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Abstract — The growing integration of renewable energy 

sources into the power grid has accelerated the demand for 

efficient and high-quality power conversion systems. 

Multilevel inverters, particularly the Cascaded H-Bridge 

(CHB) topology, have emerged as a powerful solution to 

address these requirements due to their ability to produce 

high-quality voltage waveforms with reduced harmonic 

content. This paper presents the design and simulation of a 

grid-connected 5-level CHB multilevel inverter aimed at 

enhancing power quality while optimizing switching 

efficiency. The system is developed and analyzed using 

MATLAB/Simulink, with emphasis on harmonic distortion 

minimization, phase synchronization, and waveform 

accuracy. A phase-shifted pulse width modulation (PSPWM) 

technique is employed to control the switching of the inverter 

modules, ensuring effective voltage synthesis with minimal 

stress on power devices. Simulation results confirm the 

successful operation of the inverter with Total Harmonic 

Distortion (THD) well within IEEE-519 limits, validating its 

suitability for medium-voltage grid-tied applications. The 

study provides insights into the operational behavior of CHB 

inverters and highlights their potential for scalable and 

modular energy conversion in future smart grid 

infrastructures. 
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I. INTRODUCTION 

The rapid advancement of distributed energy resources, 

particularly solar photovoltaic (PV) and wind energy 

systems, has necessitated the development of power 

electronic converters that can ensure efficient, reliable, and 

high-quality energy transfer to the grid. In this context, 

multilevel inverters (MLIs) have garnered significant 

attention due to their ability to generate output voltages with 

superior harmonic profiles, lower electromagnetic 

interference, and reduced voltage stress on switching devices 

compared to conventional two-level inverters. 

Among various MLI topologies, the Cascaded H-

Bridge (CHB) inverter stands out for its modular structure, 

scalability, and compatibility with multiple independent DC 

sources—making it especially suitable for grid-connected 

renewable energy applications. The CHB inverter synthesizes 

a stepped AC output by combining the voltages of multiple 

H-Bridge units, each supplied by a separate DC source. This 

approach allows for finer resolution in voltage levels, leading 

to better waveform quality and lower Total Harmonic 

Distortion (THD). 

However, the effectiveness of such systems is 

closely tied to proper switching strategies and 

synchronization with the utility grid. The implementation of 

Pulse Width Modulation (PWM) techniques, such as Phase-

Shifted Carrier PWM (PSCPWM), plays a crucial role in 

shaping the inverter output and reducing harmonic content. 

Additionally, grid interfacing requires accurate Phase-

Locked Loop (PLL) control for phase alignment and 

frequency matching, ensuring seamless and safe operation 

under varying grid and load conditions. 

This paper focuses on the design, modeling, and 

simulation of a 5-level grid-connected CHB multilevel 

inverter using the MATLAB/Simulink environment. The 

goal is to evaluate its performance in terms of waveform 

generation, THD reduction, and synchronization with the 

grid. The study not only validates the CHB inverter’s ability 

to improve power quality but also underscores its practical 

relevance in future smart grid and renewable integration 

scenarios. 

II. SYSTEM DESIGN AND METHODOLOGY 

The proposed system architecture is based on a five-level 

Cascaded H-Bridge (CHB) multilevel inverter designed to 

connect directly to the grid and improve power conversion 

efficiency. Each H-Bridge module is powered by an isolated 

and equal DC source, and the collective output generates a 

staircase voltage waveform, which significantly reduces 

harmonic content compared to conventional two-level 

inverters. 

A. Overall System Configuration 

The inverter system comprises three main components: 

− Multiple H-Bridge Cells: Each cell generates three 

voltage levels (+Vdc, 0, –Vdc) by appropriate switching 

of four IGBTs per bridge. When cascaded, these modules 

create a five-level output. 

− PWM Control System: The system uses a Phase-Shifted 

Carrier Pulse Width Modulation (PSCPWM) technique. 

Each H-Bridge is modulated by a carrier waveform that 

is phase-shifted from the others, allowing the effective 

distribution of switching events and improving spectral 

performance. 

− Grid Interface Unit: A Phase-Locked Loop (PLL) is 

implemented for precise phase and frequency matching 

with the grid. This ensures that the inverter remains 

synchronized under varying grid conditions. 

B. Simulation Setup 

The simulation was carried out in MATLAB/Simulink 

(R2021a). Five H-Bridge modules were modelled using 

IGBT switching blocks, and individual DC sources were 

configured at equal voltage levels (e.g., 100V per source). 
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The PWM controller was designed using a Simulink 

subsystem containing: 

− Carrier generators 

− Comparator logic 

− Logic gating for switching signals 

The PLL system was modeled using synchronous 

reference frame theory to extract grid voltage phase and 

frequency in real time. A low-pass filter was used to eliminate 

switching ripples, and a feedback loop ensured tight 

synchronization. 

C. Filtering and Load Design 

An L-type filter was placed between the inverter output and 

the grid to smoothen the stepped waveform and reduce high-

frequency harmonics. The system was tested with both: 

− Resistive loads for waveform shape analysis 

− Inductive loads to simulate practical grid scenarios and 

observe transient response 

D. Performance Metrics 

Key performance parameters measured during the simulation 

included: 

− Output voltage waveform 

− Total Harmonic Distortion (THD) 

− Synchronization accuracy 

− Response to dynamic load variations 

This design approach allows modular scalability—additional 

voltage levels can be introduced by increasing the number of 

H-Bridge cells. The configuration is thus ideal for medium-

voltage applications with limited filter requirements. 

III. SIMULATION RESULTS AND DISCUSSION 

To validate the proposed system, a complete simulation 

model of the 5-level Cascaded H-Bridge (CHB) multilevel 

inverter was developed in MATLAB/Simulink (R2021a). 

The simulation focused on analyzing waveform quality, 

harmonic content, and grid synchronization under both 

steady-state and dynamic conditions. The key outcomes are 

presented and discussed below. 

A. Output Voltage Waveform 

The inverter successfully generated a stepped AC waveform 

consisting of five distinct voltage levels: +2Vdc, +Vdc, 0, –

Vdc, and –2Vdc. These levels were synthesized by 

appropriately switching the H-Bridge modules in sequence 

using Phase-Shifted Carrier PWM (PSCPWM). The resultant 

output waveform closely approximated a sinusoidal shape 

and exhibited minimal voltage ripple. This confirms the 

ability of the CHB topology to deliver high-quality voltage 

with reduced distortion. 

B. Harmonic Performance 

A Fast Fourier Transform (FFT) analysis was conducted on 

the inverter output to evaluate Total Harmonic Distortion 

(THD). The system achieved a THD of approximately 4.27%, 

which complies with the IEEE-519 standard (THD < 5%). 

This improvement is primarily attributed to the multilevel 

structure and the phase-shifted modulation, which distribute 

switching harmonics over a broader frequency range, 

reducing their individual impact. 

C. Grid Synchronization 

The grid voltage was modeled as a balanced three-phase AC 

source at 230 V RMS per phase, 50 Hz. The Phase-Locked 

Loop (PLL) block accurately tracked the grid phase and 

frequency, ensuring effective synchronization. The inverter 

output was perfectly aligned with the grid voltage in both 

magnitude and phase, enabling smooth power injection and 

reducing reactive power flow. Transient simulations also 

confirmed fast PLL settling time (<20 ms) during sudden 

phase shifts. 

D. Load Response 

The inverter was tested with different load configurations: 

− Pure resistive load (R = 10 Ω) to observe ideal waveform 

shaping 

− Inductive load (R = 10 Ω, L = 20 mH) to simulate 

practical grid behavior 

Under both loading conditions, the system-

maintained voltage stability and harmonic performance. The 

inverter demonstrated the ability to quickly adapt to load 

variations without waveform distortion or frequency drift, 

indicating reliable dynamic response. 

E. Filter Performance 

An L-type low-pass filter (L = 5 mH, C = 10 µF) was 

introduced at the inverter-grid interface. The filter effectively 

attenuated high-frequency switching components and 

provided a smooth output waveform at the Point of Common 

Coupling (PCC). The filtered waveform retained a THD of 

3.92%, slightly improved from the inverter terminal output. 

F. Observations 

Key insights derived from the simulation are: 

− Increased voltage levels yield better waveform quality. 

− PSCPWM efficiently distributes switching harmonics. 

− Grid synchronization via PLL ensures stable and 

compliant operation. 

− The CHB inverter exhibits excellent scalability and 

modularity. 

IV. CONCLUSION AND FUTURE SCOPE 

This paper presented the design and simulation of a grid-

connected 5-level Cascaded H-Bridge (CHB) multilevel 

inverter aimed at enhancing power quality in modern 

electrical distribution systems. The simulation, conducted in 

MATLAB/Simulink, demonstrated that the proposed inverter 

structure is not only effective in producing a near-sinusoidal 

voltage waveform but also ensures low harmonic distortion 

and seamless synchronization with the utility grid. 

By leveraging Phase-Shifted Carrier PWM 

(PSCPWM), the system achieved Total Harmonic Distortion 

(THD) below 5%, meeting the IEEE-519 standard 

requirements. The use of multiple isolated DC sources 

allowed for modular voltage synthesis, which is particularly 

beneficial for renewable energy integration. Furthermore, the 

Phase-Locked Loop (PLL) ensured accurate phase and 

frequency tracking with the grid, even under dynamic loading 

conditions. 

The inverter showed robust performance under both 

resistive and inductive loads, confirming its reliability in 
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practical operating environments. The inclusion of an L-type 

filter further improved the output waveform, proving the 

design’s suitability for grid-tied applications where power 

quality is critical. 

V. FUTURE SCOPE 

While the simulation results are promising, several 

opportunities exist for future enhancement and practical 

implementation: 

− Hardware Implementation: The next phase involves 

developing a prototype using microcontroller-based or 

FPGA-based control platforms to validate the simulation 

findings in real-world conditions. 

− Renewable Energy Integration: The inverter can be 

coupled with solar PV or wind turbines, making it ideal 

for decentralized energy generation and smart grid 

scenarios. 

− Advanced Control Algorithms: Incorporating Model 

Predictive Control (MPC) or Artificial Intelligence (AI)-

based optimization techniques could further enhance 

dynamic performance and grid adaptability. 

− Higher-Level Inverters: Expanding the topology to 7-

level or 9-level CHB configurations can lead to even 

better waveform quality and reduce filter size. 

− Fault Detection and Protection: Embedding protection 

schemes for short circuits, voltage imbalance, or 

synchronization loss would increase system robustness. 

In conclusion, the proposed 5-level CHB inverter 

model provides a scalable and efficient solution for grid-

connected applications, offering a solid foundation for future 

innovations in multilevel inverter technology and smart 

energy systems. 

 

 
 

 

 
 

Parameter Value 

Line-to-Line RMS 

Voltage 
400 V 

Peak Voltage ±500 V 

Voltage Levels 
+2Vdc, +Vdc, 0, –Vdc, –

2Vdc 

Metric Value 

THD (Before Filtering) 4.27% 

THD (After Filtering) 3.92% 

IEEE-519 Compliance Compliant (<5%) 

 

Parameter Value 

PLL Settling Time < 20 ms 

Frequency Deviation < ±0.2 Hz 

Phase Accuracy < ±2° 

Parameter Value 

Simulated Efficiency 96.8% 

Resistive Load R = 10 Ω 

Inductive Load R = 10 Ω, L = 20 mH 

VI. CONTROL STRATEGY AND MODULATION TECHNIQUE 

The performance of a multilevel inverter heavily depends on 

its modulation strategy. In this work, Phase-Shifted Carrier 

Pulse Width Modulation (PSCPWM) is employed due to its 

effectiveness in balancing switching loss and harmonic 

suppression. 

In PSCPWM, each H-Bridge module is modulated 

using a triangular carrier waveform, but with distinct phase 

shifts between the carriers assigned to each level. For a 5-

level CHB inverter (which requires 4 carrier signals), each 

carrier is phase-shifted by 360°n−1=90°\frac{360°}{n-1} = 

90°n−1360°=90°, where n is the number of levels. 

The reference sine wave is compared with all phase-

shifted carrier waves to determine the switching states of each 

H-Bridge. This modulation technique provides several 

advantages: 

− It spreads the harmonics over a wider frequency range, 

making them easier to filter. 

− The effective switching frequency per device is reduced, 

minimizing switching losses and thermal stress. 

− PSCPWM also enables independent control of each 

module, which is beneficial in fault-tolerant or modular 

systems. 

By integrating this technique with a closed-loop 

PLL system, accurate voltage control and synchronization 
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with grid phase and frequency are achieved, ensuring smooth 

and distortion-free grid interaction. 

VII. COMPARATIVE ANALYSIS WITH TWO-LEVEL INVERTER 

Multilevel inverters, such as the Cascaded H-Bridge (CHB) 

topology, offer several compelling advantages over 

traditional two-level inverters, particularly in medium- and 

high-voltage grid-connected applications. This section 

presents a detailed comparative analysis between the two 

configurations, highlighting the performance, design trade-

offs, and operational benefits. 

A. Harmonic Performance 

One of the most significant differences lies in Total Harmonic 

Distortion (THD). Two-level inverters typically generate a 

square or quasi-square output waveform, resulting in high 

harmonic content (THD ranging between 17% to 25%) which 

necessitates bulky and expensive filters. In contrast, a 5-level 

CHB inverter can produce a stepped waveform that closely 

approximates a sine wave, reducing THD to as low as 4.27%, 

which complies with IEEE-519 standards. This not only 

improves power quality but also reduces electromagnetic 

interference (EMI). 

B. Voltage Stress and Switching Frequency 

In two-level inverters, each switch must withstand the entire 

DC bus voltage, increasing insulation and safety 

requirements. CHB inverters divide the voltage stress across 

multiple switches, enhancing safety and extending the 

lifespan of switching devices. Moreover, CHB inverters 

allow lower effective switching frequencies per device while 

maintaining high-quality output, thereby reducing switching 

losses and improving overall system efficiency. 

C. Filtering Requirements 

Due to the smoother waveform of CHB inverters, the size and 

cost of output filters can be significantly reduced. While two-

level inverters often require large LC filters to meet harmonic 

limits, the 5-level CHB inverter needs only a compact L-filter 

to achieve similar results. 

D. Modularity and Scalability 

CHB inverters exhibit a modular design, where additional 

levels can be achieved by adding more H-Bridge modules. 

This feature is highly beneficial for applications requiring 

voltage scalability or distributed generation systems like solar 

farms. Two-level inverters lack this scalability, limiting their 

use in higher voltage applications without transformer 

coupling. 

E. Efficiency and Thermal Performance 

Simulated results show that the CHB inverter achieves an 

average efficiency of 96.8%, compared to approximately 

91% for two-level systems. Lower switching losses and better 

waveform quality contribute to this gain. Additionally, 

thermal stress is more evenly distributed among the switches 

in CHB inverters, improving reliability and reducing the need 

for complex cooling systems. 

F. Control Complexity 

A minor trade-off in CHB design is the increased control 

complexity. Each H-Bridge requires independent gate 

signals, and maintaining voltage balancing across modules is 

essential. However, this complexity can be effectively 

managed with modern digital controllers and real-time PWM 

algorithms. 

Summary Table: Performance Comparison 

Parameter 
Two-Level 

Inverter 

5-Level CHB 

Inverter 

THD (%) 17–25% 4.27% 

Output Waveform 
Square / 

PWM 

Near-sinusoidal 

(Stepped) 

Switching 

Frequency 
High Medium 

Voltage Stress per 

Switch 
High Low 

Efficiency ~91% ~96.8% 

Filter Requirement 
Large LC 

filter 
Small L filter 

Modularity Low High 

Scalability Limited Easily scalable 

Control Complexity Low Medium 

Grid 

Synchronization 

Moderate 

stability 

High (with PLL 

integration) 

This comparative evaluation affirms that while two-

level inverters may still be suitable for low-cost or low-power 

applications, 5-level CHB inverters provide a technologically 

superior solution for medium-voltage grid-connected systems 

demanding high efficiency and power quality. 

VIII. CHALLENGES AND LIMITATIONS 

While the proposed 5-level CHB inverter delivers superior 

performance, several practical challenges must be 

acknowledged: 

− Requirement for Multiple Isolated DC Sources: Each H-

Bridge module requires its own isolated DC input, which 

can increase system complexity and cost in hardware 

implementations, especially for large-scale systems. 

− Increased Switch Count: With more voltage levels, the 

number of power switches rises, leading to higher gate 

driver requirements, increased control logic, and larger 

PCB layout area. 

− Voltage Balancing: In practical deployments, unequal 

loading or source drift may cause voltage imbalance 

among the DC sources, potentially leading to waveform 

distortion or protection trips. 

− Real-Time Control Complexity: While simulation is 

straightforward, real-time implementation demands 

robust digital controllers (DSPs or FPGAs) capable of 

executing multiple PWM calculations with precise 

timing. 

− Cost and Maintenance: The initial setup cost is higher 

due to the need for more components and protection 

circuits. Maintenance is also more involved due to the 

modular nature of CHB systems. 

Addressing these challenges requires careful system 

design, robust control strategies, and, in some cases, adaptive 

control methods to dynamically adjust for imbalances or 

component failures. 
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