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Next-Generation SiC and GaN Inverters with Advanced 
Real-Time Adaptive Control 

Awais Khan, Wenshou Wang, Arshad Rauf, Muhammad Ilyas, Bo Zhang

Summary — Silicon Carbide (SiC) and Gallium Nitride (GaN) in-
verters deliver exceptional efficiency and high-speed switching, ma-
king them ideal for applications in electric vehicles, renewable energy 
systems, and aerospace. However, conventional control techniques, 
such as Pulse Width Modulation (PWM) and Proportional-Inte-
gral-Derivative (PID) controllers, often fail to address the dynamic 
thermal and electrical characteristics of these wide-bandgap devices. 
This paper proposes an advanced real-time adaptive control strategy 
tailored for SiC and GaN inverters, optimizing efficiency, stability, 
and fault tolerance through dynamic parameter tuning. Comprehen-
sive simulations demonstrate that the proposed approach achieves 
a significantly reduced Integral of Time-weighted Absolute Error 
(ITAE) of 8449.83, compared to 14178.29 for PD and 14177.47 for P 
controllers, with faster response times and minimal overshoot. By mi-
tigating switching losses and electromagnetic interference, this stra-
tegy enhances performance in high-frequency operations. This work 
lays a robust foundation for next-generation inverter designs, with 
future research focused on experimental validation and integration of 
hybrid control architectures.

Keywords — inverter technology, SiC, GaN, advanced control 
strategies, adaptive control

I. Introduction

Inverter technology is pivotal in modern energy systems, 
enabling efficient conversion of direct current (DC) to al-
ternating current (AC) for renewable integration, electric 

vehicles (EVs), and aerospace applications. Recent advances 
in wide-bandgap (WBG) semiconductors such as SiC and 
GaN have significantly enhanced inverter performance, offe-
ring higher switching frequencies, reduced conduction losses,
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and improved thermal resilience compared with conventional 
silicon devices [1]–[4].

SiC-based inverters, characterized by WBG and high thermal 
conductivity, enable high-voltage operation and efficient heat dis-
sipation—making them suitable for power-dense and high-tempe-
rature environments [5]–[8]. These material properties allow faster 
transient response and improved fault tolerance when combined 
with modern control schemes. 

Similarly, GaN devices exhibit superior electron mobility and 
low gate charge, supporting ultra-fast switching frequencies and 
compact converter designs ideal for high-frequency, low-to-me-
dium power applications [9]–[12]. However, both technologies 
challenge conventional control strategies such as PI and PWM, 
which struggle to maintain efficiency and stability under dynamic 
load and thermal conditions. However, conventional control strate-
gies, such as Proportional-Integral (PI) control and PWM, struggle 
to fully exploit the capabilities of SiC and GaN devices, particu-
larly at high switching frequencies (>100 kHz) and under dynamic 
thermal conditions [13]–[15]. These limitations result in subopti-
mal efficiency, increased harmonic distortion, and challenges in 
managing electromagnetic interference (EMI). Advanced control 
methods, such as MPC and Digital Signal Processing (DSP)-based 
techniques, have shown promise in addressing these issues but are 
often designed to DC-DC converters or lack comprehensive vali-
dation for high-frequency DC-AC inverters [16]–[19].

To address these challenges, this paper proposes an adaptive 
control framework that dynamically adjusts inverter parameters in 
real time to optimize efficiency, stability, and fault tolerance. The 
approach is specifically designed for SiC- and GaN-based inver-
ters, leveraging their physical characteristics to achieve up to 40% 
lower ITAE compared with traditional controllers. The main con-
tributions of this work are:

1.	 Optimized Efficiency via Adaptive Control: By em-
ploying the high-speed switching and thermal advantages 
of SiC and GaN, our adaptive control strategy minimizes 
conduction and switching losses, achieving up to 40% 
lower ITAE compared to traditional PI and PWM.

2.	 Advanced Thermal Management: We introduce dynamic 
thermal management algorithms to mitigate thermal stress 
in WBG devices, enhancing reliability and longevity in 
high-power applications.

3.	 Compact and High-Power Designs: The integration of 
adaptive control with SiC and GaN enables compact in-
verters with increased power density, suitable for space-
constrained applications like EVs and aerospace systems.
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4.	 Comprehensive Simulation-Based Analysis: Unlike prior 
studies focusing on theoretical models, this work provi-
des quantitative comparisons of adaptive control against 
traditional methods, validated through detailed simulati-
ons of electrical losses, high-frequency stability, and fault 
tolerance.

This study bridges key gaps by addressing limited adaptability 
of conventional control algorithms, inadequate thermal manage-
ment, and the lack of rigorous performance validation in WBG in-
verters. An adaptive control framework for SiC and GaN conver-
ters is developed, dynamically tuning parameters to sustain high 
efficiency and stability under varying conditions. The framework 
combines Lyapunov-based adaptation with real-time switching 
and thermal regulation, yielding significant improvements in 
power efficiency, fault tolerance, and dynamic response. Section II 
analyzes SiC/GaN characteristics, Section III formulates the mo-
dels, Section IV details the adaptive control design and stability 
proof, Section V presents simulation results and comparisons, and 
Section VI concludes with insights for scalable, energy-efficient 
WBG converter technologies.

II. Material Properties and Design Implications
This section examines the unique properties of SiC and GaN 

that directly influence i nverter c ontrol p erformance in power-
dense applications such as electric vehicles, renewable energy 
systems, and aerospace. The focus is placed on material charac-
teristics that have measurable effects on dynamic control perfor-
mance, including switching behavior, thermal response, and EMI 
resilience.

A. SiC-Based Inverter Performance
SiC, a wide-bandgap semiconductor with a bandgap of 3.26 

eV, exhibits high thermal conductivity (3.7 W/cmK) and a critical 
electric field s trength o f 2 .8 M V/cm, enabling reliable operati-
on in high-voltage and high-temperature environments [20]–[22]. 
These properties reduce thermal stress during rapid switching and 
support efficient operation up to 500 kHz. From a control perspec-
tive, SiC’s rapid thermal recovery and low specific on-resistance 
(1–2 mΩcm2) facilitate real-time gain tuning and minimize overs-
hoot under tran-sient loads.Compared with silicon-based inverters, 
SiC devices achieve up to 30% lower switching losses, allowing 
highbandwidth control [23]–[26]. Adaptive control algorithms 
exploit these attributes to adjust switching patterns dynamically, 
improving harmonic suppression, thermal balance, and steadystate 
precision.Integrating SiC also reduces the size of passive compo-
nents by up to 40%, which is critical for compact automotive and 
aerospace converters [27], [28]. Its superior thermal conductivity 
lowers cooling requirements, supporting lightweight and high-effi-
ciency inverter architectures.

B. GaN-Based Inverters
GaN, with a bandgap of 3.4 eV and electron mobility of 2000 

cm2/Vs, supports ultra-fast switching frequencies exceeding 1 
MHz due to its high electron saturation veloc-ity [27], [28]. Its low 
gate charge (5–10 nC) and small onresistance (10–20 mΩ) ena-
ble high-speed control response and accurate voltage regulation, 
enhancing compatibility with realtime adaptive and model-predic-
tive algorithms.Compared with silicon, GaN devices exhibit up to 
50% lower switching losses, enabling higher power density and 
reduced passive components [29], [30]. At very high frequencies, 
GaN’s susceptibility to EMI and thermal drift necessitates adaptive 
adjustment of switching intervals and gain scheduling to maintain 
closedloop stability.Such enhancements achieve up to 20 dB EMI 
reduction while sustaining efficiencies above 98% [31].

C. Comparative AnalysisSiC excels in high-voltage, high-
power systems (e.g., 1200 V) due to superior thermal conductivity 
and robustness, whereas GaN is optimal for high-frequency, me-
dium-power applications (e.g., 650 V) owing to faster switching 
and lower gate charge. In the proposed control framework, SiC 
devices primarily benefit from thermal-based adaptation mecha-
nisms, while GaN devices emphasize EMI-aware gain regulation 
and transient current compensation. Table I summarizes the key 
parameters and corresponding control implications.

Table I

Comparison of SiC and GaN Properties and Control 
Requirements

Property SiC GaN
Bandgap (eV) 3.26 3.4

Thermal Conductivity (W/
cm·K)

3.7 1.3

Electron Mobility (cm2/V·s) 900 2000

Switching Frequency 
(kHz) Up to 500 Up to 1000

Key Control Challenge Thermal Management EMI Mitigation

Typical Applications
Electric Vehicles (EVs) Consumer Electronics
Grid-Tied Systems EVs

This comparative overview highlights how SiC’s superior 
thermal conductivity and GaN’s high electron mobility demand 
distinct control objectives. The adaptive control framework de-
veloped in this work is designed to exploit these material charac-
teristics, providing real-time thermal compensation for SiC and 
EMI-aware regulation for GaN inverters, thereby achieving high 
efficiency and dynamic stability in nextgeneration power systems.

III. Preliminaries Data
This section examines control systems for inverters, contra-

sting traditional and modern approaches to highlight their integra-
tion with SiC and GaN semiconductors. The control framework 
integrates SiC/GaN switching devices, feedback loops, and ther-
mal management to enhance inverter performance. We evaluate 
the impact of these strategies on efficiency, stability, and reliability, 
emphasizing adaptive control for high-frequency WBG inverters 
operating above 100 kHz.

A. Traditional Control Approaches
Pulse-Width Modulation (PWM): PWM is a cornerstone of in-

verter control, modulating pulse widths to regulate output voltage 
and current. By switching transistors at frequencies of 10 to 100 
kHz, PWM approximates desired waveforms, such as sinusoidal 
outputs. Variants include SPWM, SVPWM, and Hysteresis PWM. 
SPWM, valued for its simplicity, generates sine-like outputs but 
introduces harmonic distortion (THD > 5%) at high frequencies 
[1-2]. SVPWM optimizes switching patterns, reducing losses by 
up to 15% in SiC inverters compared to SPWM [22].

PID Control: PID control adjusts inverter outputs based on the 
error between desired and actual values using proportional, inte-
gral and derivative terms. PID is effective for linear systems but 
struggles with nonlinear dynamics and high switching frequency 
(>100kHz) inverters, resulting in longer settling times (e.g., 0.5ms 
vs. 0.1ms for advanced methods) and reduced stability under dyna-
mic loads [3].

Limitations of Traditional Approaches: Traditional PWM and 
PID methods face challenges with WBG inverters. PWM incurs 
switching losses (up to 20% of total losses in SiC systems) and 
harmonic distortion (THD > 5% at
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100kHz), degrading efficiency [4]. PID controllers exhibit 
poor adaptability to SiC/GaN’s rapid transients, causing overshoot 
(e.g., 10% in GaN systems) and suboptimal performance in high-
frequency applications [5]. These limitations necessitate advanced 
control strategies to fully leverage WBG materials.

B. Modern Control Strategies
Modern control strategies, such as MPC, DSP-based methods

and adaptive control, utilize the high-speed switching (>100 kHz) 
and superior thermal properties of SiC and GaN inverters. While 
MPC and DSP offer advanced performance through precise mo-
deling and real-time computation, adaptive control stands out by 
dynamically ease the limitations of traditional techniques, ensuring 
enhanced efficiency, stability, and fault tolerance in demanding 
applications like electric vehicles and renewable energy systems 
[41].

1. MPC and DSP Techniques: MPC and DSP techniques
leverage the high-speed switching (> 100 kHz) and ther-
mal capabilities of SiC and GaN inverters to enhance per-
formance in applications like EVs and renewable energy
systems. MPC uses a dynamic inverter model to predict fu-
ture states and optimize control actions in real-time, acco-
unting for nonlinearities and constraints (e.g., voltage li-
mits, thermal bounds). It reduces switching losses by 25%
in SiC systems and achieves harmonic distortion (THD <
3%) in GaN inverters, with gate signal adjustments within
10 µs for stable operation under variable loads [32]-[35].
Complementarily, DSP enables realtime implementation
of advanced algorithms through highspeed calculations
(e.g., 100 MHz sampling). It supports adaptive PWM and
real-time monitoring of temperature and load changes, re-
ducing switching losses by 20% in SiC inverters and alle-
viate EMI in GaN systems, improving reliability [11][13].
While effective, these methods rely on predefined models
or computational intensity, which may limit adaptability
to dynamic conditions.

2. Adaptive Control to Enhance Inverter Performance:
Adaptive control optimizes SiC and GaN inverters by
leveraging their high-frequency switching (500 kHz for
SiC, > 1 MHz for GaN) and thermal resilience, surpa-
ssing traditional methods like PID and PWM, as well as
modern techniques such as MPC and DSP, in applications
like EVs and renewable energy systems. Through real-ti-
me tuning of gate driver parameters, it reduces switching 
losses by 30% in SiC inverters, mitigates EMI by 15 dB in 
GaN systems, and achieves efficiencies up to 99% under 
thermal variations reaching 150◦C [36]. Unlike model-de-
pendent approaches, adaptive control dynamically adjusts 
to nonlinearities, thermal fluctuations, and load variations 
without predefined models, ensuring rapid response and 
stability. It improves stability margins by 20% over PID, 
as verified by closed-loop eigenvalue analysis and Lyapu-
nov criteria [18]. Simulations confirm i ts e ffectiveness, 
showing a 40% reduction in the ITAE compared to PID 
(8449.83 vs. 14178.29) and a 35% reduction in energy 
losses compared to PWM under variable loads [37]. By 
optimizing gate signals, adaptive control achieves harmo-
nic distortion below 2% (THD < 2%), enhancing power 
density for EVs and grid systems [36]. Despite these bene-
fits, h igh c omputational d emands at frequencies above 1 
MHz, requiring up to 10 GFLOPS, pose challenges [20]. 
Future research will explore computationally efficient al-
gorithms, active thermal management, and machine lear-
ning-based predictive methods to reduce processing needs 
y 30%, further enhancing the efficib ency, reliability, and 

robustness of next-generation wide-bandgap inverters.

IV. Proposed Adaptive Control Design with
Real-Time Adjustments

The proposed adaptive control framework dynamically adju-
sts inverter parameters in real time to maintain high efficiency and 
stability under varying operating conditions. It integrates system 
modeling, adaptive gain tuning, and stability analysis to achieve 
robust performance for both SiC- and GaNbased inverters. An 
adaptive control design technique is developed for SiC and GaN 
inverters, utilizing their high-frequency switching capabilities (500 
kHz for SiC, 1 MHz for GaN) while addressing thermal and EMI 
challenges, as illustrated in the flowchart m odel i n F ig. 1 . T he 
d esign i ncorporates realtime parameter adjustments to optimize 
efficiency (>98.5% for SiC, >99% for GaN), stability and dyna-
mic response under varying load and temperature conditions. We 
derive the control law, integrate the provided simulation algorithm 
and compare performance with PID and MPC, validated through 
simulations. For clarity, all parameters and symbols used throu-
ghout the equations are summarized in Appendix A. The inverter 
dynamics form the foundation for the adaptive control law, expre-
ssed through the following state-space representation.

x˙(t) = A(t)x(t) + B(t)u(t),	 y(t) = Cx(t),	 (1)

where x(t) = [iL, vC ]T represents the state vector composed of the 
inductor current iL and the capacitor voltage vC . The control input 
u(t) denotes the inverter duty cycle, while the output y(t) corres-
ponds to the load current. The overall formulation consists of two 
coupled subsystems: the converter model and the control system 
model. The converter model describes the physical dynamics of 
the inverter stage, governed by the state-space matrices A(t), B(t), 
and C, which represent the LC energy exchange and semiconduc-
tor switching processes. In contrast, the control system model defi-
nes the adaptive law that determines how the control signal u(t) is 
updated in real time based on the measured states (iL, vC ). The inte-
raction between both subsystems occurs through a feedback loop: 
the converter provides measurable outputs used by the controller to 
compute u(t), which in turn modulates the inverter’s duty cycle and 
switching sequence. This separation ensures that physical device 
dynamics and control adaptation are clearly modeled while main-
taining closed-loop stability and efficiency.

The system matrices A(t), B(t), and C describe the underlying 
switching and energy transfer dynamics of the converter. Specifi-
cally, A(t) governs the coupling between current and voltage states 
and reflects the internal energy exchange between the inductor and 
capacitor. It captures both the natural resonance of the LC network 
and the devicespecific damping influenced by conduction and 
switching

losses. The matrix B(t) represents how the control signal (duty 
ratio) modulates the inductor current and, consequently, the overall 
power flow, whereas C defines the measured output channel used 
for feedback. For wide-bandgap devices such as SiC and GaN, 
these matrices are parameterized by thermal and electromagnetic 
conditions, introducing timevarying elements in A(t) and B(t).

For the SiC inverter, A(t) accounts for temperaturedependent 
resistance and switching characteristics, with junction temperatu-
re Tj varying up to 150◦C. For the GaN inverter, A(t) includes the 
high-frequency parasitic and EMI-induced dynamics that influen-
ce stability at MHz-level switching. The corresponding matrices 
are given as:

Fig. 1. Flowchart of the proposed SiC/GaN inverter system showing integrated power conversion, control and thermal regulation loops, with data flow between
the converter, regulators and control subsystems for adaptive stability and efficiency.

where x(t) = [iL, vC ]
T represents the state vector composed

of the inductor current iL and the capacitor voltage vC . The
control input u(t) denotes the inverter duty cycle, while the
output y(t) corresponds to the load current.

The overall formulation consists of two coupled subsystems:
the converter model and the control system model. The con-
verter model describes the physical dynamics of the inverter
stage, governed by the state-space matrices A(t), B(t), and C,
which represent the LC energy exchange and semiconductor
switching processes. In contrast, the control system model
defines the adaptive law that determines how the control signal
u(t) is updated in real time based on the measured states
(iL, vC). The interaction between both subsystems occurs
through a feedback loop: the converter provides measurable
outputs used by the controller to compute u(t), which in turn
modulates the inverter’s duty cycle and switching sequence.
This separation ensures that physical device dynamics and
control adaptation are clearly modeled while maintaining
closed-loop stability and efficiency.

The system matrices A(t), B(t), and C describe the
underlying switching and energy transfer dynamics of the
converter. Specifically, A(t) governs the coupling between
current and voltage states and reflects the internal energy
exchange between the inductor and capacitor. It captures both
the natural resonance of the LC network and the device-
specific damping influenced by conduction and switching

losses. The matrix B(t) represents how the control signal (duty
ratio) modulates the inductor current and, consequently, the
overall power flow, whereas C defines the measured output
channel used for feedback. For wide-bandgap devices such as
SiC and GaN, these matrices are parameterized by thermal and
electromagnetic conditions, introducing time-varying elements
in A(t) and B(t).

For the SiC inverter, A(t) accounts for temperature-
dependent resistance and switching characteristics, with junc-
tion temperature Tj varying up to 150◦C. For the GaN inverter,
A(t) includes the high-frequency parasitic and EMI-induced
dynamics that influence stability at MHz-level switching. The
corresponding matrices are given as:

ASiC =

[
0 −1
1 −0.05

]
, BSiC =

[
0
1

]
,

AGaN =

[
0 −1
1 −0.02

]
, BGaN =

[
0
1

]
,

C =
[
1 0

]
.

The matrices ASiC, BSiC, AGaN, and BGaN originate from the
averaged small-signal state-space representation of the inverter.
Each element of A(t) captures the coupling dynamics between
the inductor current iL and capacitor voltage vC , where the
off-diagonal terms describe energy transfer between magnetic
and electric storage elements. The negative diagonal entries,

4
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Fig. 1. Flowchart of the proposed SiC/GaN inverter system showing integrated power conversion, control and thermal regulation loops, with data flow between
the converter, regulators and control subsystems for adaptive stability and efficiency.
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The matrices ASiC, BSiC, AGaN, and BGaN originate from the ave-
raged small-signal state-space representation of the inverter. Each 
element of A(t) captures the coupling dynamics between the in-
ductor current iL and capacitor voltage vC , where the off-diagonal 
terms describe energy transfer between magnetic and electric sto-
rage elements. The negative diagonal entries, such as −0.05 for 
SiC and −0.02 for GaN, correspond to effective damping factors 
that account for conduction losses, switching delays, and internal 
parasitic effects. The input matrices BSiC and BGaN reflect the con-
trol influence of the applied gate-drive voltage or duty ratio on 
the inductor current dynamics, while the output matrix C = [1 0] 
maps the inductor current to the measurable output. The distinc-
tion between SiC and GaN parameters arises from their thermal 
and electrical characteristics, SiC exhibits higher thermal stability 
but greater switching losses, whereas GaN achieves faster respon-
se with lower loss coefficients. These matrix formulations provide 
the foundation for the adaptive controller, ensuring that real-time 
gain updates compensate for material-dependent nonlinearities and 
thermal variations.

The current-voltage behavior of the SiC MOSFET can be 
expressed as:

where

 Equation (2) gives the SiC drain current–voltage relation. Li-
nearization about the operating point provides the input gain that 

enters BSiC and the effective damping terms that populate ASiC. Thus 
VGS becomes the primary control handle for reducing conduction 
and switching losses during adaptation.

Similarly, the drain current behavior for the GaN HEMT devi-
ce is modeled as:

where β = 0.1 A/V2, α = 0.5 V−1, Vth = 1.5 V, and W/L = 200 
[38]. Equation (3) captures GaN current with velocitysaturation via 
tanh(αVDS), which limits di/dt and reflects EMI sensitivity at high 
VDS . Its local Jacobians define the entries of AGaN and BGaN, guiding 
the adaptive gate control so that VGS updates improve tracking whi-
le respecting EMI and saturation constraints.

The junction temperature model represents the thermal beha-
vior of the inverter under the combined effect of conduction and 
switching losses, providing a direct link between electrical and 
thermal domains:

In this model, Ta = 25◦C denotes the ambient temperature, Rth 
= 0.5◦C/W for SiC and 1.0◦C/W for GaN is the thermal resistance 
from junction to case, and Psw = 0.3 W (SiC, 500 kHz) or 0.1 W 
(GaN, 1 MHz) represent conduction and switching power losses, 
respectively [38]. The junction temperature Tj directly influences 
on-resistance and carrier mobility of SiC and GaN devices, thereby 
affecting inverter efficiency and dynamic response. Within the pro-
posed adaptive framework, this temperature feedback is used to 
adjust control parameters in real time, ensuring stable and efficient 
operation under varying load and switching conditions.

Fig. 1. Flowchart of the proposed SiC/GaN inverter system showing integrated power conversion, control and thermal regulation loops, with data flow 
between the converter, regulators and control subsystems for adaptive stability and efficiency.

such as −0.05 for SiC and −0.02 for GaN, correspond to
effective damping factors that account for conduction losses,
switching delays, and internal parasitic effects. The input
matrices BSiC and BGaN reflect the control influence of the
applied gate-drive voltage or duty ratio on the inductor current
dynamics, while the output matrix C = [1 0] maps the inductor
current to the measurable output. The distinction between SiC
and GaN parameters arises from their thermal and electrical
characteristics, SiC exhibits higher thermal stability but greater
switching losses, whereas GaN achieves faster response with
lower loss coefficients. These matrix formulations provide the
foundation for the adaptive controller, ensuring that real-time
gain updates compensate for material-dependent nonlinearities
and thermal variations.

The current-voltage behavior of the SiC MOSFET can be
expressed as:

ID =
1

2
µnCox

W

L
(VGS − Vth)

2(1 + λVDS), (2)

where µn = 900 cm2/V · s, Cox = 50 nF/cm2, W/L = 100,
Vth = 2.5 V, and λ = 0.01 V−1 [38]. Equation (2) gives
the SiC drain current–voltage relation. Linearization about the
operating point provides the input gain that enters BSiC and
the effective damping terms that populate ASiC. Thus VGS

becomes the primary control handle for reducing conduction
and switching losses during adaptation.

Similarly, the drain current behavior for the GaN HEMT
device is modeled as:

ID = β
W

L
(VGS − Vth)

2 tanh(αVDS), (3)

where β = 0.1 A/V2, α = 0.5 V−1, Vth = 1.5 V, and
W/L = 200 [38]. Equation (3) captures GaN current with
velocity-saturation via tanh(αVDS), which limits di/dt and
reflects EMI sensitivity at high VDS . Its local Jacobians define
the entries of AGaN and BGaN, guiding the adaptive gate control
so that VGS updates improve tracking while respecting EMI
and saturation constraints.

The junction temperature model represents the thermal be-
havior of the inverter under the combined effect of conduction
and switching losses, providing a direct link between electrical
and thermal domains:

Tj = Ta +Rth(Pcond + Psw). (4)

In this model, Ta = 25◦C denotes the ambient temperature,
Rth = 0.5◦C/W for SiC and 1.0◦C/W for GaN is the thermal
resistance from junction to case, and Psw = 0.3 W (SiC,
500 kHz) or 0.1 W (GaN, 1 MHz) represent conduction
and switching power losses, respectively [38]. The junction
temperature Tj directly influences on-resistance and carrier
mobility of SiC and GaN devices, thereby affecting inverter
efficiency and dynamic response. Within the proposed adaptive
framework, this temperature feedback is used to adjust control
parameters in real time, ensuring stable and efficient operation
under varying load and switching conditions.

The adaptive control law defines the dynamic regulation
of inverter current by minimizing the tracking error between
the reference and actual current. This formulation allows the

controller to self-tune its gains in response to temperature
and voltage variations, maintaining robustness and precision
in fast-switching environments.

u(t) = K(t)e(t) +Kr(t)yref(t), (5)

Here, u(t) represents the control input or gate-drive signal
applied to the inverter, e(t) = yref(t) − y(t) is the tracking
error, and K(t) and Kr(t) denote the adaptive feedback and
feedforward gains, respectively. The continuous adjustment of
these parameters guided by the thermal model enables the
system to achieve temperature-aware stability and efficiency
in real-time operation.

The parameter vector θ(t) = [K(t),Kr(t)]
T is updated

using the adaptive law

θ̇(t) = −γϕ(t)e(t), ϕ(t) = [e(t), yref(t)]
T , (6)

with adaptation gain γ = 0.01. This adaptation rule governs
the real-time evolution of controller gains, where ϕ(t) repre-
sents the regression vector combining the instantaneous error
and reference signals. The negative gradient term −γϕ(t)e(t)
drives θ(t) toward an optimal value that minimizes the
tracking error energy. Through this continuous adjustment,
the controller compensates for parameter drift and nonlinear
variations caused by temperature rise, switching losses, or load
disturbances. Consequently, the adaptive mechanism ensures
sustained efficiency maintaining 98.5% for SiC and 99% for
GaN inverters, while preserving closed-loop stability under
dynamic operating conditions.

Inverter current iL, capacitor voltage vC , and output current
y(t) are directly measured through on-board sensors and
used for real-time feedback. The junction temperature Tj and
switching loss Psw are computed online using the thermal
model in (4), providing temperature-dependent correction sig-
nals for the adaptive controller. The parameters K(t) and
Kr(t) are updated adaptively via (6), whereas quantities such
as the adaptation gain γ, thermal resistance Rth, and device
threshold voltage Vth are fixed based on device specifications.
System matrices A(t), B(t), and C represent known inverter
dynamics and remain constant during each switching interval.

To further enhance overall inverter performance, adaptive
gate control and EMI mitigation mechanisms are incorporated
to address switching loss and electromagnetic interference
effects. The gate–source voltage is dynamically tuned to
minimize switching losses:

VGS(t) = VGS,nom +∆VGS
Tj(t)− Tj,nom

Tj,max
, (7)

where VGS,nom = 15 V (SiC) or 6 V (GaN), ∆VGS = 5 V,
Tj,nom = 25◦C, and Tj,max = 150◦C. This adaptive voltage
regulation effectively lowers conduction and switching losses
in SiC devices by approximately 30%, improving efficiency
without compromising transient response.

For GaN devices, EMI is mitigated by dynamically ad-
justing the switching interval according to the drain–source
voltage profile:

tsw(t) = tsw,0

(
1 + kEMI

VDS(t)

VDS,max

)
, (8)
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such as −0.05 for SiC and −0.02 for GaN, correspond to
effective damping factors that account for conduction losses,
switching delays, and internal parasitic effects. The input
matrices BSiC and BGaN reflect the control influence of the
applied gate-drive voltage or duty ratio on the inductor current
dynamics, while the output matrix C = [1 0] maps the inductor
current to the measurable output. The distinction between SiC
and GaN parameters arises from their thermal and electrical
characteristics, SiC exhibits higher thermal stability but greater
switching losses, whereas GaN achieves faster response with
lower loss coefficients. These matrix formulations provide the
foundation for the adaptive controller, ensuring that real-time
gain updates compensate for material-dependent nonlinearities
and thermal variations.

The current-voltage behavior of the SiC MOSFET can be
expressed as:
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2(1 + λVDS), (2)

where µn = 900 cm2/V · s, Cox = 50 nF/cm2, W/L = 100,
Vth = 2.5 V, and λ = 0.01 V−1 [38]. Equation (2) gives
the SiC drain current–voltage relation. Linearization about the
operating point provides the input gain that enters BSiC and
the effective damping terms that populate ASiC. Thus VGS

becomes the primary control handle for reducing conduction
and switching losses during adaptation.

Similarly, the drain current behavior for the GaN HEMT
device is modeled as:
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where β = 0.1 A/V2, α = 0.5 V−1, Vth = 1.5 V, and
W/L = 200 [38]. Equation (3) captures GaN current with
velocity-saturation via tanh(αVDS), which limits di/dt and
reflects EMI sensitivity at high VDS . Its local Jacobians define
the entries of AGaN and BGaN, guiding the adaptive gate control
so that VGS updates improve tracking while respecting EMI
and saturation constraints.

The junction temperature model represents the thermal be-
havior of the inverter under the combined effect of conduction
and switching losses, providing a direct link between electrical
and thermal domains:

Tj = Ta +Rth(Pcond + Psw). (4)

In this model, Ta = 25◦C denotes the ambient temperature,
Rth = 0.5◦C/W for SiC and 1.0◦C/W for GaN is the thermal
resistance from junction to case, and Psw = 0.3 W (SiC,
500 kHz) or 0.1 W (GaN, 1 MHz) represent conduction
and switching power losses, respectively [38]. The junction
temperature Tj directly influences on-resistance and carrier
mobility of SiC and GaN devices, thereby affecting inverter
efficiency and dynamic response. Within the proposed adaptive
framework, this temperature feedback is used to adjust control
parameters in real time, ensuring stable and efficient operation
under varying load and switching conditions.

The adaptive control law defines the dynamic regulation
of inverter current by minimizing the tracking error between
the reference and actual current. This formulation allows the

controller to self-tune its gains in response to temperature
and voltage variations, maintaining robustness and precision
in fast-switching environments.

u(t) = K(t)e(t) +Kr(t)yref(t), (5)

Here, u(t) represents the control input or gate-drive signal
applied to the inverter, e(t) = yref(t) − y(t) is the tracking
error, and K(t) and Kr(t) denote the adaptive feedback and
feedforward gains, respectively. The continuous adjustment of
these parameters guided by the thermal model enables the
system to achieve temperature-aware stability and efficiency
in real-time operation.

The parameter vector θ(t) = [K(t),Kr(t)]
T is updated

using the adaptive law

θ̇(t) = −γϕ(t)e(t), ϕ(t) = [e(t), yref(t)]
T , (6)

with adaptation gain γ = 0.01. This adaptation rule governs
the real-time evolution of controller gains, where ϕ(t) repre-
sents the regression vector combining the instantaneous error
and reference signals. The negative gradient term −γϕ(t)e(t)
drives θ(t) toward an optimal value that minimizes the
tracking error energy. Through this continuous adjustment,
the controller compensates for parameter drift and nonlinear
variations caused by temperature rise, switching losses, or load
disturbances. Consequently, the adaptive mechanism ensures
sustained efficiency maintaining 98.5% for SiC and 99% for
GaN inverters, while preserving closed-loop stability under
dynamic operating conditions.

Inverter current iL, capacitor voltage vC , and output current
y(t) are directly measured through on-board sensors and
used for real-time feedback. The junction temperature Tj and
switching loss Psw are computed online using the thermal
model in (4), providing temperature-dependent correction sig-
nals for the adaptive controller. The parameters K(t) and
Kr(t) are updated adaptively via (6), whereas quantities such
as the adaptation gain γ, thermal resistance Rth, and device
threshold voltage Vth are fixed based on device specifications.
System matrices A(t), B(t), and C represent known inverter
dynamics and remain constant during each switching interval.

To further enhance overall inverter performance, adaptive
gate control and EMI mitigation mechanisms are incorporated
to address switching loss and electromagnetic interference
effects. The gate–source voltage is dynamically tuned to
minimize switching losses:

VGS(t) = VGS,nom +∆VGS
Tj(t)− Tj,nom

Tj,max
, (7)

where VGS,nom = 15 V (SiC) or 6 V (GaN), ∆VGS = 5 V,
Tj,nom = 25◦C, and Tj,max = 150◦C. This adaptive voltage
regulation effectively lowers conduction and switching losses
in SiC devices by approximately 30%, improving efficiency
without compromising transient response.

For GaN devices, EMI is mitigated by dynamically ad-
justing the switching interval according to the drain–source
voltage profile:

tsw(t) = tsw,0
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such as −0.05 for SiC and −0.02 for GaN, correspond to
effective damping factors that account for conduction losses,
switching delays, and internal parasitic effects. The input
matrices BSiC and BGaN reflect the control influence of the
applied gate-drive voltage or duty ratio on the inductor current
dynamics, while the output matrix C = [1 0] maps the inductor
current to the measurable output. The distinction between SiC
and GaN parameters arises from their thermal and electrical
characteristics, SiC exhibits higher thermal stability but greater
switching losses, whereas GaN achieves faster response with
lower loss coefficients. These matrix formulations provide the
foundation for the adaptive controller, ensuring that real-time
gain updates compensate for material-dependent nonlinearities
and thermal variations.

The current-voltage behavior of the SiC MOSFET can be
expressed as:
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2(1 + λVDS), (2)

where µn = 900 cm2/V · s, Cox = 50 nF/cm2, W/L = 100,
Vth = 2.5 V, and λ = 0.01 V−1 [38]. Equation (2) gives
the SiC drain current–voltage relation. Linearization about the
operating point provides the input gain that enters BSiC and
the effective damping terms that populate ASiC. Thus VGS

becomes the primary control handle for reducing conduction
and switching losses during adaptation.

Similarly, the drain current behavior for the GaN HEMT
device is modeled as:

ID = β
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(VGS − Vth)

2 tanh(αVDS), (3)

where β = 0.1 A/V2, α = 0.5 V−1, Vth = 1.5 V, and
W/L = 200 [38]. Equation (3) captures GaN current with
velocity-saturation via tanh(αVDS), which limits di/dt and
reflects EMI sensitivity at high VDS . Its local Jacobians define
the entries of AGaN and BGaN, guiding the adaptive gate control
so that VGS updates improve tracking while respecting EMI
and saturation constraints.

The junction temperature model represents the thermal be-
havior of the inverter under the combined effect of conduction
and switching losses, providing a direct link between electrical
and thermal domains:

Tj = Ta +Rth(Pcond + Psw). (4)

In this model, Ta = 25◦C denotes the ambient temperature,
Rth = 0.5◦C/W for SiC and 1.0◦C/W for GaN is the thermal
resistance from junction to case, and Psw = 0.3 W (SiC,
500 kHz) or 0.1 W (GaN, 1 MHz) represent conduction
and switching power losses, respectively [38]. The junction
temperature Tj directly influences on-resistance and carrier
mobility of SiC and GaN devices, thereby affecting inverter
efficiency and dynamic response. Within the proposed adaptive
framework, this temperature feedback is used to adjust control
parameters in real time, ensuring stable and efficient operation
under varying load and switching conditions.

The adaptive control law defines the dynamic regulation
of inverter current by minimizing the tracking error between
the reference and actual current. This formulation allows the

controller to self-tune its gains in response to temperature
and voltage variations, maintaining robustness and precision
in fast-switching environments.

u(t) = K(t)e(t) +Kr(t)yref(t), (5)

Here, u(t) represents the control input or gate-drive signal
applied to the inverter, e(t) = yref(t) − y(t) is the tracking
error, and K(t) and Kr(t) denote the adaptive feedback and
feedforward gains, respectively. The continuous adjustment of
these parameters guided by the thermal model enables the
system to achieve temperature-aware stability and efficiency
in real-time operation.

The parameter vector θ(t) = [K(t),Kr(t)]
T is updated

using the adaptive law

θ̇(t) = −γϕ(t)e(t), ϕ(t) = [e(t), yref(t)]
T , (6)

with adaptation gain γ = 0.01. This adaptation rule governs
the real-time evolution of controller gains, where ϕ(t) repre-
sents the regression vector combining the instantaneous error
and reference signals. The negative gradient term −γϕ(t)e(t)
drives θ(t) toward an optimal value that minimizes the
tracking error energy. Through this continuous adjustment,
the controller compensates for parameter drift and nonlinear
variations caused by temperature rise, switching losses, or load
disturbances. Consequently, the adaptive mechanism ensures
sustained efficiency maintaining 98.5% for SiC and 99% for
GaN inverters, while preserving closed-loop stability under
dynamic operating conditions.

Inverter current iL, capacitor voltage vC , and output current
y(t) are directly measured through on-board sensors and
used for real-time feedback. The junction temperature Tj and
switching loss Psw are computed online using the thermal
model in (4), providing temperature-dependent correction sig-
nals for the adaptive controller. The parameters K(t) and
Kr(t) are updated adaptively via (6), whereas quantities such
as the adaptation gain γ, thermal resistance Rth, and device
threshold voltage Vth are fixed based on device specifications.
System matrices A(t), B(t), and C represent known inverter
dynamics and remain constant during each switching interval.

To further enhance overall inverter performance, adaptive
gate control and EMI mitigation mechanisms are incorporated
to address switching loss and electromagnetic interference
effects. The gate–source voltage is dynamically tuned to
minimize switching losses:

VGS(t) = VGS,nom +∆VGS
Tj(t)− Tj,nom

Tj,max
, (7)

where VGS,nom = 15 V (SiC) or 6 V (GaN), ∆VGS = 5 V,
Tj,nom = 25◦C, and Tj,max = 150◦C. This adaptive voltage
regulation effectively lowers conduction and switching losses
in SiC devices by approximately 30%, improving efficiency
without compromising transient response.

For GaN devices, EMI is mitigated by dynamically ad-
justing the switching interval according to the drain–source
voltage profile:

tsw(t) = tsw,0
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1 + kEMI
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VDS,max
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Tj = Ta + Rth(Pcond+ Psw).	 (4)
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The adaptive control law defines the dynamic regulation of 
inverter current by minimizing the tracking error between the re-
ference and actual current. This formulation allows the controller 
to self-tune its gains in response to temperature and voltage va-
riations, maintaining robustness and precision in fast-switching 
environments.

	 u(t) = K(t)e(t) + Kr(t)yref(t),	 (5)

Here, u(t) represents the control input or gate-drive signal 
applied to the inverter, e(t) = yref(t) − y(t) is the tracking error, and 
K(t) and Kr(t) denote the adaptive feedback and feedforward gains,
respectively. The continuous adjustment of these parameters gu-
ided by the thermal model enables the system to achieve tempera-
ture-aware stability and efficiency in real-time operation.

The parameter vector θ(t) = [K(t), Kr(t)]T is updated using the 
adaptive law 

θ˙(t) = −γ(t)e(t), (t) = [e(t),yref(t)]T, 	 (6)

with adaptation gain γ = 0.01. This adaptation rule governs the 
real-time evolution of controller gains, where (t) repre-sents the 
regression vector combining the instantaneous error and reference 
signals. The negative gradient term −γ(t)e(t) drives θ(t) toward an 
optimal value that minimizes the tracking error energy. Through 
this continuous adjustment, the controller compensates for para-
meter drift and nonlinear variations caused by temperature rise, 
switching losses, or load disturbances. Consequently, the adaptive 
mechanism ensures sustained efficiency maintaining 98.5% for 
SiC and 99% for GaN inverters, while preserving closed-loop sta-
bility under dynamic operating conditions.

Inverter current iL, capacitor voltage vC , and output current y(t) 
are directly measured through on-board sensors and used for real-
time feedback. The junction temperature Tj and switching loss Psw
are computed online using the thermal model in (4), providing tem-
perature-dependent correction signals for the adaptive controller. 
The parameters K(t) and Kr(t) are updated adaptively via (6), whe-
reas quantities such as the adaptation gain γ, thermal resistance Rth, 
and device threshold voltage Vth are fixed based on device specifi-
cations. System matrices A(t), B(t), and C represent known inverter 
dynamics and remain constant during each switching interval.

To further enhance overall inverter performance, adaptive gate 
control and EMI mitigation mechanisms are incorporated to addre-
ss switching loss and electromagnetic interference effects. The 
gate–source voltage is dynamically tuned to minimize switching 
losses:

where VGS,nom = 15 V (SiC) or 6 V (GaN), ∆VGS = 5 V, Tj,nom 
= 25◦C, and Tj,max = 150◦C. This adaptive voltage regulation effec-
tively lowers conduction and switching losses in SiC devices by 
approximately 30%, improving efficiency without compromising 
transient response.

For GaN devices, EMI is mitigated by dynamically adjusting 
the switching interval according to the drain–source voltage profile:

where kEMI = 0.1 and VDS,max = 650 V. This control adaptation 
reduces electromagnetic noise by approximately 20 dB, yielding 
smoother transient performance and higher system reliability. 
System stability is verified through a Lyapunovbased analysis, 
where the candidate function is defined as follows:

V (t) = x(t)T P x(t) + θ(t)T Γ−1θ(t), 	 (9)

where P and Γ are positive definite matrices. The condition

V˙ (t) < 0 holds when

	 (A − BK(t)C)TP + P(A − BK(t)C) = −Q,	 (10)

where Q is positive definite matrix.

This formulation guarantees asymptotic stability across all 
operating frequencies, confirming that adaptive gain updates pre-
serve robustness against thermal and load variations. It ensures clo-
sed-loop stability at 500 kHz for SiC and 1 MHz for GaN, yielding 
a 20% improvement in stability margin compared with the PID 
baseline [37]. In the real-time digital implementation, the Lyapu-
nov stability criterion is evaluated at discrete sampling intervals 
that correspond to the controller’s update rate. The continuous-ti-
me condition V˙ (t) < 0 is therefore expressed in its discrete coun-
terpart as:

∆V (k) = V (k + 1) − V (k) < 0, 

ensuring monotonic energy decay across samples. All adap-ti-
ve parameters, including K(t) and θ(t), are updated at a sampling 
rate of 0.01 ms, which aligns with the inverter’s 100 kHz–1 MHz 
switching frequencies. This synchronization guarantees that the 
Lyapunov-based stability verified in the continuous domain is pre-
served in discrete operation. Conse-quently, the real-time imple-
mentation maintains bounded state trajectories and convergence 
of adaptive gains, confirming closed-loop robustness under digital 
sampling constraints.

The complete implementation procedure of the adaptive con-
trol scheme is outlined in Algorithm 1, which applies to both SiC 
and GaN inverter models. Algorithm 1 provides a step-by-step re-
alization of the adaptive controller, integrating the control laws de-
fined in (5)–(6) with the iterative state propagation and gain adap-
tation mechanisms given in (11)–(20). The algorithm explicitly 
captures the real-time interaction between state evolution, error 
correction, and parameter learning, thereby demonstrating how the 
proposed control law dynamically tunes the inverter performance 
under varying load and thermal conditions.

Algorithm 1 Adaptive Control Simulation for SiC and GaN 
Inverters

Goal: Track yref(t) while updating gains online and propagating 
device dynamics. 

Parameters:

Initializations:

xSiC = x0, xGaN = x0, KSiC = K0, KGaN = K0 

for i = 1 to length(time) do 

Compute control inputs:

uSiC(t) = KSiC(t)eSiC(t) + Kr,SiC(t)yref(t)

uGaN(t) = KGaN(t)eGaN(t) + Kr,GaN(t)yref(t)

Update state trajectories:

x˙SiC(t) = ASiC xSiC(t) + BSiC uSiC(t), (11)

x˙GaN(t) = AGaN xGaN(t) + BGaN uGaN(t), Update states: (12)

xSiC(t + ∆t) = xSiC(t) + x˙SiC(t)∆t, (13)

such as −0.05 for SiC and −0.02 for GaN, correspond to
effective damping factors that account for conduction losses,
switching delays, and internal parasitic effects. The input
matrices BSiC and BGaN reflect the control influence of the
applied gate-drive voltage or duty ratio on the inductor current
dynamics, while the output matrix C = [1 0] maps the inductor
current to the measurable output. The distinction between SiC
and GaN parameters arises from their thermal and electrical
characteristics, SiC exhibits higher thermal stability but greater
switching losses, whereas GaN achieves faster response with
lower loss coefficients. These matrix formulations provide the
foundation for the adaptive controller, ensuring that real-time
gain updates compensate for material-dependent nonlinearities
and thermal variations.

The current-voltage behavior of the SiC MOSFET can be
expressed as:

ID =
1

2
µnCox

W

L
(VGS − Vth)

2(1 + λVDS), (2)

where µn = 900 cm2/V · s, Cox = 50 nF/cm2, W/L = 100,
Vth = 2.5 V, and λ = 0.01 V−1 [38]. Equation (2) gives
the SiC drain current–voltage relation. Linearization about the
operating point provides the input gain that enters BSiC and
the effective damping terms that populate ASiC. Thus VGS

becomes the primary control handle for reducing conduction
and switching losses during adaptation.

Similarly, the drain current behavior for the GaN HEMT
device is modeled as:

ID = β
W

L
(VGS − Vth)

2 tanh(αVDS), (3)

where β = 0.1 A/V2, α = 0.5 V−1, Vth = 1.5 V, and
W/L = 200 [38]. Equation (3) captures GaN current with
velocity-saturation via tanh(αVDS), which limits di/dt and
reflects EMI sensitivity at high VDS . Its local Jacobians define
the entries of AGaN and BGaN, guiding the adaptive gate control
so that VGS updates improve tracking while respecting EMI
and saturation constraints.

The junction temperature model represents the thermal be-
havior of the inverter under the combined effect of conduction
and switching losses, providing a direct link between electrical
and thermal domains:

Tj = Ta +Rth(Pcond + Psw). (4)

In this model, Ta = 25◦C denotes the ambient temperature,
Rth = 0.5◦C/W for SiC and 1.0◦C/W for GaN is the thermal
resistance from junction to case, and Psw = 0.3 W (SiC,
500 kHz) or 0.1 W (GaN, 1 MHz) represent conduction
and switching power losses, respectively [38]. The junction
temperature Tj directly influences on-resistance and carrier
mobility of SiC and GaN devices, thereby affecting inverter
efficiency and dynamic response. Within the proposed adaptive
framework, this temperature feedback is used to adjust control
parameters in real time, ensuring stable and efficient operation
under varying load and switching conditions.

The adaptive control law defines the dynamic regulation
of inverter current by minimizing the tracking error between
the reference and actual current. This formulation allows the

controller to self-tune its gains in response to temperature
and voltage variations, maintaining robustness and precision
in fast-switching environments.

u(t) = K(t)e(t) +Kr(t)yref(t), (5)

Here, u(t) represents the control input or gate-drive signal
applied to the inverter, e(t) = yref(t) − y(t) is the tracking
error, and K(t) and Kr(t) denote the adaptive feedback and
feedforward gains, respectively. The continuous adjustment of
these parameters guided by the thermal model enables the
system to achieve temperature-aware stability and efficiency
in real-time operation.

The parameter vector θ(t) = [K(t),Kr(t)]
T is updated

using the adaptive law

θ̇(t) = −γϕ(t)e(t), ϕ(t) = [e(t), yref(t)]
T , (6)

with adaptation gain γ = 0.01. This adaptation rule governs
the real-time evolution of controller gains, where ϕ(t) repre-
sents the regression vector combining the instantaneous error
and reference signals. The negative gradient term −γϕ(t)e(t)
drives θ(t) toward an optimal value that minimizes the
tracking error energy. Through this continuous adjustment,
the controller compensates for parameter drift and nonlinear
variations caused by temperature rise, switching losses, or load
disturbances. Consequently, the adaptive mechanism ensures
sustained efficiency maintaining 98.5% for SiC and 99% for
GaN inverters, while preserving closed-loop stability under
dynamic operating conditions.

Inverter current iL, capacitor voltage vC , and output current
y(t) are directly measured through on-board sensors and
used for real-time feedback. The junction temperature Tj and
switching loss Psw are computed online using the thermal
model in (4), providing temperature-dependent correction sig-
nals for the adaptive controller. The parameters K(t) and
Kr(t) are updated adaptively via (6), whereas quantities such
as the adaptation gain γ, thermal resistance Rth, and device
threshold voltage Vth are fixed based on device specifications.
System matrices A(t), B(t), and C represent known inverter
dynamics and remain constant during each switching interval.

To further enhance overall inverter performance, adaptive
gate control and EMI mitigation mechanisms are incorporated
to address switching loss and electromagnetic interference
effects. The gate–source voltage is dynamically tuned to
minimize switching losses:

VGS(t) = VGS,nom +∆VGS
Tj(t)− Tj,nom

Tj,max
, (7)

where VGS,nom = 15 V (SiC) or 6 V (GaN), ∆VGS = 5 V,
Tj,nom = 25◦C, and Tj,max = 150◦C. This adaptive voltage
regulation effectively lowers conduction and switching losses
in SiC devices by approximately 30%, improving efficiency
without compromising transient response.

For GaN devices, EMI is mitigated by dynamically ad-
justing the switching interval according to the drain–source
voltage profile:

tsw(t) = tsw,0

(
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)
, (8)
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such as −0.05 for SiC and −0.02 for GaN, correspond to
effective damping factors that account for conduction losses,
switching delays, and internal parasitic effects. The input
matrices BSiC and BGaN reflect the control influence of the
applied gate-drive voltage or duty ratio on the inductor current
dynamics, while the output matrix C = [1 0] maps the inductor
current to the measurable output. The distinction between SiC
and GaN parameters arises from their thermal and electrical
characteristics, SiC exhibits higher thermal stability but greater
switching losses, whereas GaN achieves faster response with
lower loss coefficients. These matrix formulations provide the
foundation for the adaptive controller, ensuring that real-time
gain updates compensate for material-dependent nonlinearities
and thermal variations.

The current-voltage behavior of the SiC MOSFET can be
expressed as:

ID =
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µnCox
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(VGS − Vth)

2(1 + λVDS), (2)

where µn = 900 cm2/V · s, Cox = 50 nF/cm2, W/L = 100,
Vth = 2.5 V, and λ = 0.01 V−1 [38]. Equation (2) gives
the SiC drain current–voltage relation. Linearization about the
operating point provides the input gain that enters BSiC and
the effective damping terms that populate ASiC. Thus VGS

becomes the primary control handle for reducing conduction
and switching losses during adaptation.

Similarly, the drain current behavior for the GaN HEMT
device is modeled as:

ID = β
W

L
(VGS − Vth)

2 tanh(αVDS), (3)

where β = 0.1 A/V2, α = 0.5 V−1, Vth = 1.5 V, and
W/L = 200 [38]. Equation (3) captures GaN current with
velocity-saturation via tanh(αVDS), which limits di/dt and
reflects EMI sensitivity at high VDS . Its local Jacobians define
the entries of AGaN and BGaN, guiding the adaptive gate control
so that VGS updates improve tracking while respecting EMI
and saturation constraints.

The junction temperature model represents the thermal be-
havior of the inverter under the combined effect of conduction
and switching losses, providing a direct link between electrical
and thermal domains:

Tj = Ta +Rth(Pcond + Psw). (4)

In this model, Ta = 25◦C denotes the ambient temperature,
Rth = 0.5◦C/W for SiC and 1.0◦C/W for GaN is the thermal
resistance from junction to case, and Psw = 0.3 W (SiC,
500 kHz) or 0.1 W (GaN, 1 MHz) represent conduction
and switching power losses, respectively [38]. The junction
temperature Tj directly influences on-resistance and carrier
mobility of SiC and GaN devices, thereby affecting inverter
efficiency and dynamic response. Within the proposed adaptive
framework, this temperature feedback is used to adjust control
parameters in real time, ensuring stable and efficient operation
under varying load and switching conditions.

The adaptive control law defines the dynamic regulation
of inverter current by minimizing the tracking error between
the reference and actual current. This formulation allows the

controller to self-tune its gains in response to temperature
and voltage variations, maintaining robustness and precision
in fast-switching environments.

u(t) = K(t)e(t) +Kr(t)yref(t), (5)

Here, u(t) represents the control input or gate-drive signal
applied to the inverter, e(t) = yref(t) − y(t) is the tracking
error, and K(t) and Kr(t) denote the adaptive feedback and
feedforward gains, respectively. The continuous adjustment of
these parameters guided by the thermal model enables the
system to achieve temperature-aware stability and efficiency
in real-time operation.

The parameter vector θ(t) = [K(t),Kr(t)]
T is updated

using the adaptive law

θ̇(t) = −γϕ(t)e(t), ϕ(t) = [e(t), yref(t)]
T , (6)

with adaptation gain γ = 0.01. This adaptation rule governs
the real-time evolution of controller gains, where ϕ(t) repre-
sents the regression vector combining the instantaneous error
and reference signals. The negative gradient term −γϕ(t)e(t)
drives θ(t) toward an optimal value that minimizes the
tracking error energy. Through this continuous adjustment,
the controller compensates for parameter drift and nonlinear
variations caused by temperature rise, switching losses, or load
disturbances. Consequently, the adaptive mechanism ensures
sustained efficiency maintaining 98.5% for SiC and 99% for
GaN inverters, while preserving closed-loop stability under
dynamic operating conditions.

Inverter current iL, capacitor voltage vC , and output current
y(t) are directly measured through on-board sensors and
used for real-time feedback. The junction temperature Tj and
switching loss Psw are computed online using the thermal
model in (4), providing temperature-dependent correction sig-
nals for the adaptive controller. The parameters K(t) and
Kr(t) are updated adaptively via (6), whereas quantities such
as the adaptation gain γ, thermal resistance Rth, and device
threshold voltage Vth are fixed based on device specifications.
System matrices A(t), B(t), and C represent known inverter
dynamics and remain constant during each switching interval.

To further enhance overall inverter performance, adaptive
gate control and EMI mitigation mechanisms are incorporated
to address switching loss and electromagnetic interference
effects. The gate–source voltage is dynamically tuned to
minimize switching losses:

VGS(t) = VGS,nom +∆VGS
Tj(t)− Tj,nom

Tj,max
, (7)

where VGS,nom = 15 V (SiC) or 6 V (GaN), ∆VGS = 5 V,
Tj,nom = 25◦C, and Tj,max = 150◦C. This adaptive voltage
regulation effectively lowers conduction and switching losses
in SiC devices by approximately 30%, improving efficiency
without compromising transient response.

For GaN devices, EMI is mitigated by dynamically ad-
justing the switching interval according to the drain–source
voltage profile:

tsw(t) = tsw,0

(
1 + kEMI

VDS(t)

VDS,max

)
, (8)
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xGaN(t + ∆t) = xGaN(t) + x˙GaN(t)∆t,

Calculate errors:

(14)

eSiC(t) = C xSiC(t) − yref(t), (15)

eGaN(t) = C xGaN(t) − yref(t),

Update adaptive gains:

(16)

(17)

Record states and gains:

	 xSiC hist(:,i) = xSiC(t),	 KSiC hist(:,i) = KSiC(t),     (19)

	 xGaN hist(:,i) = xGaN(t),	 KGaN hist(:,i) = KGaN(t)    (20)

end for

Simulations using Algorithm 1 show a 40% reduction in ITAE 
(8449.83 vs. 14178.29 for PID), efficiencies of 98.5% (SiC) and 
99% (GaN), and 20 dB EMI reduction in GaN at 1 MHz. Adaptive 
control outperforms PID and MPC in SiC
Fig. 2. State trajectories and adaptive gain evolution for the SiC inverter.

Fig. 3. State trajectories and adaptive gain evolution for the GaN inverter.

Fig. 2 and Fig. 3 illustrate state trajectories and adaptive gain 
evolution. Both SiC and GaN inverters exhibit stable and well-
damped state responses under rapid switching conditions, con-
firming the controller’s capability to maintain dynamic stability. 
The adaptive gain evolution demonstrates real-time convergence 
and self-tuning behavior, allowing compensation for parameter 
and temperature variations during operation. These characteristics 
lead to enhanced robustness and improved steady-state accuracy. 
Practically, SiC and GaN achieve a 40% ITAE reduction (8449.83) 
and a faster transient response of 0.08 ms compared with 0.5 ms 
for PID [37], which directly translates to superior power quality 
and reduced stress but quickly stabilizes, demonstrating the pro-
posed controller’s ability to regulate junction temperature effecti-
vely under highfrequency switching. GaN devices exhibit a margi-
nally higher initial power dissipation, primarily attributed to faster 
switching transients, yet both devices converge to near-zero dissi-
pation within 40 s. This indicates excellent thermal resilience and 
loss mitigation, enabling sustained operation at efficiencies betwe-
en 98.5% and 99%. In practical terms, such behavior minimizes 
thermal stress, extends device lifetime, and ensures stable inverter 
performance under continuous high-speed operation.

The computational requirement of approximately 2-GFLOPS 
was analytically estimated from the number of floating point ope-
rations executed per control cycle primarily the matrix multiplica-
tions and adaptive-gain updates in (5) and (6); at a controller upda-
te interval of 0.01 ms. Averaged over the full simulation horizon, 
this corresponds to 2× 109 operations per second, representing the 
typical computational demand of the proposed adaptive algorithm. 

where kEMI = 0.1 and VDS,max = 650 V. This control adap-
tation reduces electromagnetic noise by approximately 20 dB,
yielding smoother transient performance and higher system
reliability. System stability is verified through a Lyapunov-
based analysis, where the candidate function is defined as
follows:

V (t) = x(t)TPx(t) + θ(t)TΓ−1θ(t), (9)

where P and Γ are positive definite matrices. The condition
V̇ (t) < 0 holds when

(A−BK(t)C)TP + P (A−BK(t)C) = −Q, (10)

where Q is positive definite matrix.
This formulation guarantees asymptotic stability across all

operating frequencies, confirming that adaptive gain updates
preserve robustness against thermal and load variations. It
ensures closed-loop stability at 500 kHz for SiC and 1 MHz
for GaN, yielding a 20% improvement in stability margin
compared with the PID baseline [37]. In the real-time digital
implementation, the Lyapunov stability criterion is evaluated at
discrete sampling intervals that correspond to the controller’s
update rate. The continuous-time condition V̇ (t) < 0 is
therefore expressed in its discrete counterpart as:

∆V (k) = V (k + 1)− V (k) < 0,

ensuring monotonic energy decay across samples. All adap-
tive parameters, including K(t) and θ(t), are updated at a
sampling rate of 0.01 ms, which aligns with the inverter’s
100 kHz–1 MHz switching frequencies. This synchronization
guarantees that the Lyapunov-based stability verified in the
continuous domain is preserved in discrete operation. Conse-
quently, the real-time implementation maintains bounded state
trajectories and convergence of adaptive gains, confirming
closed-loop robustness under digital sampling constraints.

The complete implementation procedure of the adaptive
control scheme is outlined in Algorithm 1, which applies to
both SiC and GaN inverter models. Algorithm 1 provides a
step-by-step realization of the adaptive controller, integrating
the control laws defined in (5)–(6) with the iterative state prop-
agation and gain adaptation mechanisms given in (11)–(20).
The algorithm explicitly captures the real-time interaction
between state evolution, error correction, and parameter learn-
ing, thereby demonstrating how the proposed control law
dynamically tunes the inverter performance under varying load
and thermal conditions.

Algorithm 1 Adaptive Control Simulation for SiC and GaN
Inverters

Goal: Track yref(t) while updating gains online and propa-
gating device dynamics.
Parameters:
K0 =

[
0.1 0.1

]
, γ = 0.01, T = 100, ∆t = 0.01

Initializations:
xSiC = x0, xGaN = x0, KSiC = K0, KGaN = K0

for i = 1 to length(time) do
Compute control inputs:

uSiC(t) = KSiC(t) eSiC(t) +Kr,SiC(t) yref(t)

uGaN(t) = KGaN(t) eGaN(t) +Kr,GaN(t) yref(t)

Update state trajectories:

ẋSiC(t) = ASiC xSiC(t) +BSiC uSiC(t), (11)

ẋGaN(t) = AGaN xGaN(t) +BGaN uGaN(t), (12)

Update states:

xSiC(t+∆t) = xSiC(t) + ẋSiC(t)∆t, (13)

xGaN(t+∆t) = xGaN(t) + ẋGaN(t)∆t, (14)

Calculate errors:

eSiC(t) = C xSiC(t)− yref(t), (15)

eGaN(t) = C xGaN(t)− yref(t), (16)

Update adaptive gains:

KSiC(t+∆t) = KSiC(t) + γ eSiC(t)x
⊤
SiC(t)∆t, (17)

KGaN(t+∆t) = KGaN(t) + γ eGaN(t)x
⊤
GaN(t)∆t, (18)

Record states and gains:

xSiC hist(:, i) = xSiC(t), KSiC hist(:, i) = KSiC(t), (19)

xGaN hist(:, i) = xGaN(t), KGaN hist(:, i) = KGaN(t)
(20)

end for

Simulations using Algorithm 1 show a 40% reduction in
ITAE (8449.83 vs. 14178.29 for PID), efficiencies of 98.5%
(SiC) and 99% (GaN), and 20 dB EMI reduction in GaN at
1 MHz. Adaptive control outperforms PID and MPC in SiC

TABLE II
COMPARISON OF CONTROL STRATEGIES FOR SIC AND GAN INVERTERS

Metric PID MPC Adaptive Control
Efficiency (SiC, 500 kHz) 95.0% 97.5% 98.5%
Efficiency (GaN, 1 MHz) 96.0% 98.0% 99.0%

Response Time (ms) 0.5 0.1 0.08
Total Harmonic Distortion (THD, %) 5.0 2.0 1.5

EMI Reduction (dB, GaN) 5 10 20
Integral Time Absolute Error (ITAE, SiC) 14178.29 10500.50 8449.83

Stability Margin (% Improvement) – 10 20
Computational Complexity (GFLOPS) 0.5 10 2

Computational Time per Cycle (µs) 5 50 10
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and GaN inverters, as shown in Table II. Adaptive control’s
real-time adjustments ((5), (6)) reduce THD to 1.5%, ITAE
by 40%, and EMI by 20 dB in GaN, with moderate computa-
tional demand (2 GFLOPS). Its dynamic response (0.08 ms)
and stability margin (20% improvement) make it ideal for
high-frequency WBG inverters in EVs and renewable energy
systems [39], [40].

Fig. 2. State trajectories and adaptive gain evolution for the SiC inverter.

Fig. 2 and Fig. 3 illustrate state trajectories and adaptive
gain evolution. Both SiC and GaN inverters exhibit stable and
well-damped state responses under rapid switching conditions,
confirming the controller’s capability to maintain dynamic
stability. The adaptive gain evolution demonstrates real-time
convergence and self-tuning behavior, allowing compensation
for parameter and temperature variations during operation.
These characteristics lead to enhanced robustness and im-
proved steady-state accuracy. Practically, SiC and GaN achieve
a 40% ITAE reduction (8449.83) and a faster transient re-
sponse of 0.08 ms compared with 0.5 ms for PID [37], which
directly translates to superior power quality and reduced stress

Fig. 3. State trajectories and adaptive gain evolution for the GaN inverter.

on switching devices in high-frequency inverter applications.
Fig. 4 provides a comprehensive overview of thermal man-

agement and power dissipation. Both SiC and GaN inverters
start at an ambient temperature of 25◦C, exhibiting efficient
thermal performance with rapid stabilization back to ambient
levels. The SiC inverter experiences a slightly higher transient
peak (due to ≈0.3 W switching losses versus 0.1 W for GaN)
but quickly stabilizes, demonstrating the proposed controller’s
ability to regulate junction temperature effectively under high-
frequency switching. GaN devices exhibit a marginally higher
initial power dissipation, primarily attributed to faster switch-
ing transients, yet both devices converge to near-zero dissi-
pation within 40 s. This indicates excellent thermal resilience
and loss mitigation, enabling sustained operation at efficiencies
between 98.5% and 99%. In practical terms, such behavior
minimizes thermal stress, extends device lifetime, and ensures
stable inverter performance under continuous high-speed op-
eration.

The computational requirement of approximately 2-
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This estimation provides a relative comparison with PID and MPC 
implementations under identical simulation conditions and illu-
strates that the algorithm is computationally feasible for real-time 
deployment on standard digital controllers.

To enable realistic simulations that mirror real-world conditi-
ons for designing reliable SiC and GaN inverters in EVs and solar 
systems, we conducted comprehensive simulations, utilizing Al-
gorithm 2 as an intelligent assistant to address practical challenges. 
With the key parameters aforementioned in Algorithm 1, we intro-
duced a fault at 50s to emulate an EV power surge and varied loads 
between 20s and 80s to simulate solar output fluctuations.

The results illustrated in Fig. 5 demonstrate robust fault tole-
rance with consistent performance under disruptions. Both SiC and 
GaN inverters maintain stability despite the introduction of a si-
mulated fault at approximately 50 s, where a 15% disturbance in 
load or switching condition is applied.

.

Fig. 4. Thermal and power dissipation responses of SiC and GaN inverters.

GFLOPS was analytically estimated from the number of float-
ing point operations executed per control cycle primarily the
matrix multiplications and adaptive-gain updates in (5) and (6);
at a controller update interval of 0.01 ms. Averaged over the
full simulation horizon, this corresponds to 2×109 operations
per second, representing the typical computational demand
of the proposed adaptive algorithm. This estimation provides
a relative comparison with PID and MPC implementations
under identical simulation conditions and illustrates that the
algorithm is computationally feasible for real-time deployment
on standard digital controllers.

To enable realistic simulations that mirror real-world con-
ditions for designing reliable SiC and GaN inverters in EVs
and solar systems, we conducted comprehensive simulations,
utilizing Algorithm 2 as an intelligent assistant to address
practical challenges. With the key parameters aforementioned
in Algorithm 1, we introduced a fault at 50s to emulate an EV
power surge and varied loads between 20s and 80s to simulate
solar output fluctuations.

The results illustrated in Fig. 5 demonstrate robust fault
tolerance with consistent performance under disruptions. Both
SiC and GaN inverters maintain stability despite the intro-
duction of a simulated fault at approximately 50 s, where a
15% disturbance in load or switching condition is applied.

Fig. 5. Fault Tolerance Analysis for SiC & GaN Inverters, demonstrating con-
sistent performance in faulted & non-faulted conditions. The adaptive control
system effectively compensates for faults, ensuring operational stability.

The adaptive controller automatically compensates for this
disturbance by adjusting feedback gains in real time, prevent-
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Fig. 4. Thermal and power dissipation responses of SiC and GaN inverters.

Fig. 5. Fault Tolerance Analysis for SiC & GaN Inverters, demonstrating 
consistent performance in faulted & non-faulted conditions. The adaptive 
control system effectively compensates for faults, ensuring operational
stability

Algorithm 2 — Fault Introduction and Load Variation
Parameters:
K0 =

[
0.1 0.1

]
, γ = 0.01, T = 100, ∆t = 0.01

Initializations:
xSiC = x0, xGaN = x0, KSiC = K0, KGaN = K0

for i = 1 to length(time) do
1. Update control actions based on error feedback:

uSiC(i) = −KSiC(i) · xSiC(i) + γ, eSiC(i) · xSiC(i), (21)
uGaN(i) = −KGaN(i) · xGaN(i) + γ, eGaN(i) · xGaN(i)

(22)

where

eSiC(i) = C · xSiC(i)− yref,SiC(i), (23)
eGaN(i) = C · xGaN(i)− yref,GaN(i). (24)

2. Update state and adaptive gain matrices:

xSiC(i+ 1) = xSiC(i) + ẋSiC(i) ·∆t, (25)
xGaN(i+ 1) = xGaN(i) + ẋGaN(i) ·∆t, (26)

KSiC(i+ 1) = KSiC(i)− γ, eSiC(i)xSiC(i)
T ·∆t, (27)

KGaN(i+ 1) = KGaN(i)− γ, eGaN(i)xGaN(i)
T ·∆t.

(28)

3. Log state trajectories and adaptive gains for dy-
namic response analysis:

Log: xSiC(i), xGaN(i),KSiC(i),KGaN(i) ∀i ∈ [1, N ]
(29)

end for

Fig. 6. Performance Under Variable Conditions for SiC and GaN inverters.
Adaptive control adjusts parameters in real-time, enabling the inverters to
maintain performance and reliability under load and environmental changes.

ing oscillatory divergence and restoring the output trajectory
within milliseconds. This behavior validates the controller’s
fault-resilient design, ensuring that inverter performance and
output quality remain stable under partial or transient faults.
In practice, such robustness minimizes downtime, protects
connected systems, and enhances inverter reliability in electric-

Fig. 7. Enhanced Stability through Adaptive Control for SiC and GaN
inverters. The figure compares eigenvalues for closed-loop and open-loop
systems, highlighting improved stability achieved with adaptive control.

Fig. 8. Stability Analysis of Closed-Loop Systems for SiC and GaN inverters.
This plot provides insights into stability improvements, with eigenvalues
demonstrating enhanced control for both materials.

vehicle and renewable-energy applications.
Figure 6 illustrates the inverters’ real-time adaptability un-

der variable operating conditions. When load and environ-
mental parameters change around 80 s, both SiC and GaN
systems maintain smooth, stable responses without overshoot
or instability. This demonstrates the controller’s ability to ad-
just parameters online, ensuring reliable output regulation and
sustained efficiency even under fluctuating operating scenarios.

Figures 7 and 8 highlight the superior stability attained
through adaptive control. The closed-loop SiC and GaN in-
verters display rapid damping and minimal oscillations com-
pared to their open-loop counterparts, demonstrating stronger
dynamic robustness. Corresponding eigenvalue distributions
positioned further left in the complex plane confirm enhanced
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The adaptive controller automatically compensates for this 
disturbance by adjusting feedback gains in real time, preventing 
oscillatory divergence and restoring the output trajectory within 
milliseconds. This behavior validates the controller’s fault-resilient 
design, ensuring that inverter performance and output quality re-
main stable under partial or transient faults. In practice, such robus-
tness minimizes downtime, protects connected systems, and en-
hances inverter reliability in electric-vehicle an renewable-energy 
applications.

Figure 6 Ilustrates the inventer’s real-time adaptability under 
variable operating conditions. When load and enirronmental pa-
rameters change around 80 s, both SiC and GaN systems mainta-
in smooth, stable responses without overshoot or instability. This 
demonstrates the controller’s ability to adjust parameters online, 
ensuring reliable output regulation and sustained efficiency even 
under fluctuating operating scenarios.

Figures 7 and 8 highlight the superior stability attained through 
adaptive control. The closed-loop SiC and GaN inverters display 
rapid damping and minimal oscillations compared to their open-
loop counterparts, demonstrating stronger dynamic robustness. 
Corresponding eigenvalue distributions positioned further left 
in the complex plane confirm enhancedstability margins, valida-
ting sustained efficiencies of 98.5–99% under realistic operating 
conditions.

V. Performance Analysis and Comparative Studies
To provide a comprehensive assessment of the proposed adap-

tive control strategy, a comparative study is conducted with other 
popular control techniques, including PWM, MPC and Active 
Thermal Control. The objective is to highlight the performance 
differences in terms of key metrics such as temperature stabilizati-
on, power dissipation, dynamic stability, fault tolerance, and adap-
tability to variable 
ce characteristics across these control methods.

conditions. Table 1 summarizes the performan-

The comparative analysis in Table III demonstrates that the 
proposed adaptive control method excels in providing efficient 
thermal management, stability, fault tolerance, and adaptability. 
Unlike PWM, which is constrained to predefined parameters and 

has limited fault tolerance, adaptive control dynamically adjusts its 
parameters in real-time, achieving rapid stabilization and resilience 
under various conditions. MPC shows high efficiency and adapta-
bility due to its predictive nature; however, it is computationally 
intensive, which can limit its practicality in real-time applications. 
Active Thermal Control, while effective in thermal management, 
sacrifices efficiency due to energy overheads required to regulate 
temperature.

From a hardware implementation perspective, the proposed 
adaptive algorithm is computationally lightweight and can be fe-
asibly deployed on mid-range DSPs or high-performance micro-
controllers. For SiC-based inverters operating around 500 kHz, 
processors such as the TI TMS320F28379D could be utilized to 
provide adequate real-time computation with integrated PWM/
ADC peripherals. Similarly, for GaN-based systems operating near 
1 MHz, FPGA platforms such as the Xilinx Zynq-7000 are suita-
ble candidates to ensure deterministic execution and parallel data 
processing. These potential configurations indicate that the propo-
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xGaN(i+ 1) = xGaN(i) + ẋGaN(i) ·∆t, (26)
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sed control strategy is compatible with standard industrial inverter 
hardware, offering low latency, precise signal sampling, and robust 
stability for future experimental validation.

VI. Conclusion
This study introduces an advanced adaptive control strategy 

for SiC and GaN inverters, significantly enhancing efficiency, 
stability and fault tolerance in high-speed switching applicati-
ons. Using the unique properties of WBG materials, the proposed 
approach outperforms conventional methods such as PWM, MPC 
and active thermal control, delivering superior responsiveness and 
energy efficiency. C omparative analyses highlight its transfor-
mative potential for next-generation inverter systems, particularly 
in renewable energy and electric vehicle applications demanding 
high reliability. Future work will include preliminary experimen-
tal validation using SiCand GaN-based inverter prototypes with
a DSP platform to verify real-time control performance and sta-
bility under varying load and thermal conditions. This step will 
serve as the foundation for large-scale experimental implemen-
tation and practical deployment in renewable energy and electric 
vehicle systems. Additionally, integrating hybrid control with 
predictive and machine-learning techniques will address complex 
system dynamics, further advancing inverter technology. This re-
search establishes a foundation for resilient, high-efficiency power 
electronics, accelerating the adoption of WBG materials in critical 
applications.
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compatible with standard industrial inverter hardware, offering
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future experimental validation.

VI. CONCLUSION

This study introduces an advanced adaptive control strategy
for SiC and GaN inverters, significantly enhancing efficiency,
stability and fault tolerance in high-speed switching appli-
cations. Using the unique properties of WBG materials, the
proposed approach outperforms conventional methods such as
PWM, MPC and active thermal control, delivering superior
responsiveness and energy efficiency. Comparative analyses
highlight its transformative potential for next-generation in-
verter systems, particularly in renewable energy and electric
vehicle applications demanding high reliability. Future work
will include preliminary experimental validation using SiC-
and GaN-based inverter prototypes with a DSP platform to
verify real-time control performance and stability under vary-
ing load and thermal conditions. This step will serve as the
foundation for large-scale experimental implementation and
practical deployment in renewable energy and electric vehicle
systems. Additionally, integrating hybrid control with predic-
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system dynamics, further advancing inverter technology. This
research establishes a foundation for resilient, high-efficiency
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