 A, 
and the MPP current is approximately 7.5 A, aligning with 
the system’s maximum power potential of 861.3 W.

applications, where accurate characterization of the device’s 
capacitive behavior is vital for achieving efficient zero-volt-
age switching transitions. Additionally, the input capaci-
tance (CISS)—measured with the drain and source terminals 
shorted—determines the total gate charge required for 
transitioning the transistor between conduction states. The 
reverse transfer capacitance (CRSS), commonly referred to 
as Miller capacitance, critically influences switching per-
formance through the Miller effect, where gate-to-drain 
coupling induces feedback, potentially causing voltage tran-
sitions to reflect amplified disturbances at the gate.

Moreover, the significance of COSS becomes more pro-
nounced at higher switching frequencies, as frequency-
dependent trapping effects and depletion region modulation 
alter the effective CDS. Although the intrinsic value of COSS 
is not directly frequency-dependent, increased switching 
frequencies intensify trapping and de-trapping dynam-
ics within the GaN HEMT’s buffer and barrier layers, 
subsequently affecting the depletion layer width and thus 
dynamically modifying the device’s CDS. Hence, a thorough 
understanding of COSS behavior across various switching 
frequencies is essential for precise design and optimal per-
formance prediction in GaN-based power converters [32].

Figure 4 illustrates the setup for extracting parasitic 
capacitances in GaN HEMTs, suitable for both measurement 
and simulation. To initiate this process, a high-frequency 
impedance analyzer is used to generate a small-signal sinu-
soidal AC voltage. The impedance of the device under test 
(DUT) is then represented by both its resistive (real part) 
and reactive (imaginary part) components. Using the equiv-
alent capacitor model depicted in Fig. 4, the impedance can 
be expressed as follows:

Fig. 4  Extraction of the output capacitance characteristics in GaN 
HEMTs
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Subsequent integration of the P&O algorithm yielded 
the MATLAB Simulink results showcased in Figs. 6 and 7, 
under variable solar irradiance scenarios. Figure  6 details 
the system’s behavior at a steady solar irradiance of 1 kW/
m², where Fig. 6(a) evidence a stabilized PV voltage to the 
robustness of the algorithm in a uniform irradiance envi-
ronment. The output voltage response depicted in Fig. 6(b) 
maintains consistency, affirming the MPPT algorithm’s 
ability to regulate voltage output effectively. Concurrently, 
the PV power response, as shown in Fig. 6(c), indicates a 
stable power output, emphasizing the duty-cycle-based 
P&O MPPT’s role in optimizing energy capture from the 
solar array. In a more complex scenario with variable solar 
irradiance, Fig. 7(a) discloses the temporal evolution of the 
irradiance and the system’s responsive behavior is further 
examined in Figs.  7(b-c), which delineate the PV voltage 
and current curves, demonstrating the system’s resilience 
to environmental fluctuations. The power curve, featured 
in Fig.  7(d), and the output voltage response, observed 
in Fig.  7(e), provide insight into the system’s ability to 
modulate its output and preserve an efficacious power 
yield. This informs the subsequent selection of appropri-
ate power devices that can adequately support the observed 

Fig. 7  MATLAB Simulink results showing: (a) Time-Dependent Solar 
Irradiance Curve, (b) PV Voltage Curve, (c) PV Current Curve, (d) PV 
Power Curve, and (e) Output Voltage Response Using the Proposed 
Duty-Cycle-Based P&O MPPT Algorithm under Time-Varying Solar 
Irradiance

 

Fig. 6  MATLAB Simulink results for (a) PV Voltage, (b) Output Volt-
age Response, and (c) PV Power Response Using the Proposed Duty-
Cycle-Based P&O MPPT Algorithm at a Constant Solar Irradiance of 
1 kW/m²

 

Fig. 5  MATLAB Simulink results for (a) I-V output curves and (b) 
P-V output curves for a 4-serious IECS-6M6A-215 solar array under 
irradiance of 1 kW/m2, 0.6 kW/m2, 0.2 kW/m2, respectively
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the VGS reaches 10 V, implying the need for higher gate volt-
ages in switching applications.

Expanding the discussion to output capacitance—a criti-
cal factor affecting switching losses, particularly in the con-
text of hard switching—Figure 9 presents a comparative 
analysis. Herewith, the GaN HEMT exhibits a reduced out-
put capacitance in comparison to its MOSFET counterparts 
across a lower range of VDS below 25 V. However, as the 
drain voltage surges past 50 V, both the MOSFET and SiC 
FET demonstrate lesser capacitance values in comparison 
to the EPC2215 GaN HEMT. Such discrepancies are attrib-
uted to the distinct LGA packaging, which accommodates 
multiple source and drain terminals, thereby reducing the 
device’s footprint at the expense of heightened output stray 
capacitance. This increment in capacitance could entail 
elevated energy losses during switching, impacting the 
efficiency of the system. To thoroughly assess the overall 
power loss inherent in hard switching operations, a detailed 
multi-pulse test for a half-bridge setup will be elucidated.

performance spectrum, ensuring the system’s overall effi-
cacy and reliability.

3  SPICE Simulation Analysis of GaN HEMTs 
Under PV Converter Rating

Following the MATLAB Simulink results presented above, 
it is determined that for a standalone array comprising four 
series-connected panels, the maximum operating voltage 
approximates 126 V, and the load current ranges between 6 
and 7 A. Within this power rating spectrum, a 200 V power 
device emerges as the optimal choice for the envisioned 
PV system design. This section delves into a comparative 
analysis of both static characteristics and hard switching 
power losses. The results encompass a SPICE simulation 
of a 200 V p-GaN HEMT against a MOSFET, each with 
comparable VDS and ID ratings. Additionally, a SiC FET 
is evaluated, noted for its higher voltage rating adhering 
to manufacturer standards yet maintaining a comparable 
terminal drain current. The selected device parameters are 
documented in Table 1.

3.1  Simulation Results of p-GaN HEMTs Static 
Transfer and Output-Capacitance Characteristics

In the preceding discussion, the significance of output capac-
itance within a half-bridge topology was highlighted, par-
ticularly its role in potential extra losses due to the interplay 
of charge cycles in adjacent switches. Moreover, transfer 
characteristics are deemed paramount in determining gate 
drive performance and informing switching circuit design. 
In this context, simulation results for the static transfer and 
output capacitance characteristics of p-GaN HEMTs were 
procured using LTSpice. Figure 8 demonstrates the trans-
fer characteristics of GaN HEMTs relative to MOSFETs 
and SiC FETs, aligned with the parameters listed in their 
respective datasheets. The GaN HEMT is characterized by a 
steeper slope in the transfer characteristic curve, beginning 
at an approximate threshold voltage of 1.1 V, suggestive of 
superior transconductance. Such a feature is advantageous 
for high-speed switching applications, as it denotes a device 
that responds more promptly to variations in input voltage. 
Nevertheless, the possibility of inadvertent turn-on poses a 
risk, necessitating further optimization of dead-time control 
to circumvent any consequent device malfunction or failure. 
By contrast, the MOSFET under study is observed to com-
mence switching at a gate voltage of 3 V, with a marginally 
more gradual slope in comparison. The SiC FET in question 
necessitates a higher gate voltage for conduction, beginning 
at above 4 V and exhibiting a relatively moderate slope until 

Table 1  Parameters of selected GaN HEMT, MOSFTE and SiC FET 
for simulation analysis
Transistor types p-GaN HEMT Si MOSFET SiC FET
Part Numbers EPC2215 IPP320N20N3G E3M0060065D
VDS /V 200 200 650
ID/A 32 34 37
VGS(th)/V 1.1 3 2.8
VGS/V -4 to + 6 ± 20 -8 to + 19
RDS(on)/mΩ 8 32 60

Fig. 8  Comparison of simulated and datasheet transfer characteristics 
for GaN HEMT, MOSFET, and SiC FET
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the non-identical and unstable damping stages presented by 
the different switches in an open-loop buck converter con-
figuration. Typically, such topologies employ closed-loop 
PI or PID control or are integrated directly with the MPPT 
algorithm in practical applications. To maintain consistency 
in the variables, an RL-loaded multi-pulse test was chosen 
instead, with an input voltage of 120 V. The load inductor 
was set to 27 µH, and the load resistor was 8 ohms. The 
VGS for the GaN HEMT was set to 6 V, in contrast to 15 V 
for both the MOSFET and SiC FET. The duty cycle was 
configured at 0.8, with a switching frequency of 200 kHz. 
External parasitic inductances in the gate loop, input power 
loop, and common source were all accounted for, referenc-
ing our previous study, to closely replicate real switching 
conditions [34–36].

The result data are presented in Fig. 10. The switching 
waveforms for GaN HEMT, MOSFET, and SiC FET are 
depicted during turn-on transitions in Fig.  10(a), (c), and 
(e), respectively. The GaN HEMT demonstrates rapid volt-
age and current transitions, indicating excellent switching 
capability favorable for high-efficiency converter appli-
cations. However, pronounced voltage-current overlap 
regions observed during transitions reveal significant ring-
ing oscillations caused by higher dv/dt and di/dt conditions, 
resulting in transient power losses quantified in Fig. 10(b). 
The MOSFET (Fig.  10(c)) shows comparatively slower 
switching transitions accompanied by extensive overlap 
regions, attributed to intrinsic parasitic capacitances and 

3.2  Power Losses Evaluation by Multi-Pulse-Hard-
Switching Half Bridge Tests

To assess the emulated switching performances of GaN 
HEMTs in relation to MOSFETs and SiC FETs, as well 
as to consider the ratings of PV MPPT output curves, a 
multi-pulse half-bridge hard switching simulation was per-
formed. It is worth noting that the proposed synchronous 
buck converter was not utilized for the simulation due to 

Fig. 10  SPICE-simulated-half-
bridge multi-pulse hard-switching 
test waveforms for (a) GaN 
HEMT, (c) Si MOSFET, (e) SiC 
FET, Alongside Power Loss 
Integrals for the Switch-On Half 
Cycle of (b) GaN HEMT, (d) Si 
MOSFET, and (f) SiC FET

 

Fig. 9  Comparative analysis of simulated versus datasheet output 
capacitance for GaN HEMT, MOSFET, and SiC FET
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presented in Table 2, reinforcing that GaN HEMTs exhibit 
superior performance for medium-voltage applications 
(< 200 V), whereas SiC devices may serve higher-voltage, 
medium-frequency applications more effectively.

Based on the simulation data presented in Table 2, it is 
observed that at a switching frequency of 200  kHz and a 
VDS of 120 V, the average power losses for MOSFETs are 
2.4 times greater than those of GaN HEMTs. This prompts 
an inquiry into whether GaN HEMTs can maintain their 
superior switching performance over MOSFETs at lower 
frequencies and voltages. To address this, an expanded anal-
ysis of power losses was undertaken, the results of which are 
illustrated in the 3D colormaps of Figs. 11 and 12. The anal-
ysis reveals that at a reduced frequency of 50 kHz and a VDS 
of 30 V—conditions that are theoretically advantageous for 
MOSFETs—the average power losses are 0.184 W for GaN 
HEMTs and 0.3572 W for MOSFETs, with the latter expe-
riencing 1.94 times the initial power losses of the former. 
As the voltage increases to 120 V under the same low fre-
quency, the disparity in power loss widens, with MOSFETs 
incurring 2.47 times the losses of GaN HEMTs. Conversely, 
at a high frequency of 500 kHz and a VDS of 30 V, the ini-
tial power loss ratio for MOSFETs rises to 2.0 compared 
to 1.94 at 50 kHz. As the voltage escalates to 120 V, this 
ratio further increases to 2.43. This quantitative compari-
son underscores the superior performance of GaN HEMTs, 
especially at elevated voltages and frequencies. In conclu-
sion, the colormaps in Figs.  11 and 12 support a detailed 
comparative assessment of the two device technologies. The 
results confirm that GaN HEMTs exhibit favorable charac-
teristics across all operational regimes. The 2DEG configu-
ration in GaN HEMTs facilitates enhanced electron mobility 
and accelerated switching rates relative to traditional P-N 
junctions in MOSFETs. This leads to less overlap between 
voltage and current during switching transitions, thereby 
reducing switching losses. The improved efficiency of GaN 
HEMTs not only confirms the theoretical benefits but also 
has considerable ramifications for the overall performance 
of PV systems. In practical situations, particularly in distant 
applications where maintenance is difficult, enhanced effi-
ciency and less heat stress led to increased dependability 
and durability of photovoltaic systems. Thus, GaN HEMT-
based converters provide an optimal selection for stand-
alone PV MPPT converters, improving energy extraction 
and system reliability.

4  Conclusion

This work illustrates the effectiveness of a simulation-based 
method that combines MATLAB Simulink and SPICE 
simulation to evaluate 200 V Schottky p-GaN HEMTs in 

inductances, indicating potential for elevated power dis-
sipation as confirmed by the peak instantaneous power 
losses in Fig.  10(d). In contrast, the SiC FET depicted in 
Fig. 10(e) exhibits intermediate switching speed, effectively 
limiting the voltage-current overlap and mitigating ringing 
phenomena, representing a balanced performance trade-off. 
Nonetheless, instantaneous power losses, although reduced 
compared to the MOSFET, still exceed those observed in 
the GaN device. A detailed summary of average switch-
ing, conduction, and gate driving losses for these devices is 

Table 2  Average power losses and energy losses in five cycles of GaN 
HEMT, MOSFTE and SiC FET
Transistor types p-GaN 

HEMT
Si MOSFET SiC 

FET
Average power losses (W) 4.7213 10.57 202.37
Integral of energy losses (µJ) 122.75 274.82 5261.5

Fig. 12  3D colormap of Si MOSFET power losses over 26 µs by 
switching frequency and VDS

 

Fig. 11  3D colormap depicting average power losses of GaN HEMT in 
26 µs with respect to DUT switching frequency and VDS
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