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 The rapid growth of sensitive digital infrastructures and automation systems 

has intensified the demand for uninterrupted and high-quality power 

delivery. To address this critical need, this paper proposes a novel hybrid 

intelligent control strategy for uninterruptible power supply (UPS) inverters 

that integrates backstepping control, fuzzy neural network (FNN) adaptation, 

and sliding mode gain compensation. The proposed approach ensures 

superior voltage regulation and robustness under nonlinear and dynamic load 

conditions while minimizing dependence on predefined system parameters. 

The backstepping controller establishes the Lyapunov-based stability 

framework, the FNN adaptively estimates system uncertainties in real time, 

and the sliding mode gain enhances resilience against external disturbances. 

This synergistic control integration enables fast dynamic response, reduced 

harmonic distortion, and improved system efficiency compared to 

conventional methods. Simulation and experimental validations demonstrate 

that the proposed controller achieves total harmonic distortion (THD) below 

3%, voltage overshoot under 2%, and enhanced transient recovery, thereby 

ensuring reliable power quality for critical industrial and commercial 

applications. The study contributes a real-time feasible, adaptive, and robust 

UPS inverter control architecture, marking a significant advancement in 

intelligent power electronics for resilient energy systems. 
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1. INTRODUCTION 

The uninterruptible power supply (UPS) systems provide users with uninterrupted, steady electric 

energy because they protect critical locations like hospitals, data centers, communications, and industrial 

automation systems [1], [2]. Critical facilities require survivability during short-duration disturbances and 

voltage dips, which produce destructive results that damage equipment and disrupt systems and destroy data 

[3], [4]. Effective innovations in intelligent UPS systems remain essential since organizations persist in 

implementing progressively delicate digital and electronic systems [5], [6]. 

Early UPS systems converted alternating current (AC) power into direct current (DC) power through 

silicon-controlled rectifiers (SCRs) as their core elements [7]. The production of switching noise and 

necessitated complex triggering circuitry stands out among the three principal difficulties faced by SCR-

based rectifiers during their manufacturing phase [8]. A system’s performance deteriorates because operating 

https://creativecommons.org/licenses/by-sa/4.0/
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components degrade, load patterns change, and electrical disturbances occur. The existing UPS control 

system uses linear designs and basic system models that cannot handle actual nonlinear load fluctuations or 

temperature changes, thus leading to degraded system reliability and quality output [9], [10]. 

Simpler hardware design becomes possible because of a new adaptive control system that controls 

inverter-stage operations. A diode bridge rectifier replaces SCR-based rectifiers within the system design 

leading to reduced hardware costs and simplified system complexity levels [11]. Recent control systems need 

additional capabilities to stabilize the DC link voltage after AC-side regulation ceases.  

The control system integrates backstepping control with fuzzy neural network (FNN) adaptive 

learning and sliding mode gain robustness [12]–[15]. The backstepping control method allows full control of 

cascaded inverter dynamics and other system subsystems according to [16] and [17]. Real- time system state 

prediction and automatic adaptive features of FNN help achieve effective system uncertainty  

management [18], [19]. Sliding mode gain protects the system against voltage sags and load fluctuations 

when deployed within a system framework [20], [21]. 

Before conducting hardware validation tests using dSPACE real-time control the developers 

construct a full UPS model made of diode rectifiers and inverters with DC links and LC filters and hybrid 

controllers inside MATLAB/Simulink software programming platform [22], [23]. Test results prove the 

process maintains output sinusoids at harmonically pure levels below 3. 

Modern healthcare operations together with industrial automation and banking as well as 

communication services depend totally on uninterrupted high-quality electrical power transmission for their 

operations. Short power outages along with voltage disturbances trigger important system failures which 

result in costly broken data and operational delays and expensive hardware damage [24]‒[26]. Modern UPS 

systems became a focus for power steadiness due to increasing demand for clean electricity. Additionally, 

their smart functionality became an equally important priority. 

The use of SCRs in contemporary UPS systems requires complex infrastructure installation because 

it drives up costs while necessitating sophisticated triggering control systems [27]. During operations 

traditional methods for process management in these systems become ineffective because they rely on 

mathematical models yet struggle to handle operational uncertainties caused by environmental changes and 

aging characteristics together with changing load patterns [28]‒[30]. Real-time adaptive control methods 

must serve as foundation standards for power quality frameworks since they demonstrate success both in 

hardware streamlining and high-power quality preservation. 

The main purpose of this research entails creating a smart easy-to-use UPS control method that 

provides stable performance capabilities while bypassing constraints built into traditional systems. The paper 

aims to develop an affordable UPS solution featuring passive diode rectifiers and advanced inverter control 

through intelligent hybrid techniques which enables better voltage control and reduced harmonic distortion at 

an efficient adaptable design. 

 

 

2. METHOD 

The research outlines a systematic development process to build an effective UPS inverter system 

using basic hardware components and intelligent control protocols. The system utilizes passive diode bridge 

rectifiers to replace SCR-controlled rectifiers, thus resulting in easier design processes and higher reliability 

levels. Safety guarantees in the inverter stage emerge from employing a hybrid intelligent control system, 

which combines backstepping control with fuzzy neural networks and sliding mode gain functions as an 

intelligent compensator to manage inactive control from rectification. 

 

2.1.  Dynamic model of UPS inverter 

Online UPS systems have this specific structure presented in. It contains these fundamental 

components: An online UPS consists of three major components: the AC grid to supply power, a PFC circuit 

which converts AC to DC, and a bypass system of SCRs and an inverter and filter circuit. The overall system 

configuration of the proposed UPS inverter is shown in Figure 1. It consists of a diode bridge rectifier, DC-

link capacitor, inverter stage, LC output filter, and control unit. The backstepping–FNN–SMC hybrid 

controller governs the inverter switching through real-time feedback of output voltage and current. This 

architecture ensures uninterrupted operation and clean voltage supply to critical loads even under sudden 

disturbances. 

In Figure 1, UPS system is included, illustrating how both AC power and batteries are used to run 

each power module. A static bypass helps to avoid interruptions when something goes wrong. The system 

ensures continuity and top-level performance of power to essential devices by using the central control logic. 

To represent the IGBT switching state, we define the switching function: 
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𝑠𝑘 =  { 1, 𝑖𝑓 𝑠𝑘  𝑖𝑠 𝑂𝑁 𝑎𝑛𝑑 𝑠𝑘+3 𝑖𝑠 𝑂𝐹𝐹  

0, 𝑖𝑓 𝑠𝑘 𝑖𝑠 𝑂𝐹𝐹 𝑎𝑛𝑑 𝑠𝑘+3 𝑖𝑠 𝑂𝑁 }  

 

where: 𝑠𝑘 is the logical control signal for switch; 𝑠𝑘. 𝑠𝑘, 𝑠𝑘+3: power switches. The condition ensures 

complementary switching, i.e., only one of 𝑠𝑘 and 𝑠𝑘+3S is ON at a time. 

The indices k = 1,2,3 typically refer to the three phases (a, b, c) in a three-phase inverter or 

converter system. 

 

𝑒𝑗 = 𝑠𝑘𝑉𝑑𝑐 , 𝑗 = 𝑎, 𝑏, 𝑐 (1) 

 

Without considering energy transmission losses, and applying Kirchhoff’s laws, the voltage and current 

relationships can be expressed as in (2) and (3). 

 

𝐿
𝑑𝑖𝐿𝑎

𝑑𝑡
= 𝑠1𝑉𝑑𝑐 − 𝑢𝑎  

𝐿
𝑑𝑖𝐿𝑏

𝑑𝑡
= 𝑠2𝑉𝑑𝑐 − 𝑢𝑏  

𝐿
𝑑𝑖𝐿𝑐

𝑑𝑡
= 𝑠3𝑉𝑑𝑐 − 𝑢𝑐 (2) 

 

𝐶
𝑑𝑢𝑎

𝑑𝑡
= 𝑖𝐿𝑎

− 𝑖𝑎  

𝐶
𝑑𝑢𝑏

𝑑𝑡
= 𝑖𝐿𝑏

− 𝑖𝑏  

𝐶
𝑑𝑢𝑐

𝑑𝑡
= 𝑖𝐿𝑐

− 𝑖𝑐 (3) 

 

The (2) and (3) describe the relationship between the inductor current 𝑖, capacitor voltage 𝑣𝑜, and switching 

function 𝑆, where 𝑣𝑑𝑐 is the DC-link voltage. The inductor regulates current flow, while the capacitor 

maintains voltage stability across the inverter output. 

For easier representation, can be rewritten in a general form expressed in (4). 

 

 𝑖𝐿𝑗
̇ =

1

𝐿
𝑠𝑘𝑉𝑑𝑐 −

1

𝐿
 (4) 

 

Deriving equation with respect to time yields presents in (5). 

 

𝑢𝑗̇ =
1

𝐶
𝑖𝐿𝑗

−
1

𝐶
𝑖𝑗 (5) 

 

This can be simplified and rewritten as (6). 

 

𝑢𝑗̈ =
1

𝐶
(𝐿𝑠𝑘𝑉𝑑𝑐 − 𝐿𝑢𝑗) − 𝐶𝑖𝑗̇ (6) 

 

Where: 

 

𝑔(𝑢𝑗 , 𝑖𝑗) = −
𝐶

𝐿
𝑢𝑗 − 𝐶𝑖𝑗̇,  𝑢 = 𝑠𝑘 ,  𝑏 =

𝐶

𝐿
𝑉𝑑𝑐  

 

Considering sensor measurement errors and external environmental disturbances, the UPS inverter dynamic 

model can be described as (7) and (8). 

 

𝑢𝑗̈ = 𝑔(𝑢𝑗 , 𝑖𝑗) + 𝑏𝑢 + 𝑓𝑑 = 𝑓 + 𝑏𝑢 (7) 

 

Where 

 

𝑓 = 𝑔(𝑢𝑗 , 𝑖𝑗) + 𝑓𝑑 (8) 

 

The (8) represents the total system dynamics, 𝑔(𝑢𝑗, 𝑖𝑗) is a known nonlinear function that describes the 

system's internal behavior, dependent on the state 𝑢𝑗 and input 𝑖𝑗, 𝑓𝑑  is an unknown disturbance or external 

effect acting on the system. This equation combines the internal dynamics and the disturbance into a single 

term f, making the overall system behavior more manageable for analysis and control design. 
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Figure 1. Overall architecture of the proposed UPS inverter system showing diode rectifier, DC link, inverter 

stage, LC filter, and hybrid control block 

 

 

2.2.  Virtual control and Lyapunov function 

To achieve stability in UPS inverter control, design the backstepping method uses a virtual control 

regulation. Dynamical simplification through this step provides a basis for constructing Lyapunov-based 

stability proofs. First, a virtual control input α1 is defined as presented in (9). 

 

α1  =   −  𝑐1 𝑧1  +  𝑧𝑑̇ (9) 

 

The (10) defines the virtual control law α1, which uses the positive constant 𝑐1, the first tracking error 𝑧1, and 

the reference signal's derivative 𝑧𝑑̇. 

The implementation of this control law ensures that the tracking errors will converge to zero. To 

analyze the system's stability, a Lyapunov candidate function is proposed and shown in (10). 

 

 𝑉1 =
2

1
𝑧1

2 (10) 

 

A Lyapunov candidate function is introduced to analyze the system's stability. The function 𝑉1 is chosen as a 

positive-definite quadratic form of the tracking error 𝑧1. 
 

𝑉1̇  =  𝑧1 ( 𝑢𝑗̇  −  𝑧𝑑̇  ) (11) 

 

Introducing a second error variable 𝑧2 that captures the deviation from the virtual control presented as (12). 

 

𝑧2 = 𝑢𝑗̇ − α1 (12) 

 

Substituting u˙j in the derivative of the Lyapunov function, we get (13). 

 

𝑉1̇  = −𝑐1 𝑧1
2  +  𝑧1 𝑧2 (13) 

 

The derivative of the Lyapunov function 𝑉1̇ with respect to time is rewritten by substituting the expression for 

𝑧2. This equation reveals how the tracking errors evolve and helps assess the system's stability. The negative 

term −𝑐1 𝑧1
2 suggests a stable behavior, while the term  𝑧1 𝑧2 requires further analysis to ensure overall 

stability. 
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2.3.  Sliding mode gain 

Sliding mode controller elements inserted inside normalized control inputs improve system 

robustness while accelerating disturbance compensation. Sliding mode controller (SMC) displays outstanding 

reputation because it implements a created sliding surface to defeat matched uncertainties and reject 

disturbances. The sliding surface is defined as (14). 

 

s = 𝑧2 (14) 

 

And discontinuous control action is added and presented as (15). 

 

usmc  =  η  ⋅  sgn(s) (15) 

 

usmc: the control input in a SMC; η: a positive constant or gain that scales the control input; sgn(s): the 

signum function of s, where s is typically the sliding surface. The function sgn(s) returns: 

 

+1 𝑖𝑓 𝑠 > 0𝑠 ,  
0 𝑖𝑓 𝑠 = 0,  
−1 𝑖𝑓 𝑠 < 0   

 

This equation describes the control law in SMC, where the control input usmc switches its sign based on the 

sliding surface s. The constant η determines the magnitude of the control action. 

The classic chattering problem of sliding mode control gets addressed by using smooth 

approximation methods which include saturation functions or boundary layers. The technique preserves 

robustness through this modification which also enables use with real-time hardware control systems 

operating on the dSPACE platform. 

 

2.4.  Backstepping control 

Standard online double-conversion UPS systems utilize the conventional design method that the 

UPS architecture blueprint adopts. A diode bridge rectifier with the AC power source produces DC output 

that pulsates. A full-bridge inverter powered by IGBTs accepts a smooth input from a DC-link capacitor that 

handles high-capacitance voltage. The critical load receives output from an inverter through an L-C filter to 

eliminate high-frequency switching components. 

Implementing an SCR rectifier streamlines circuit design while enhancing maintenance reliability 

and fault tolerance, but leads to lowered inverter-stage regulation performance. In the backstepping control 

method, the first step is to define the tracking error presented in (16). 

 

𝑧_1 =  𝑢𝑗 −  𝑧_𝑑 (16) 

 

Here, 𝑧1 represents the deviation of the actual inverter output voltage from the desired setpoint. The next step 

is to define the derivative of this error to form a second error variable shown in (17). 

 

𝑧_2 =  𝑢𝑗˙ −  𝛼_1 (17) 

 

In this equation 𝑧2 = uj˙−α1 is the first virtual control input designed to stabilize 𝑧1 by shaping the dynamics 

of u˙j. The goal is to use α1 to construct a Lyapunov function, ensuring that the system's energy (tracking 

error) decreases over time, driving the system to stability. 

The control input for the UPS inverter, which governs the system dynamics and stability, is 

expressed as (18). 

 

𝑢 = 𝑏1(−𝑓 − 𝑐1𝑧1̇ + 𝑧𝑑̈ − 𝑧1 − 𝑐2𝑧2 − η sgn(𝑠)) (18) 

 

The extended Lyapunov function is given by (19). 

 

𝑉2 = 𝑉1 +
2

1
𝑧2

2 (19) 

 

The time derivative of V2 is: 

 

𝑉2̇  =   −  𝑐1 𝑧1
2  −  𝑐2 𝑧2

2  −  η |𝑧2| (20) 
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From this, we can conclude that: 

 

𝑉2̇ ≤ 0  

 

Robustness against system disturbances and load variations with model inaccuracies results from applying 

backstepping control principles alongside sliding mode control. The product design allows the inverter 

system to reach its optimal operation by maintaining stability in a variety of operational parameters. 

 

2.5.  Fuzzy neural network estimation 

The combination of sliding mode control with backstepping control principles creates a system that 

maintains stability de-spite disturbances or load variations and model uncertainties. The product design 

optimizes inverter system operation and delivers stability during various operational parameters. 

 

𝑓 = ψ𝑇φ +e (21) 

 

The equation 𝑓 = ψ𝑇φ +e represents a model where f is the output, ψ𝑇φ is the linear relationship between 

two parameters set ψ𝑇 and φ, and e is an error or disturbance term. 

 

𝑓 = ψ𝑇 (22) 

 

The fuzzification layer applies Gaussian membership functions to translate crisp inputs into fuzzy values. 

The rule layer performs fuzzy inference using predefined fuzzy logic rules, effectively combining learned 

patterns from the system’s behavior. Finally, the output layer produces the estimated compensation term 𝑓 =
ψ𝑇, which is used in the control signal to mitigate the effects of unmodeled dynamics. 

The internal configuration of the FNN used for adaptive control is illustrated in Figure 2. It includes 

three processing layers: fuzzification, rule inference, and defuzzification. Each input (error and derivative of 

error) passes through Gaussian membership functions, while the rule layer maps input–output relationships, 

and the output layer produces the nonlinear compensation signal 𝑓(𝑥)for uncertainty estimation. 

Figure 2 shows the basic structure of FNN, where fuzzification takes place at the input, the rules 

process the inputs, and the result is a precise output. Using it for adaptive control is ideal for boosting the 

performance of UPS inverters. The control system implements Lyapunov theory to automatically modify the 

network weights, thus guaranteeing stability and convergence. Real-time operation marks the learning 

mechanism within the control system's structure. 

 

 

 
 

Figure 2. Fuzzy neural network structure used for online estimation and adaptive compensation 

 

 

2.6.  Final adaptive control law 

The complete control topology integrating backstepping, sliding mode gain, and FNN compensation 

is presented in Figure 3. The diagram highlights the flow of feedback signals, Lyapunov-based stability 

control loops, and adaptive weight updating mechanisms, which collectively ensure robustness and accurate 

voltage regulation. 
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Figure 3 shows the backstepping control, which is assisted by a FNN to adjust in the output so that 

the voltage difference between the ideal reference and the actual voltage remains small and adjusts based on 

the situation. The use of the sign function in the sliding mode control system helps counteract disturbances 

and guides the system toward stable states. This control strategy integrates FNN based approximation of 

system dynamics with sliding mode control, allowing for adaptive control inputs that sustain performance 

under uncertain conditions. 

 

 𝑢 = 1/𝑏1 (−𝑓 − 𝑐1𝑧1̇ + 𝑧𝑑̈ − 𝑧1 − 𝑐2𝑧2 − η sgn(𝑠)) (23) 

 

 

 
 

Figure 3. Block diagram of the integrated backstepping–FNN–SMC control topology 

 

 

2.6.1. Third Lyapunov function 

To ensure that the system remains globally asymptotically stable, we introduce the third Lyapunov 

function, which is given by (24). 

 

𝑉3 = 𝑉2 +
2

η
(ψ − ψ∗)𝑇(ψ − ψ∗) (24) 

 

The second Lyapunov function 𝑉2 includes the weight vector ψ. The desired weight vector is represented as 

ψ∗, and η denotes the learning rate. The term
2

η
(ψ − ψ∗)𝑇(ψ − ψ∗) reflects the adaptation of the FNN 

weights during the control process. This term ensures that the weight vector ψ converges to its target value 

ψ∗, contributing to the stability of the system as it adjusts to changing conditions. 

 

2.6.2. Derivative of the Lyapunov function 

The derivative of this third Lyapunov function, ˙ 𝑉3, is given by (25). 

 

𝑉3̇ ≤ −𝑐1𝑧1
2 − 𝑐2𝑧2

2 + 𝑧2ϵ − η|𝑧2| (25) 

 

The negative terms −𝑐1𝑧1
2 − 𝑐2𝑧2

2, and− η|𝑧2| ensure error reduction and stability. The term 𝑧2ϵ represents a 

small approximation error from the fuzzy neural network. Overall, the function decreases, proving that the 

system is stable and errors vanish over time. 

 

2.6.3. Global asymptotic stability 

The system's stability as an asymptotic state requires the learning rate η to exceed a threshold value 

that depends on system dynamics. Under the specified condition the system errors become zero, which 

ensures stability even when facing uncertainties or dynamic changes. The adaptive control law synchronizes 

with the FNN to produce stable operation throughout changing operating environments. 

 

 

3. RESULTS AND DISCUSSION 

The performance assessment of the proposed UPS system was performed on a detailed analysis of 

the input and output voltage and current waveforms during the system design process as well as on 

comprehensive harmonic spectrum based on the nonlinear and dynamic load. The designed system uses a 

passive diode-based input stage integrated with an advanced hybrid inverter control configuration that 

provides a backstepping voltage regulator, FNN compensation, and sliding mode gain adaptation to yield 

superior power quality, fast dynamic response, and high system robustness. 
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The harmonic content of the output voltage waveform when controlled by the proposed hybrid 

scheme is shown in Figure 4. It can be observed that most higher-order harmonics are effectively suppressed, 

keeping the total harmonic distortion (THD) below 3%, thereby ensuring excellent output waveform quality. 

Figure 4 shows harmonics at varying instances for a UPS fed with a backstepping and FNN controller 

controlling a rectified metal load. With time, the magnitudes of harmonic distortion drop sharply, proving 

that the controller can help improve a building’s power quality. Under nonlinear rectified load conditions, the 

suggested hybrid control technique had excellent harmonic suppression capability. The harmonic spectrum 

showed a substantial reduction in the position of higher order harmonics, thus producing a much cleaner 

waveform profile with reduced THD. 

For comparison, Figure 5 depicts the harmonic spectrum when a traditional controller is employed. 

The higher magnitude of the 3rd, 5th, and 7th harmonics highlights the superior performance of the proposed 

hybrid approach in mitigating distortion. When compared to the common controller, the backstepping-FNN 

controller steadily improves the quality of power and ensures good, rectified metal load performance, as 

shown in Figure 5. 

This advanced harmonic behavior guarantees that the output voltage and current waveforms follow 

the ideal sinusoidal reference specification very closely, which is vital in sustaining both the operational 

reliability and duration of connected sensitive equipment. Compared to, traditional control schemes were 

unable to effectively eliminate flight harmonic content having multiple higher order components still active, 

which resulted in a marked distortion of the waveform and made the power quality poor. 

Figure 6 illustrates the rectified input voltage waveform showing minimal ripple within ±5% under 

step load conditions. This confirms the stability of the DC-link voltage in the proposed diode-bridge 

configuration. Figure 6 depicts a well-balanced three-phase AC voltage waveform, with Phases A, B, and C 

spaced 120° apart. This waveform is supplied to the rectifier within the UPS system. A clean, sinusoidal 

input ensures minimal distortion, promoting the efficient operation of the DC-link. This stable input 

condition supports the effective functioning of the proposed backstepping and FNN controller, contributing 

to the maintenance of high-power quality. 

The pulsating DC behavior after diode rectification of the input voltage waveform showed good 

stability, where ripple was kept within ±5% of the nominal value throughout step load transitions. This 

validates the robust nature of the diode rectifier in its ability to establish a steady DC link voltage essential 

for inverter continuous operation. 
 
 

  
(a) (b) 

  
(c) (d) 

 

Figure 4. Harmonic content of the output voltage under proposed controller (THD < 3%): (a) t = 0.02,  

(b) t = 0.05, (c) t = 0.10, and (d) t = 0.13 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Enhanced UPS inverter control using backstepping and fuzzy neural network for … (G. Anjali Devi) 

1077 

  
(a) (b) 

  
(c) (d) 

 

Figure 5. Harmonic content when connected to rectified mental loads under the traditional controller:  

(a) t = 0.02, (b) t = 0.05, (c) t = 0.10, and (d) t = 0.13 
 
 

 
 

Figure 6. Input voltage waveform after diode rectification, showing ripple and DC-link stability under step 

load conditions 
 

 

The input current behavior under dynamic load transitions is plotted in Figure 7. The currents in all 

three phases remain continuous, validating the robustness of the controller and the passive rectifier front end. 

Figure 7 shows that the three-phase input currents stay continuous even when the load changes. Phases A and 

B mostly follow a smooth, sinusoidal shape, while Phase C shows some switching behavior. The steady 

current flowing to the inverter indicates that the controller handles load variations effectively. This current 

input pattern also supports the use of a passive front-end design. The inverter continues to receive current 

without needing complex current shaping or power factor correction. Even with load changes, the system 

keeps stable input performance, highlighting the reliability and simplicity of using a diode bridge setup. 

The nearly ideal sinusoidal output voltage achieved by the hybrid controller is shown in Figure 8. 

The waveform exhibits very low distortion and quick recovery from transient disturbances. At the output 

side, the voltage waveform as obtained in Figure 8 closely retained the nearly ideal sinusoidal waveform, 

with only minor differences from the expected amplitude and frequency. This performance is due to the 

accurate control and low distortion achieved by the hybrid control system. The THD of the output voltage 

remained below 3%. The system responded well to load disturbances and transients, with fast settling times 

and overshoot kept under 2%. 
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Finally, Figure 9 displays the corresponding output current waveform under dynamic loading. The 

current closely follows the voltage reference with a THD of approximately 3.2%, demonstrating strong 

adaptive and transient capabilities. Figure 9 presents the output current waveform of the three-phase inverter 

under dynamic load conditions. During load transitions, brief and rapid fluctuations are observed, indicating 

the controller’s fast dynamic response. Despite these changes, the current waveforms across all three phases 

remain stable and sinusoidal, with minimal distortion. The THD is maintained at approximately 3.2%, 

confirming the system’s ability to preserve current quality under both steady-state and varying load conditions. 
 
 

 
 

Figure 7. Input current waveform demonstrating continuity and adequate supply to inverter during load transitions 
 
 

 
 

Figure 8. The output voltage waveform shows high sinusoidal purity and low THD under hybrid control 
 

 

 
 

Figure 9. Output current waveform indicating low distortion and stable current delivery under dynamic load 

conditions 
 
 

The FNN-based controller demonstrates strong adaptability to sudden load variations, while the 

sliding mode control component enhances robustness against system uncertainties and external disturbances. 

These results collectively highlight the effectiveness of the proposed hybrid control strategy in maintaining 

high current quality and reliable inverter performance under dynamic operating scenarios. 
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The proposed hybrid control strategy outperforms conventional PI, fuzzy-PID, and SMC methods in 

nearly every metric. It achieves the lowest harmonic distortion, the fastest dynamic response, and the highest 

efficiency, demonstrating superior robustness and power-quality improvement as shown in Table 1. The 

proposed hybrid controller reduces switching-related stress and transitions through improved modulation and 

adaptive compensation, which decreases high-frequency switching excursions and the effective switching 

energy per transition. Based on waveform analysis and device switching-time estimates, we observe an 

estimated ~12% reduction in switching losses at full load compared with the baseline scheme. This, together 

with modest reductions in conduction and filter losses (due to reduced harmonic currents), yields an overall 

system loss reduction consistent with the measured improvement in overall efficiency (from ≈93.0% to 

≈95.2% at full load). Authors should note that the component loss can be calculated from the output figures of 

Figure 8 and Figure 9, which are estimates derived from simulation/device-model data and will be refined in 

future hardware validation, as presented in Tables 2 and 3. 

Overall, the results demonstrate the superior performance of the developed UPS system in providing 

high-quality power with low-order harmonic content and fast recovery characteristics. The system effectively 

preserved the integrity of both voltage and current waveforms across a range of operating conditions. Also, 

the complexity of active rectification stages is eliminated, leaving a passive diode bridge circuit, thereby 

enabling the architecture to deliver performance efficiency as well as hardware simplicity, cost savings, and 

system reliability. These findings validate the proposed approach as a viable, scalable solution for advanced 

UPS applications in environments where power quality, responsiveness, and system resilience are vital. 
 

 

Table 1. Comparative performance metrics of various UPS inverter control strategies 
Performance metric PI controller Fuzzy-PID 

controller 
SMC Proposed hybrid controller 

(backstepping + FNN + SMC) 

Output voltage THD (%) 7.5 ± 0.4 5.6 ± 0.3 4.3 ± 0.2 2.8 ± 0.2 

Output current THD (%) 9.6 ± 0.5 7.8 ± 0.4 5.4 ± 0.3 3.2 ± 0.3 

Settling time (s) 0.120 ± 0.010 0.085 ± 0.008 0.062 ± 0.006 0.048 ± 0.005 
Voltage overshoot (%) 8.0 ± 0.8 5.2 ± 0.5 3.4 ± 0.4 1.8 ± 0.3 

Steady-state voltage deviation (%) 1.5 ± 0.1 1.1 ± 0.1 0.7 ± 0.1 0.35 ± 0.05 

DC-link voltage ripple (p-p %) ± 5.0 ± 3.8 ± 2.4 ± 1.2 

Recovery time after 30 % step load (ms) 145 92 68 48 

Power factor (rectified load) 0.86 0.90 0.92 0.94 

Overall efficiency (%) 93.0 ± 0.3 93.7 ± 0.3 94.3 ± 0.2 95.2 ± 0.2 

 

 

Table 2. Efficiency and switching-loss comparison efficiency vs load — overall inverter efficiency  

(mean ± std, N = 10) 
Load (%) Output power (W) Baseline efficiency (%) Proposed efficiency (%) 

10% 500 78.4 ± 0.6 81.3 ± 0.5 

25% 1250 86.7 ± 0.4 88.9 ± 0.3 

50% 2500 91.5 ± 0.3 93.1 ± 0.2 
75% 3750 92.6 ± 0.3 94.6 ± 0.2 

100% 5000 93.0 ± 0.3 95.2 ± 0.2 

 
 

Table 3. Estimated loss breakdown at 100% load (5 kW) (total system loss computed from overall efficiency: 

𝑃loss = 𝑃𝑜𝑢𝑡 ⋅ (1/𝜂 − 1)) 
Item Baseline (PI/conventional) Proposed (backstepping + FNN + SMC) Change 

Output power 𝑃𝑜𝑢𝑡(W) 5000 5000 — 

Measured/computed total losses 

𝑃𝑙𝑜𝑠𝑠(W) 

376.34 (from 93.0% eff.) 254.20 (from 95.2% eff.) — 

Estimated switching losses 

𝑃𝑠𝑤(W) 

220.0 (estimated) 193.6 (est.; −12.0%) −12.0% 

Estimated conduction losses 

𝑃𝑐𝑜𝑛𝑑(W) 

110.0 (estimated) 100.0 (est.; −9.1%) −9.1% 

Estimated filter / passive losses 

𝑃𝑓𝑖𝑙𝑡𝑒𝑟(W) 

46.34 (estimated) 39.9 (est.; −13.9%) −13.9% 

Notes on estimates Components shown are estimated 
from switching waveforms, 

device characteristics (t_sw), and 

filter dissipation. 

Proposed reductions reflect improved switching 
transitions, reduced switching frequency events or 

optimized gating, and cleaner filter currents due to 

lower harmonic content. 

 

 
 

4. REAL-WORLD IMPLEMENTATION PERSPECTIVE 

The proposed control framework is designed with real-time feasibility in mind and can be 

practically implemented on existing UPS platforms with minor modifications. The algorithm has been 

verified on the MATLAB/dSPACE real-time control setup with a 100 μs sampling period, confirming 
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computational feasibility within standard embedded constraints. For industrial realization, the control logic 

can be executed on a DSP-based controller (e.g., TI TMS320F28379D) or FPGA platform, where the 

backstepping and Sliding Mode computations operate in fixed-point arithmetic, and the FNN weight updates 

are managed through lookup tables or simplified rule-based logic. 

In practical deployment, the hybrid controller can be integrated into the inverter’s digital control 

board to dynamically regulate output voltage and mitigate harmonics in sensitive environments such as data 

centers, medical facilities, and telecommunication networks. Its capability to adapt to real-time disturbances 

ensures reliable operation even under variable load and grid fluctuations. Moreover, the use of passive diode 

rectifiers at the input stage enhances system simplicity, reduces hardware costs, and improves reliability — 

making the solution suitable for retrofit upgrades of conventional UPS systems. With appropriate firmware 

optimization, the proposed method can thus serve as a cost-effective, scalable, and intelligent UPS control 

strategy for industrial and commercial power applications. 

 

 

5. LIMITATIONS AND FUTURE WORK 

Although the proposed hybrid backstepping–FNN–sliding mode gain control method exhibits 

excellent voltage regulation, harmonic suppression, and robustness, several limitations should be 

acknowledged. First, the control structure involves multiple tuning parameters — such as Lyapunov gains, 

sliding mode coefficient, and FNN learning rate that require preliminary calibration to ensure optimal 

convergence. While the adaptive mechanism can self-adjust during operation, improper initialization may 

affect early transient performance. Second, the FNN component increases computational complexity 

compared to linear controllers, which may pose challenges when implementing the system on lower-cost 

microcontrollers with limited processing capacity. Third, the current analysis primarily considers balanced 

three-phase systems; performance under highly unbalanced or distorted grid conditions needs further 

exploration. Additionally, experimental validation was limited to laboratory-scale prototypes; large-scale 

implementations may require additional considerations for thermal management, EMI mitigation, and 

controller synchronization across parallel UPS modules. 

Future research will focus on simplifying the hybrid controller for hardware deployment, optimizing 

online parameter tuning through metaheuristic algorithms, and extending the control framework for multi-

inverter or grid-connected systems. Integration with modern IoT-enabled monitoring systems will also be 

explored to enhance predictive maintenance and adaptive decision-making in dynamic load environments. 

 

 

6. CONCLUSION 

This study set out to develop an intelligent and robust control strategy for UPS inverters capable of 

maintaining high power quality under nonlinear and dynamic load conditions. All major objectives of the 

research have been successfully achieved. The proposed hybrid control framework integrating backstepping 

control, FNN adaptation, and sliding mode gain compensation has demonstrated its ability to ensure precise 

voltage regulation, minimize harmonic distortion, and maintain system stability even under parameter 

uncertainties and external disturbances. Simulation and experimental results confirmed that the system 

consistently achieved output voltage THD below 3%, voltage overshoot below 2%, and fast transient 

recovery with stable DC-link performance. 

Compared to conventional linear and single-method nonlinear controllers, the proposed hybrid 

approach provides a more flexible and adaptive mechanism for disturbance rejection and real-time 

uncertainty compensation. The use of Lyapunov-based adaptive learning in the FNN minimizes dependence 

on predefined parameters, while the sliding mode gain enhances robustness to abrupt load variations. These 

features collectively contribute to improved reliability, higher efficiency (≈95%), and superior waveform 

purity, confirming the method’s advancement over existing UPS control techniques. 

In conclusion, the presented hybrid backstepping–FNN–sliding mode control method represents a 

significant scientific contribution to intelligent power electronics by combining theoretical stability assurance 

with practical real-time adaptability. Its proven robustness, low harmonic distortion, and implementation feasibility 

make it a promising solution for next-generation UPS systems in critical and industrial power applications. 
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