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Abstract 

Simulation-based validation of Space Vector Pulse Width Modulation (SVPWM) algorithms often fails to capture 

numerical, timing, and communication limitations encountered during deployment on embedded hardware. This study 

proposes a low-cost serial-communication-coupled embedded validation framework to assess the SVPWM switching-state 

computation of the machine-side converter in a Permanent Magnet Synchronous Generator (PMSG)-based horizontal-axis 

wind turbine energy conversion system. The aerodynamic model of the wind turbine, the electrical dynamics of the PMSG, 

the bidirectional converter, the speed control loop, and the d-q current control loops were developed using 

MATLAB/Simulink. In contrast, the computationally critical SVPWM functions, including sector identification, hold time 

calculation, and switching state generation, were implemented on an Arduino UNO microcontroller. The framework 

employs serial communication between the simulation environment and embedded controller, providing a practical 

intermediate validation stage. It is intended as a preliminary embedded validation platform rather than a cycle-by-cycle 

PWM-synchronous real-time hardware-in-the-loop (HIL) system. Comparative analysis demonstrates that the Arduino-

executed SVPWM algorithm successfully reproduces the dominant transient and steady-state characteristics observed in the 

ideal Simulink implementation. Generator-speed, d-q current, and d-q voltage responses exhibit close agreement, while the 

remaining discrepancies are minor and attributable to finite-precision arithmetic, serial data exchange, embedded execution 

delays, and communication latency. The proposed framework effectively bridges the gap between simulation-only 

verification and advanced real-time implementation by enabling practical assessment of embedded SVPWM computation 

under realistic operating constraints. The framework offers an accessible and cost-effective approach for preliminary 

validation of embedded SVPWM implementations in PMSG-based wind energy systems, reducing development risk before 

transitioning to high-fidelity real-time HIL platforms or full-scale power-hardware experiments. 
 

 Keywords: Embedded SVPWM implementation, Hardware-coupled validation, Machine-side converter, Permanent magnet 

synchronous generator, Space vector pulse width modulation, Wind energy conversion system.  
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1. Introduction 

Wind Energy Conversion Systems have become a central element in the continuing shift toward renewable electricity 

generation, since they allow electrical energy to be extracted at large scale from a resource that is renewable and broadly 

available [1-3]. Within variable-speed wind turbines, Permanent Magnet Synchronous Generators (PMSGs) have attracted 

sustained attention because they combine high efficiency, high power density, and compact construction with practical 

compatibility for direct-drive and reduced-gearbox arrangements [4-6]. These features are especially relevant for 

Horizontal-Axis Wind Turbines (HAWTs), where the generator must support efficient electromechanical conversion while 

limiting mechanical complexity and maintaining acceptable operation under changing wind conditions. For this reason, 

PMSG-based Wind Energy Conversion System (WECSs) remain a significant focus in wind energy research, particularly 

in studies concerned with dynamic modeling, converter-level control, real-time implementation, and validation of 

embedded control strategies. 

The broader adoption of PMSGs in variable-speed wind turbines is also tied to the use of full-scale power electronic 

conversion stages. In a common PMSG-based WECS configuration, the generator is interfaced with the electrical network 

through a back-to-back converter, which separates the turbine mechanical speed from the grid frequency [7-9]. This 

arrangement typically includes a Machine-Side Converter (MSC), a Direct Current (DC)-link capacitor, and a Grid-Side 

Converter (GSC). The MSC is responsible for regulating the electromechanical conversion process, commonly through 

generator torque, speed, or stator-current control, whereas the GSC regulates the DC-link voltage and governs controlled 

power injection into the grid. This division of functions permits variable-speed turbine operation while preserving 

compatibility with grid-side electrical requirements. Consequently, the converter structure and its switching strategy are not 

only implementation details, but also key factors affecting current quality, dynamic behavior, and the reliability of real-time 

control deployment [10, 11]. Control of PMSG-based Wind Energy Conversion Systems is usually developed in the 

synchronous rotating d-q reference frame, where stator quantities are separated into current components that can be 

regulated with limited cross-coupling [4, 12]. For surface-mounted PMSGs, the direct-axis current is commonly assigned a 

zero reference, while the quadrature axis current becomes the main variable for controlling electromagnetic torque and, 

through it, generator speed. This choice leads naturally to a cascaded structure, in which the outer speed controller 

generates the current reference and the inner current controllers compute the voltage commands supplied to the machine-

side converter. Proportional-integral (PI) and proportional-integral-derivative (PID) controllers are still used extensively in 

this setting, mainly because they are transparent to tune, computationally light, and compatible with real-time digital 

platforms. When these controllers are embedded in a vector-control scheme and paired with a suitable modulation method, 

the resulting system can provide acceptable current regulation and speed tracking behavior over the operating range 

considered for variable wind conditions [13-15]. 

The modulation stage then determines how the converter realizes the voltage commands produced by the control loops. 

In voltage-source converters, Space Vector Pulse Width Modulation (SVPWM) is widely used because it maps the inverter 

switching states into voltage vectors in the stationary 𝛼 − 𝛽  plane and reconstructs the reference voltage by selecting 

appropriate active and zero vectors [13, 16]. Relative to conventional Sinusoidal Pulse Width Modulation (SPWM), 

SVPWM generally makes better use of the direct-current (DC)-link voltage and can improve harmonic performance, which 

is relevant for maintaining converter current quality in wind energy systems. Recent PMSM-drive work has also used 

classical SVPWM as the benchmark modulation method for speed-control evaluation against quantum-inspired SVPWM, 

reporting improved RMS speed-error, d-axis current, q-axis current, and harmonic-performance indicators for the quantum 

variant [17]. Its practical value is also linked to its algorithmic form, since the procedure can be implemented through 

reference-vector calculation, sector identification, dwell-time calculation, and switching state generation [17, 18]. For this 

reason, SVPWM remains a suitable modulation option for embedded converter control in PMSG-based WECS 

applications. Although SVPWM can perform well in a simulated control system, this result does not by itself confirm that 

the same behavior will be preserved after deployment on physical digital hardware. In offline simulation, the modulation 

routine is usually evaluated without the numerical, timing, and communication limits imposed by an embedded 

implementation. A real controller, however, must operate under finite numerical precision, fixed sampling periods, 

computational latency, timer quantization, interrupt scheduling, and implementation-specific rounding effects [19, 20]. 

These factors may alter the final switching commands delivered to the converter rather than merely affecting the internal 

execution of the algorithm. For a PMSG-based WECS, such deviations are not necessarily negligible, since small errors in 

switching-state generation can propagate into current regulation, electromagnetic torque response, and generator speed 
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dynamics. For this reason, simulation-only validation remains incomplete when the purpose is to determine whether an 

SVPWM controller retains its expected dynamic behavior after real-time digital implementation. 

This implementation gap has encouraged the use of Hardware-in-the-Loop (HIL) and Processor-in-the-Loop (PIL) 

methodologies for validating power-electronic converter controllers before full HIL-based embedded validation 

deployment. In these validation schemes, the plant model, for example a PMSG-based WECS, is executed in a controlled 

real-time or simulation environment, while the controller logic, modulation routine, or embedded code is run on actual 

digital hardware [19, 21]. HIL and PIL therefore provide an intermediate stage between purely numerical simulation and 

complete laboratory prototyping. Their main value is not to replace experimental testing, but to expose timing errors, 

processor-induced delays, numerical effects, and communication constraints at a stage where the controller can still be 

modified with relatively low cost and risk. Prior work has shown that real-time validation platforms, including dSPACE 

and OPAL-RT, are effective for testing wind turbine controllers, converter modulation strategies, and fault-tolerant control 

schemes under operating conditions that are closer to physical implementation [22, 23]. These platforms offer considerable 

flexibility and computational capability, but their cost and infrastructure requirements may limit their practicality for early 

stage embedded-control validation. In parallel, research on PMSG-based wind energy conversion systems has increasingly 

moved toward advanced control design, grid-support functions, and real-time digital implementation. Model predictive 

control, adaptive backstepping, sliding mode control, direct power control, and grid-forming control have been examined 

for improving power quality, transient response, low voltage ride-through capability, and frequency-support behavior [24, 

25]. In the closely related permanent-magnet synchronous-machine drive literature, advanced direct-torque-control variants 

have also been investigated to improve torque ripple, commutation behavior, and harmonic performance [26]. A related 

body of implementation-oriented work commonly employs digital signal processors (DSPs), field-programmable gate 

arrays (FPGAs), or professional real-time simulation platforms, mainly because converter control and modulation 

algorithms impose strict timing and computational requirements [27, 28]. More broadly, recent motor-drive research has 

also explored implementable variants of PWM algorithms, including quantum-inspired PWM formulations for DC motor 

control, confirming the continuing interest in modulation-layer implementation for electrical drives [29]. These studies are 

valuable, yet their emphasis is generally placed on sophisticated control laws, converter-level complexity, or high-

performance hardware. By contrast, the direct execution of the SVPWM switching-state computation on Arduino-class 

microcontroller hardware, within a Simulink coupled PMSG wind turbine HIL framework, remains less explicitly 

addressed. 

This limitation matters because a low-cost embedded HIL arrangement can offer an early validation path for digital 

modulation algorithms before a complete wind turbine, generator, and power converter test bench is available. The purpose 

of such a setup is not to substitute professional real-time simulators or full HIL-based embedded validation platforms. 

Rather, it serves as an intermediate environment for checking whether the embedded realization of the modulation layer 

remains consistent with the corresponding simulation model. For SVPWM, this point is especially relevant, since the 

algorithm contains time-sensitive computations that ultimately produce discrete switching states. Implementing these 

computations on an Arduino-class microcontroller makes it possible to observe how restricted computational capacity, 

serial communication, numerical representation, and execution timing affect the closed-loop response of the simulated 

PMSG-based WECS. A comparison between simulation only and low-cost validation responses can therefore indicate 

whether the embedded implementation preserves the expected generator-speed, current-control, and voltage-control 

behavior. 

To address this implementation gap, this paper develops and validates a hardware-coupled implementation (Arduino-

coupled embedded SVPWM validation framework) of SVPWM control for a PMSG-based HAWT energy conversion 

system. The proposed framework keeps the wind turbine, PMSG, back-to-back converter, and control-reference generation 

models in MATLAB/Simulink, while the SVPWM switching-state computation is executed on an Arduino UNO 

microcontroller. The microcontroller receives the voltage-reference components in the 𝛼 − 𝛽 plane, computes the SVPWM 

timing and switching states, and returns the resulting switching information to the Simulink model through serial 

communication. The purpose of the study is deliberately limited. It does not introduce a new SVPWM algorithm or a new 

speed-control law, but instead examines whether a low-cost embedded implementation of the modulation stage can 

reproduce the expected behavior of the ideal simulation-based controller when both are connected to the same PMSG wind 

turbine model. 

Accordingly, the contribution of the work is therefore practical and validation-oriented rather than algorithmic. First, a 

MATLAB/Simulink model of a HAWT-PMSG energy conversion system is developed, including the turbine aerodynamic 

model, PMSG electrical dynamics, back-to-back converter structure, and d-q-axis current control strategy. Second, the 

SVPWM timing and switching-state generation process is implemented on an Arduino UNO microcontroller, so that the 

modulation task is carried out on physical embedded hardware rather than being retained entirely inside the simulation 

environment. Third, a serial-communication-based interface is established between Simulink and the microcontroller, 

enabling hardware-coupled exchange of reference voltage components and switching commands at the communication 

update rate of the test setup. This exchange rate is lower than the PWM carrier frequency and is therefore used to evaluate 

the embedded SVPWM logic under communication and execution constraints, rather than to demonstrate cycle-by-cycle 

real-time PWM synchronization. Fourth, the simulation-only and Arduino-based embedded SVPWM switching logic 

implementations are comparatively evaluated in terms of generator speed, d-q current components, and d-q voltage control 

signals. This comparison is used to assess the practical feasibility, within the considered Arduino-based embedded 

SVPWM switching logic setting, of using low-cost microcontroller hardware for embedded SVPWM validation in PMSG-

based wind energy applications. 
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The remainder of this paper is organized as follows. Section 2 presents the modeling and methodological framework, 

including the HAWT aerodynamic model, the PMSG electrical model, the back-to-back converter structure, the SVPWM 

formulation, the speed-control strategy, and the proposed Arduino-in-the-loop validation communication architecture. 

Section 3 presents and discusses the simulation and Arduino-based embedded SVPWM switching logic results, with 

emphasis on the comparison of generator speed, d-q current components, and d-q voltage control signals. Finally, Section 4 

summarizes the main findings and concludes the paper. 

 

2. Materials and Methods 
2.1. Modeling of the PMSG-based HAWT System 

In the HAWT-based WECS considered in this work, the aerodynamic subsystem represents the first stage of energy 

conversion, where the kinetic energy available in the incoming wind is converted into mechanical power at the turbine 

rotor. For the present control-oriented study, the aerodynamic subsystem is represented using the conventional power-

coefficient formulation. This reduced-order model describes the captured turbine power as a function of wind speed, rotor 

swept area, air density, and the aerodynamic power coefficient 𝐶𝑝(𝜆, 𝛽). The 𝐶𝑝-based formulation is widely used in wind 

turbine control studies because it preserves the dominant relationship between rotor speed, wind speed, blade pitch angle, 

and extracted mechanical power, while avoiding the complexity of detailed blade element calculations [30-32]. Under a 

uniform incoming wind speed, the mechanical power captured by the WT rotor is expressed as: 

𝑃𝑤 =
1

2
𝜌𝐴𝑣𝑤

3𝐶𝑝(𝜆, 𝛽) (1) 

In this formulation, 𝜌 denotes the air density, which directly affects the amount of kinetic energy available in the wind 

flow. The parameter 𝐴 represents the area swept by the turbine rotor and is defined as 𝐴 = 𝜋𝑅2, where 𝑅 is the rotor radius. 

Therefore, a larger rotor radius increases the swept area and enables the turbine to capture more wind energy. The variable 

𝑣𝑤 indicates the wind speed, which has a strong influence on the extracted aerodynamic power. The coefficient 𝐶𝑝(𝜆, 𝛽) is 

the power coefficient of the wind turbine and expresses the efficiency with which the turbine converts the available wind 

power into mechanical power. This coefficient depends on the tip-speed ratio 𝜆 and the blade pitch angle 𝛽. The tip-speed 

ratio is defined as 𝜆 = (𝜔𝑟𝑡𝑅)/𝑣𝑤, where 𝜔𝑟𝑡 is the angular speed of the turbine rotor. Thus, 𝜆 relates the tangential speed 

at the blade tip to the incoming wind speed and plays a central role in determining the aerodynamic operating condition of 

the turbine. The expression of the power coefficient 𝐶𝑝(𝜆, 𝛽) is as in Equation 2 that has been determined empirically: 

{
 
 

 
 𝐶𝑝(𝜆, 𝛽) = 𝑐1 (

𝑐2
𝜆𝑖
− 𝑐3𝛽 − 𝑐4) 𝑒𝑥𝑝 (−

𝑐5
𝜆𝑖
) + 𝑐6𝜆

𝜆𝑖 = (
1

𝜆 + 0.08𝛽
−
0.035

𝛽3 + 1
)
−1

                               

 (2) 

𝑐1 to 𝑐6 are constant parameters of the model. The power extracted by the WT is constrained by the Betz limit to around 

59.26% of the kinetic energy of the wind. The mechanical torque 𝑇𝑚 on the rotor shaft of the turbine is determined using 

the following expression: 

𝑇𝑚 =
𝑃𝑤
𝜔𝑟𝑡

 (3) 

In many systems, there is a mechanical transmission, between the turbine rotor and the generator, including a potential 

gearbox, that adapts the low-speed, high-torque output of the turbine rotor to the high speed required by the generator. This 

coupling is modeled so that the generator angular speed 𝜔𝑔𝑒𝑛 is related to the turbine speed 𝜔𝑟𝑡 by the gear ratio 𝑘𝑔𝑏 such 

as 𝑘𝑔𝑏 =
𝜔𝑔𝑒𝑛

𝜔𝑟𝑡
. In this work, the drivetrain is represented by a simplified single-mass mechanical model with equivalent 

inertia and viscous friction. Therefore, the rotor-generator dynamics are described by the following fundamental motion 

equation [33]: 

𝐽
𝑑𝜔𝑔𝑒𝑛

𝑑𝑡
+ 𝑓𝜔𝑔𝑒𝑛 =

𝑇𝑚
𝑘𝑔𝑏

− 𝑇𝑒𝑙  (4) 

In the rotor dynamic model, 𝑇𝑒𝑙 denotes the electromagnetic torque generated by the electrical machine. The parameter 

𝑓 represents the equivalent viscous friction coefficient, accounting for speed-dependent mechanical losses. The term 𝐽 is 

the equivalent total inertia of the drivetrain, combining the wind turbine and hub inertia (𝐽𝑤𝑡) with the generator rotor and 

shaft inertia (𝐽𝑔𝑒𝑛). Considering the gearbox ratio 𝑘𝑔𝑏, it is expressed as 𝐽 = 𝐽𝑤𝑡/𝑘𝑔𝑏
2 + 𝐽𝑔𝑒𝑛. If lumped parameters are used 

directly in the simulation model, 𝐽 and 𝑓 denote the corresponding generator-side equivalent inertia and viscous friction 

coefficient. 

In the mechanical drivetrain equation, 𝜔gen  represents the mechanical angular speed of the generator shaft. However, 

the voltage equations of the PMSG are formulated in the synchronous rotating 𝑑 − 𝑞 reference frame, where the speed-

dependent coupling terms must be expressed using the electrical angular speed. Therefore, the electrical angular speed is 

defined as 𝜔𝑒 = 𝑝𝜔𝑔𝑒𝑛, where 𝑝 denotes the number of pole pairs. This definition is used in the following stator voltage 

equations to distinguish the mechanical generator speed from the electrical speed associated with the rotating magnetic 

field. 
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In the electrical part of the wind energy conversion system, the captured mechanical power is converted into electric 

power by a Permanent Magnet Synchronous Generator (PMSG). For modeling the PMSG, the standard approach is to use 

the synchronous-rotating reference 𝑑 − 𝑞 frame to express the stator voltage and flux equations derived from the electrical 

scheme of the PMSG depicted in Figure 1. The stator voltage equations can be written as follows [33-35]. According to the 

equivalent electrical scheme of the PMSG shown in Figure 1, and using the generator sign convention, the stator voltage 

equations in the synchronous rotating d-q frame are expressed as follows: 

𝑣𝑑 = −𝑅𝑠𝑖𝑑 − 𝐿𝑠𝑑
𝑑𝑖𝑑
𝑑𝑡

+ 𝐿𝑠𝑞𝑖𝑞𝜔𝑒

𝑣𝑞 = −𝑅𝑠𝑖𝑞 − 𝐿𝑠𝑞
𝑑𝑖𝑞

𝑑𝑡
+ 𝐿𝑠𝑑𝑖𝑑𝜔𝑒 + 𝜔𝑒𝜑𝑚

 (5) 

where 𝜔𝑒 = 𝑝𝜔gen  is the electrical angular speed, 𝜔gen  is the mechanical angular speed of the generator, and 𝑝 is the 

number of pole pairs. 

In the PMSG electrical model, 𝑣𝑑 and 𝑣𝑞  denote the stator voltage components along the direct and quadrature axes, 

respectively, while 𝑖𝑑 and 𝑖𝑞  represent the corresponding stator current components in the synchronous rotating 𝑑 − 𝑞 

reference frame. The parameter 𝑅𝑠 is the stator resistance, and 𝜑𝑚 denotes the permanent-magnet flux linkage. The terms 

𝐿𝑠𝑑 and 𝐿𝑠𝑞 represent the stator inductances along the direct and quadrature axes, respectively. In these voltage equations, 

the speed-dependent coupling and back-electromotive-force terms are expressed using the electrical angular speed 𝜔𝑒, 

which is related to the mechanical generator speed by 𝜔𝑒 = 𝑝𝜔𝑔𝑒𝑛, where 𝑝 is the number of pole pairs. 

 

 
Figure 1. 

The PMSG equivalent electrical scheme. 

 

From the stator voltage equations in the synchronous rotating d-q reference frame, the electromagnetic torque of the 

PMSG can be expressed as [36, 37]: 

𝑇𝑒𝑙 =
3

2
𝑝[𝜑𝑚𝑖𝑞 + (𝐿𝑠𝑑 − 𝐿𝑠𝑞)𝑖𝑑𝑖𝑞] (6) 

With the current direction adopted in this paper, 𝑇𝑒𝑙  is interpreted as the generator electromagnetic braking torque. 

Therefore, a positive 𝑖𝑞  corresponds to positive electromagnetic torque opposing the mechanical input torque in (6). The 

second term, (𝐿𝑠𝑑 − 𝐿𝑠𝑞)𝑖𝑑𝑖𝑞 , represents the reluctance torque component associated with the saliency of the machine. This 

formulation is consistent with the 𝑑 - 𝑞-axis PMSG model, where the electromagnetic torque depends on the permanent-

magnet flux linkage, the stator current components, and the difference between the direct- and quadrature-axis inductances. 

For a surface-mounted PMSG, the rotor magnetic structure is commonly considered non-salient, and the direct- and 

quadrature-axis inductances are approximately equal, i.e., 𝐿𝑠𝑑 ≈ 𝐿𝑠𝑞 . Therefore, the reluctance torque component becomes 

negligible, and the electromagnetic torque is simplified as: 

𝑇𝑒𝑙 =
3

2
𝑝𝜑𝑚𝑖𝑞 (7) 

To interface the PMSG with the grid, a full-scale back-to-back converter is used, as shown in Figure 2. It consists of 

two three-phase voltage-source converters sharing a common DC-link capacitor: the machine-side converter on the 
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generator side and the grid-side converter [38, 39]. The MSC regulates the generator-side variables and applies the voltage 

references generated by the 𝑑 - 𝑞 current controllers through the SVPWM algorithm. The GSC regulates the DC-link 

voltage and controls power injection into the grid. This structure enables variable-speed PMSG operation while maintaining 

grid compatible output conditions. 

 

 
Figure 2. 

Diagram of the B2B converter used in the PMSG based WT. 

 

In the considered PMSG-based wind energy conversion system, the generator is interfaced with the grid through a full-

scale back-to-back voltage-source converter composed of a machine-side converter (MSC), a DC-link capacitor, and a grid-

side converter (GSC). Under generator-side power flow, the MSC operates as an active controlled rectifier, converting the 

variable-frequency three-phase stator voltages of the PMSG into DC power and transferring this power to the common DC-

link. The GSC then converts the DC-link power into grid-synchronized three-phase AC power. This intermediate DC stage 

decouples the electromechanical operating point of the wind turbine-generator set from the grid frequency, thereby 

enabling variable-speed operation of the PMSG while maintaining fixed-frequency power injection at the grid terminals 

[40]. This functional separation is a standard feature of full-scale converter-based Type- 4 wind turbine systems, where the 

converter interface electrically separates the turbine rotor dynamics from the grid-side electrical variables [41]. In this 

work, the grid-side converter and grid interface are included only as part of the simulated WECS environment required to 

represent the back-to-back converter structure and DC-link interaction. The embedded validation focus is limited to the 

SVPWM switching-state computation of the machine-side converter. 

The MSC is responsible for regulating the generator-side electromechanical conversion process. In vector controlled 

PMSG drives, this task is commonly achieved by controlling the stator current components in the synchronous d-q 

reference frame. The 𝑑-axis current is generally set to zero for a surface-mounted PMSG, while the 𝑞-axis current is used to 

regulate the electromagnetic torque and, consequently, the generator speed. The outputs of the current controllers are the 

voltage references 𝑣𝑑
∗  and 𝑣𝑞

∗, which are transformed into the stationary 𝛼𝛽 frame and supplied to the modulation stage. In 

the present work, these voltage references are applied to the MSC through the SVPWM algorithm, so that the requested 

converter voltage vector is synthesized by appropriate switching of the converter legs [42]. 

The GSC controls the grid-side power exchange and stabilizes the DC-link voltage by balancing the power received 

from the MSC with the power delivered to the grid. In a conventional grid-connected configuration, the GSC regulates the 

DC-link voltage through the active-current component, while the reactive-current component is used to impose the desired 

reactive power or power-factor condition at the point of common coupling. In a conventional grid-connected wind turbine 

converter structure, the generator-side converter primarily governs the electromechanical power extracted from the PMSG, 

whereas the grid-side converter regulates the DC-link voltage and controls the reactive-power exchange with the grid [25, 

39]. This separation allows the active-power flow from the generator and the reactive-power requirement at the grid 

interface to be controlled independently. It is particularly important during grid-side disturbances, where variations in grid 

voltage or injected power can create an instantaneous mismatch between the power delivered by the MSC and the power 

transferred by the GSC. If this imbalance is not properly regulated, the excess or deficient energy is absorbed by the DC-

link capacitor, resulting in DC-link voltage oscillations, degraded power quality, and increased harmonic stress on the 

converter and connected electrical components. 

Let 𝑆1 − 𝑆6 denote the switching functions of the MSC and 𝑆1
′ − 𝑆6

′  those of the GSC. For each converter leg, a 

switching function equal to unity indicates that the corresponding upper switch is conducting, whereas a value of zero 

indicates that the complementary lower switch is conducting, assuming ideal complementary gating and neglecting dead-

time effects. Based on this switching representation, the phase-to-neutral voltages of the MSC, 𝑣𝐴𝑁 , 𝑣𝐵𝑁, and 𝑣𝐶𝑁, and 

those of the GSC, 𝑣𝐴𝑁
′ , 𝑣𝐵𝑁

′ , and 𝑣𝐶𝑁
′ , can be expressed as functions of the switching states and the DC-link voltage as 

follows: 
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(

𝑣𝐴𝑁
𝑣𝐵𝑁
𝑣𝐶𝑁

) =
𝑉𝐷𝐶
3
(

2𝑆1 − 𝑆3 − 𝑆5
2𝑆3 − 𝑆1 − 𝑆5
2𝑆5 − 𝑆3 − 𝑆1

) (8) 

(

𝑣′𝐴𝑁
𝑣′𝐵𝑁
𝑣′𝐶𝑁

) =
𝑉𝐷𝐶
3
(

2𝑆′1 − 𝑆′3 − 𝑆′5
2𝑆′3 − 𝑆′1 − 𝑆′5
2𝑆′5 − 𝑆′3 − 𝑆′1

) (9) 

The MSC and GSC are coupled through a common DC-link capacitor, which acts as the intermediate energy storage 

element between the generator-side and grid-side power conversion stages. In this configuration, the DC-link voltage is 

governed by the instantaneous current balance at the capacitor terminals. Therefore, assuming ideal converter switches and 

neglecting converter losses, the DC-link voltage dynamics can be expressed as: 

𝑑𝑣𝐷𝐶
𝑑𝑡

=
1

𝐶𝐷𝐶
(𝑖𝐷𝐶, gen − 𝑖𝐷𝐶, grid ) (10) 

where 𝐶𝐷𝐶 is the DC-link capacitance, 𝑖𝐷𝐶,𝑔𝑒𝑛 is the DC current supplied by the machine-side converter to the DC-link, 

and 𝑖𝐷𝐶, grid  is the DC current drawn by the grid-side converter from the DC-link. With this sign convention, 𝑖𝐷𝐶, gen >

𝑖𝐷𝐶, grid  charges the capacitor and increases 𝑣𝐷𝐶 , whereas 𝑖𝐷𝐶, gen < 𝑖𝐷𝐶, grid  discharges the capacitor and decreases 𝑣𝐷𝐶 . 

This current-balance representation is appropriate for PMSG-based wind energy systems because the DC-link capacitor 

voltage directly reflects the power mismatch between the generator-side and grid-side converters, and its stabilization is a 

central requirement in full-scale converter-interfaced PMSG wind turbines [38]. 

The DC currents associated with each converter can be obtained from the corresponding phase currents and upper-

switching functions. Let 𝑖𝐴, 𝑖𝐵, and 𝑖𝐶  denote the MSC phase currents, and let 𝑖𝐴′
′ , 𝑖𝐵

′ , and 𝑖𝐶
′  denote the GSC phase currents. 

Using the switching functions defined previously, the instantaneous DC-side currents are given by: 

{
𝑖𝐷𝐶,𝑔𝑒𝑛 = 𝑆1𝑖𝐴 + 𝑆3𝑖𝐵 + 𝑆5𝑖𝐶
𝑖𝐷𝐶,𝑔𝑟𝑖𝑑 = 𝑆1

′𝑖𝐴
′ + 𝑆3

′ 𝑖𝐵
′ + 𝑆5

′ 𝑖𝐶
′  (11) 

where 𝑆1, 𝑆3, and 𝑆5 correspond to the upper switches of the three MSC legs, while 𝑆1
′ , 𝑆3

′ , and 𝑆5
′  correspond to the 

upper switches of the three GSC legs. These expressions show that the DC-link current contribution of each converter is 

determined by the phase current connected to the positive DC rail at each switching instant. Consequently, the DC-link 

voltage is not an independent state but a dynamic variable determined by the instantaneous switching states and the power 

exchanged between the PMSG, the converter system, and the grid. This modeling approach is consistent with recent studies 

on PMSG wind turbine generators, where oscillating or unbalanced active power at the converter terminals is shown to 

propagate through the DC-link and produce voltage oscillations if not properly regulated. 

 

2.2. Space Vector Pulse Width Modulation (SVPWM) 

The SVPWM is an advanced technique used to control the output voltage of a three-phase inverter where the goal is to 

create a three-phase AC voltage with a specific amplitude and frequency. The technique provides better voltage use and 

less harmonic distortion compared to traditional modulation techniques. It controls the switching of the inverter’s switches 

in such a way that it generates the desired output voltage waveform while minimizing the harmonic content. 

The technique considers the space vector diagram of the inverter’s output voltages. The space vector is a representation 

of the output voltage in a two-dimensional complex plane, where the voltage vectors are spaced 60° apart. The technique 

involves switching between different voltage vectors to generate the desired reference voltage. 

The output of the three-phase inverter can be represented as a combination of 8 possible voltage vectors in the plane, 

with each vector corresponding to one of the 8 switching states of the inverter. These 8 voltage vectors are 6 active vectors 

(V1 to V6) that represent the voltages when two switches are ON, and one is OFF and vice versa, and 2 zero vectors (V0 

and V7) that represent situations where all the upper or lower switches are simultaneously OFF or ON. 

The space vector diagram results in a hexagon where the six active voltage vectors are positioned around the perimeter. 

The zero vectors are positioned at the center of the hexagon as depicted in Figure 3. 

The three-phase voltages can be expressed in the 𝛼 − 𝛽 frame through the Clarke transform using the following 

relationship [43]: 

(
𝑣𝛼
𝑣𝛽
) =

2

3
(
1 −1/2 −1/2

0 √3/2 −√3/2
)(

𝑣𝐴𝑁
𝑣𝐵𝑁
𝑣𝐶𝑁

) (12) 

The desired reference vector can be expressed as the following: 

𝑣𝑟𝑒𝑓 = √𝑣𝛼
2 + 𝑣𝛽

2 (13) 

The module of the reference vector 𝑣𝑟𝑒𝑓  specifies the control of the output voltage waveform. With the value of the 

DC-bus voltage 𝑣𝐷𝐶 , it is also used to determine the modulation index 𝑚 as in Equation (14). 
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𝑚 =
3

2

𝑣𝑟𝑒𝑓

𝑣𝐷𝐶
 (14) 

 
Figure 3. 

Location of the reference in the space vector hexagon. 

 

The reference voltage vector is decomposed into a combination of two adjacent active vectors and the duration of time 

each active vector needs to be applied. The reference vector lies between two of the active vectors in the space vector 

diagram, or sector. By calculating the time duration for each active vector and zero vector, the inverter switches in such a 

way that the resulting voltage approximates the reference. 

The modulation strategy involves calculating how long each of the active and zero vectors should be applied. The two 

active vectors contribute to most of the reference voltage, and the zero vectors are used to balance the power and reduce 

harmonic distortion. 

The switching times can be calculated geometrically by finding the time duration for each of the active vectors using 

the projection of the reference vector onto the adjacent active vectors in the space vector diagram. This will result in the 

following switching time formula: 

𝑇1 = √3𝑇𝑠
𝑉ref 

𝑉𝐷𝐶
sin (

𝑛𝜋

3
− 𝜃)

𝑇2 = √3𝑇𝑠
𝑉ref 

𝑉𝐷𝐶
sin (𝜃 −

(𝑛 − 1)𝜋

3
)

𝑇0 = 𝑇𝑠 − (𝑇1 + 𝑇2)

 (15) 

𝑇1 and 𝑇2 represent the dwell times assigned to the two adjacent active voltage vectors used to synthesize the reference 

voltage vector, whereas 𝑇0 represents the dwell time assigned to the zero-voltage vector. The switching period is denoted 

by 𝑇𝑠. The sector number is denoted by 𝑛 = 1,… ,6, and 𝜃 represents the absolute angular position of the reference voltage 

vector in the stationary 𝛼 − 𝛽 reference frame, normalized within [0,2𝜋].  
 

2.3. Control Strategy 

The adopted control strategy follows a simplified vector-control structure for the machine-side converter. The 

outer speed-control loop generates the quadrature-axis current reference 𝒊𝒒
∗ , while the direct-axis current reference is 

set to zero, 𝒊𝒅
∗ = 𝟎, as commonly adopted for surface-mounted PMSG operation. As illustrated in Figure 4, the 

generated reference quantities are transformed into stationary-frame components before being processed by the 

SVPWM stage. In the implemented model, the SVPWM block uses these stationary-frame reference components to 

determine the converter switching states 𝑺𝟏 to 𝑺𝟔, which are then applied to the machine-side converter. It should be 

noted that Figure 4 provides a simplified signal-flow representation of the control and modulation process; the detailed 

current regulation and voltage-reference generation stages are represented in lumped form. The speed controller is 

implemented using a PID block with the derivative gain set to zero; therefore, its effective behavior is proportional-

integral. The controller gains are 𝑲𝒑 = 𝟏𝟎,𝑲𝒊 = 𝟒𝟎, and 𝑲𝒅 = 𝟎. 
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Figure 4. 

The block diagram of the control strategy. 

 

2.4. Structure of the System 

The following describes the communication method used in an Arduino-based SVPWM switching logic system for 

testing an SVPWM control algorithm. The objective is to run the SVPWM calculation on a real microcontroller (Arduino 

UNO) while leaving the PMSG simulation and the generation of reference signals to Simulink simulation. In the proposed 

structure, the plant model remains in simulation, whereas the converter switching logic is executed on embedded hardware. 

The data flow is organized as follows: 

• Simulink simulates the PMSG model and generates the voltage-reference components. 

• The Arduino UNO receives the stationary-frame voltage references (𝑣𝛼 , 𝑣𝛽), calculates the SVPWM timing 

variables and the corresponding switching states 𝑆1 to 𝑆6, and sends the encoded switching information back to 

Simulink in one byte. 

• Simulink decodes this byte and applies the corresponding switching commands to the simulated machine-side 

converter. 

In the proposed implementation, the Arduino routine computes the SVPWM sector, dwell-time variables, and 

corresponding switching-state information. However, because the Universal Asynchronous Receiver/Transmitter (UART) 

exchange time exceeds the PWM carrier period, the Simulink converter does not receive a carrier-synchronous sequence of 

intra-period switching transitions. Instead, the returned switching byte is decoded and held until the next serial update. 

Therefore, the proposed setup validates the embedded SVPWM switching-state computation and the serial hardware-

coupled data path, rather than full cycle-by-cycle SVPWM gate-pulse generation.  

It should be noted that the serial communication loop and the PWM carrier period are not identical time scales in the 

proposed setup. The PWM period used in the SVPWM timing calculation is 𝑇𝑠 = 50.5 𝜇s, corresponding to 19.8 kHz. 

However, the serial communication link operates at 500,000 bit/s. With a standard UART as serial communication link 

frame of approximately 10 bits per byte, one byte requires about 20𝜇 s. Therefore, transmitting two single-precision 𝛼 − 𝛽 

values require at least 8 bytes, or approximately 160𝜇 s, before considering the returned switching byte, Simulink 

overhead, buffering, and microcontroller execution time. Consequently, the serial exchange cannot be interpreted as a 

complete per-PWM-period communication cycle. In this work, the serial link is used as a hardware-coupled validation 

interface, while the exchanged switching information is applied at the communication update rate. 

The main advantage of this structure is that it enables the embedded SVPWM code to be evaluated under practical 

numerical, execution, formatting, and serial communication constraints without requiring a physical generator, converter, 

or motor test bench. It also allows deviations between the ideal Simulink model and the Arduino-based implementation to 

be observed, including the effects of finite precision, rounding, latency, and data formatting. The serial communication and 

SVPWM parameters are summarized in Tables 1 and 2, respectively. 

 
Table 1. 

Serial block parameters. 

Parameter Value Description 

Port COMXX Serial port of Arduino UNO, determined from the device manager 

Baud Rate 500,000 Serial communication speed 

Data Bits 8 Word data size 

Parity None No parity bit 

Stop Bits 1 One stop bit 

Byte Order Little-endian Byte order used for multi-byte data transmission 
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Table 2. 

SVPWM parameters. 

Parameter Value Description 

Tz 1.0 / 19800.0 ≈ 50.5 μs PWM period equal to 1/ (19.8 kHz) 

VDC 655 V Voltage of DC-bus 

PWM_TOP 404 
Maximum value of the timer counter  

(Center-aligned) 

 

From Tables 1 and 2, the UART communication time exceeds one PWM carrier period when the 𝛼 − 𝛽 references are 

exchanged as single-precision values. At 500,000 bit/s, transmitting two single-precision reference values and receiving 

one encoded switching byte requires at least 180𝜇 s, excluding software and execution overhead. This is longer than the 

50.5 𝜇s PWM period. Therefore, the proposed setup should not be interpreted as a cycle-by-cycle PWM-synchronous HIL 

implementation; the latest received switching information is held in the Simulink converter model until the next serial 

update. 

The block diagram of the solution is depicted in Figure 5 with the data flow between the simulation and hardware 

blocks. 

 

Figure 5. 

The block diagram of the proposed control implementation. 

 

3. Results and Discussion 
The proposed simulation and hardware-coupled validation framework was implemented in MATLAB/Simulink 

R2023b. The PMSG-based horizontal-axis wind turbine energy conversion system was kept in Simulink, including the 

aerodynamic model, generator dynamics, back-to-back converter, d-q current-control loops, and speed-control loop. In 

contrast, the space-vector pulse-width modulation switching-state computation was assigned to an Arduino UNO 

microcontroller, so that the modulation stage could be assessed under the execution and communication constraints of low-

cost embedded hardware. This separation was used to compare the simulation-only implementation and the embedded 

SVPWM switching logic implementation under the same model structure and operating conditions. The results in this 

section therefore examine the effect of replacing the ideal Simulink SVPWM block with the physical microcontroller-based 

SVPWM routine. The comparison is based on the generator speed response, the d- and q-axis current components, and the 

d- and q-axis voltage control signals, as reported in Figures 7–9. These variables were selected because they capture the 

main mechanical, electrical, and control-level responses of the closed-loop PMSG system. 

Figure 6 illustrates the serial data-exchange architecture used to couple the MATLAB/Simulink environment with the 

Arduino UNO embedded hardware. In Simulink, the voltage-reference generation block produces the stationary-frame 

components 𝑣𝛼 and 𝑣𝛽 from the d − q current controllers and inverse transformation; these signals are multiplexed, 

converted to single precision, and transmitted through the Serial Send block on COM3. The UART serial link is configured 

at 500,000 bit/s with 8 data bits, no parity, one stop bit, and little-endian byte ordering; therefore, the transmitted reference 

packet contains two single-precision values, corresponding to at least 8 bytes. On the Arduino side, the serial receives 

buffer and unpacking stage recover the floating-point references and feed the embedded SVPWM routine. This routine 

calculates |𝑉ref | and 𝜃, identifies the sector 𝑛 = 1 − 6, computes the dwell times 𝑇1, 𝑇2, and 𝑇0, selects the corresponding 
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switching state, and packs 𝑆1 − 𝑆6 into one encoded byte. The encoded byte is returned through the serial transmit buffer, 

decoded in Simulink by the integer-to-bit converter, held by the zero-order hold between serial updates, and applied as the 

gate vector to the simulated machine-side converter. Because the UART exchange time exceeds the 50.5𝜇 s PWM carrier 

period, the interface is used for serial hardware-coupled validation rather than cycle-by-cycle PWM-synchronous HIL 

operation. 

 

 
Figure 6. 

Serial data-exchange architecture between the MATLAB/Simulink model and the Arduino UNO board. 

 

3.1. Results Presentation 

Because the proposed Arduino-coupled SVPWM implementation is intended to determine whether the embedded 

SVPWM routine can preserve the closed-loop dynamic behavior of the PMSG system, the generator speed response is used 

first as a system-level performance indicator. This variable is not only a mechanical output, since it also reflects the 

combined action of the outer speed controller, the inner current-control loops, the machine-side converter, and the SVPWM 

switching-state generation. For this reason, an implementation error introduced by the embedded modulation stage would 

be expected to appear in the speed response as a tracking deviation, additional delay, overshoot, or sustained oscillation. To 

isolate the effect of the embedded modulation stage, the plant model, controller parameters, DC-link voltage, speed-

reference profile, and simulation time window were kept identical in both implementations. The only deliberate change was 

the transfer of the SVPWM switching-state computation from the Simulink environment to the Arduino UNO 

microcontroller. 

Under this evaluation criterion, the response obtained with the conventional Simulink-based SVPWM block is 

compared with the response obtained when the SVPWM computation is executed on the Arduino UNO through the 

Arduino-based SVPWM switching logic interface. The comparison, reported in Figure 7, uses an initial reference speed of 

100 rad/s, followed by an increase to 150 rad/s at 0.1 s, so that both the initial acceleration and the reference-step transition 

can be examined. In both cases, the generator speed follows the imposed reference with closely similar dynamic behavior. 

The embedded SVPWM switching logic response remains close to the simulation-only response during the start-up 

interval, after the speed change, and in the steady-state region. The enlarged views also show that the remaining deviations 

are small, although they are not completely absent, which is expected because the Arduino-based SVPWM switching logic 

path includes microcontroller execution time, finite numerical precision, data formatting, and serial communication latency. 

Within the tested operating condition, this agreement indicates that the transfer of the SVPWM switching-state computation 

from Simulink to the Arduino UNO does not materially alter the dominant speed-control dynamics of the PMSG system. 
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Figure 7. 

Generator-speed response using Simulink SVPWM and Arduino-coupled SVPWM switching-state computation. 

 

After the system-level speed-tracking response has been verified, the validation must also examine the electrical 

behavior of the Permanent Magnet Synchronous Generator, because errors in the embedded SVPWM routine would be 

expected to appear first in the current-control dynamics. In the adopted d-q vector-control scheme, the direct-axis current is 

associated with the flux-related channel and is normally regulated around its reference value, whereas the quadrature-axis 

current provides the main torque-producing contribution requested by the outer speed-control loop. A credible SVPWM 

implementation should therefore reproduce not only the mechanical speed response, but also the current trajectories 

enforced by the inner controllers. Figure 8 compares the d- and q-axis current components obtained with the simulation-

only SVPWM block and with the Arduino-based implementation. The transient observed at 0.1 s is caused by the imposed 

increase in the speed reference, which changes the torque demand and is consequently reflected mainly in the q-axis 

current. For both current components, the proposed SVPWM waveforms remain close to the corresponding simulation-only 

results, suggesting that the embedded SVPWM switching-state computation does not introduce a noticeable distortion in 

the current-control behavior under the tested condition. The enlarged views are useful because they expose local deviations 

between the two implementations over short time intervals. These deviations are consistent with embedded computation, 

finite-precision arithmetic, byte-level data exchange, serial communication delay, and sample-hold behavior between 

communication updates. Despite these implementation-level effects, the d- and q-axis currents remain bounded and 

dynamically consistent with the simulation-only case, which supports the conclusion that the proposed arrangement 

preserves the essential electrical response of the controlled PMSG system for the considered operating scenario. 
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Figure 8. 

d–q current components under Simulink and Arduino-coupled SVPWM. 

 

A final comparison is needed on the voltage-command side, since the d-q axis voltage components are the immediate 

outputs of the inner current controllers and form the reference signals that the SVPWM stage must synthesize. The speed 

response gives a system-level indication of mechanical tracking, and the current waveforms describe the electrical control 

behavior, but the voltage components are closer to the modulation process itself. For this reason, Figure 9 is used to 

examine whether transferring the SVPWM switching-state computation from the ideal MATLAB/Simulink environment to 

the proposed interface changes the voltage behavior imposed on the machine-side converter. The obtained 𝑣𝑑 and 𝑣𝑞  

waveforms reflect the switching behavior imposed by the simulated converter model using the switching information 

received from the Arduino-based SVPWM routine. Because the serial update rate is lower than the PWM carrier frequency, 

these voltage responses should be interpreted as evidence of closed-loop consistency under the adopted serial 

communication-coupled embedded SVPWM setup, not as proof of cycle-by-cycle PWM timing equivalence. Across the 

full simulation interval, including the transient around the speed-reference change at 0.1𝑠, the simulation-only and 

proposed SVPWM implementation responses remain closely aligned. This agreement suggests that the embedded SVPWM 

routine reproduces the voltage-synthesis behavior required by the current controllers, even with the finite-precision 

computation and serial communication constraints introduced by the microcontroller. Taken together with the speed and 

current results, the voltage comparison indicates that the proposed Arduino-coupled SVPWM arrangement preserves the 

main control and modulation characteristics of the simulated PMSG system under the considered operating condition. 

 

 
Figure 9. 

d–q voltage control signals for Simulink and Arduino-coupled SVPWM. 
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Taken together, these three result groups provide a layered assessment of the proposed implementation of SVPWM. 

The speed response verifies that the system-level mechanical dynamics are largely preserved, the d- and q-axis current 

components confirm the consistency of the inner current-control behavior, and the voltage-control signals provide a closer 

indication of the modulation action applied to the machine-side converter. The close agreement between the simulation-

only and proposed Arduino-coupled SVPWM results across these levels indicates that the Arduino-based SVPWM 

switching-state computation can reproduce the dominant behavior of the ideal Simulink implementation for the tested 

operating condition. At the same time, the small deviations visible in the enlarged views and high-frequency electrical 

waveforms reflect implementation-dependent effects, including embedded execution, finite numerical precision, byte-level 

data exchange, and serial communication latency. These observations provide the basis for the following discussion, where 

the effectiveness, interpretation, and limitations of the proposed Arduino-in-the-loop validation are examined in more 

detail. 

 

3.2. Discussion 

The results indicate that the proposed serial communication-coupled embedded SVPWM framework implementation 

preserves the main closed-loop behavior of the simulation-only SVPWM-controlled PMSG system under the tested 

operating condition. This conclusion refers to the dominant speed, current, and voltage trends observed at the simulation 

level and should not be interpreted as verification of per-PWM-cycle real-time synchronization. The SVPWM algorithm 

was not reformulated theoretically. Instead, the switching-state computation was transferred to an Arduino UNO 

microcontroller and then coupled with the closed-loop Simulink model of the PMSG wind turbine system. This transfer is 

not a trivial coding substitution, since the modulation stage is no longer evaluated only under ideal numerical and timing 

assumptions. It is exposed to embedded-implementation constraints, including finite numerical precision, limited 

processing capacity, byte-level data exchange, serial communication latency, and rounding effects introduced by the 

hardware path. 

This distinction matters because the modulation block is the practical interface between the control algorithm and the 

converter switching action. In a PMSG-based wind energy conversion system, errors at this interface can affect the voltage 

applied to the generator, the current-control response, the electromagnetic torque, and, through these variables, the 

mechanical speed dynamics. For that reason, the comparison performed here should not be interpreted only as a 

confirmation that the Arduino code executes. The more relevant question is whether switching states generated by the 

physical microcontroller can be inserted into the closed-loop PMSG model without disturbing the expected behavior of the 

controlled system. 

The rotor-speed response gives the first system-level indication of this consistency. Rotor speed reflects the combined 

effect of aerodynamic input, electromagnetic torque, the outer speed controller, the inner current controllers, the converter 

switching states, and the SVPWM process. It is therefore an integrated, relatively low-bandwidth indicator of closed-loop 

behavior. A sufficiently large timing error or communication delay may appear as degradation in the speed response, for 

example increased tracking error, delayed transient behavior, overshoot, oscillation, or steady-state offset. However, 

because rotor-speed dynamics are relatively slow, speed response alone cannot verify cycle-level PWM timing accuracy. 

The comparison in Figure 7 does not show such degradation. Both the simulation-only and proposed Arduino-coupled 

SVPWM implementations track the reference profile, including the transition from 100 rad/s to 150 rad/s at 0.1 s, with 

closely comparable transient and steady-state behavior. Within this tested speed-reference variation, the Arduino-based 

modulation stage therefore does not materially change the dominant mechanical response of the controlled PMSG system. 

Speed response alone, however, cannot validate the embedded modulation process. Mechanical dynamics are slower 

than electrical dynamics, and they may conceal some modulation-level deviations. The d-q current responses therefore 

provide a more sensitive view of how the embedded SVPWM implementation affects the inner electrical control loops. In 

the adopted vector-control strategy, the direct-axis current is regulated around its reference, whereas the quadrature-axis 

current supplies the torque-producing component demanded by the speed controller. The current trajectories are 

consequently linked both to current-controller performance and to the voltage synthesis produced by the modulation stage. 

As shown in Figure 8, the proposed Arduino-coupled SVPWM implementation d- and q-axis currents remain dynamically 

consistent with the simulation-only currents. The transient near 0.1 s is physically expected, because the increase in speed 

reference requires a corresponding change in torque-producing current. Exact waveform identity is not expected once the 

hardware path is introduced. The relevant result is that boundedness, dynamic evolution, and control action are preserved. 

The small differences visible in the enlarged views are consistent with embedded computation time, finite-precision 

arithmetic, serial transmission, byte formatting, and decoding before the switching commands are applied to the simulated 

converter. 

The voltage-control signals provide a closer view of the modulation-related behavior. The voltage components are the 

immediate outputs of the current controllers and define the reference voltage vector that the SVPWM routine must 

synthesize. Their comparison is therefore directly relevant to whether the embedded implementation preserves the voltage-

generation behavior required by the control system. As shown in Figure 9, the proposed Arduino-coupled SVPWM 

implementation voltage responses remain closely aligned with the simulation-only responses, including during the transient 

caused by the speed-reference step. The dense high-frequency appearance of these waveforms is consistent with voltage-

source converter switching and, by itself, should not be read as evidence of instability. The agreement between the two 

implementations instead suggests that the Arduino-based SVPWM routine reproduces the required modulation behavior 

with sufficient consistency for the considered operating condition. 
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Viewed together, the speed, current, and voltage comparisons provide a layered validation of the implementation. The 

speed response supports preservation of the global electromechanical behavior. The d-q currents indicate that the inner 

electrical control loops remain consistent. The d-q voltage signals further show that the modulation-related behavior 

remains compatible with the voltage demands imposed by the current controllers. Agreement across these levels supports 

the conclusion that the embedded SVPWM routine has been integrated correctly into the closed-loop PMSG wind turbine 

model for the considered test case. 

The practical value of the proposed framework lies in its position between offline simulation and complete 

experimental testing. In a conventional simulation, the SVPWM block operates under ideal numerical and timing 

conditions. Such a setting is useful for control design, but it cannot show whether the same algorithm remains acceptable 

when executed on physical digital hardware. A complete experimental platform, by contrast, would require a wind turbine 

emulator, PMSG, power converter, sensors, gate drivers, protection circuitry, and grid-interface equipment, which increases 

cost, instrumentation effort, and safety requirements. proposed Arduino-coupled SVPWM implementation offers an 

intermediate validation stage. The modulation code runs on a real low-cost microcontroller, while the PMSG wind energy 

conversion system remains in a flexible and safe simulation environment. This makes it possible to detect implementation-

related problems before moving to more demanding real-time platforms or power-hardware experiments. 

This point is especially relevant for SVPWM, because its practical behavior depends not only on the modulation 

equations but also on their digital realization. Sector identification, dwell-time calculation, switching-state selection, 

scaling, rounding, and timing synchronization must all be implemented consistently. An error in any of these steps can 

generate incorrect converter switching commands even when the control law itself is properly designed. The present results 

show that an Arduino-class microcontroller can reproduce the expected switching-state behavior with sufficient consistency 

for embedded SVPWM validation in the considered PMSG-based horizontal-axis wind turbine application. 

The scope of this validation should nevertheless remain bounded. The proposed Arduino-coupled SVPWM 

implementation setup is not a full experimental validation of the complete wind energy conversion system. The wind 

turbine, PMSG, back-to-back converter, DC-link, and grid-side elements are still represented by simulation models. Several 

physical non-idealities are therefore not fully captured, including semiconductor switching delays, dead-time effects, gate-

driver limitations, sensor noise, Analog-to-Digital Converter quantization, thermal behavior, electromagnetic interference, 

parasitic elements, protection circuits, and real grid disturbances. These effects may become important in a laboratory 

prototype or field implementation. The present results demonstrate the consistency of embedded SVPWM switching-state 

computation within the tested proposed SVPWM implementation configuration, but they should not be interpreted as 

evidence of complete converter-hardware readiness or grid-connected system readiness. 

Another limitation is that the comparison remains mainly waveform-based. Although the graphical agreement between 

the simulation-only and the proposed serial hardware-coupled SVPWM validation framework supports the feasibility of the 

proposed approach, a stronger validation would require quantitative performance indicators. Future work should include 

metrics such as maximum speed-tracking error, steady-state speed error, settling time, Root Mean Square current deviation, 

current-ripple amplitude, voltage deviation, and harmonic distortion indices. Additional operating scenarios should also be 

examined, including variable wind-speed profiles, multiple speed-reference changes, DC-link voltage disturbances, grid-

side perturbations, load variations, PMSG parameter mismatch, and operation near converter voltage limits. 

Overall, the obtained results support the main objective of the study. The Arduino-based SVPWM implementation 

reproduces the essential behavior of the ideal Simulink implementation for the considered operating condition, while 

introducing physical microcontroller execution into the modulation path. The proposed framework can therefore serve as a 

practical validation tool for embedded SVPWM control in PMSG-based horizontal-axis wind turbine energy conversion 

systems. Its role is not to replace high-fidelity real-time simulators or full experimental test benches. Its value is to provide 

an accessible step for checking the digital implementation of the modulation layer before more advanced hardware 

validation is attempted. 

 

4. Conclusion 
This paper presented a serial co-simulation-based framework for the embedded implementation of Space Vector Pulse 

Width Modulation in a Permanent Magnet Synchronous Generator based horizontal-axis wind turbine energy conversion 

system. The aerodynamic turbine model, PMSG, back-to-back converter, speed-control loop, and current-control loops 

were kept in MATLAB/Simulink, whereas the SVPWM switching-state computation was transferred to an Arduino UNO 

microcontroller and interfaced with the simulated converter through serial communication. The purpose was deliberately 

limited. The study did not seek to propose a new modulation method or a new speed-control strategy, but rather to verify 

whether moving the SVPWM computation from an ideal simulation block to physical embedded hardware would preserve 

the expected closed-loop behavior of the controlled PMSG system. 

The comparison between the simulation-only and Arduino-in-the-loop validation cases showed close agreement under 

the tested operating condition. The generator speed response followed the same general behavior during initial acceleration, 

during the reference change from 100 rad/s to 150 rad/s, and during the subsequent steady-state intervals. This suggests that 

the Arduino-based SVPWM routine did not materially disturb the dominant electromechanical dynamics of the closed-loop 

system in this case. The d-axis and q-axis current responses also remained dynamically consistent with the simulation-only 

implementation, despite the added effects of finite-precision computation, byte-level data exchange, embedded execution 

time, and serial communication latency. The d-q voltage-control signals showed comparable behavior in both 

implementations, indicating that the embedded SVPWM routine preserved the main voltage-control response required by 

the current controllers under the adopted serial communication-coupled embedded SVPWM configuration. This result 
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should not be interpreted as evidence of cycle-by-cycle PWM timing equivalence, because the serial communication update 

time is longer than the 50.5 μs PWM carrier period. 

The contribution of the work is therefore practical rather than algorithmic. The proposed framework offers an 

intermediate validation stage for the embedded SVPWM switching-state computation path between offline simulation and 

full experimental testing of a PMSG-based wind energy conversion system. By assigning the SVPWM switching-state 

computation to a real low-cost microcontroller, the setup makes several implementation-level effects visible, including 

sector identification, dwell-time calculation, switching-state generation, scaling, rounding, data formatting, and 

communication delay. Within the considered operating condition, the results indicate that an Arduino-class microcontroller 

can serve as an embedded validation platform for SVPWM implementation in a simulated PMSG-based HAWT system. 

The validation scope remains intentionally bounded. The turbine, PMSG, power converters, DC-link, and grid-side 

elements were still represented by simulation models, so the setup does not fully account for semiconductor switching 

delays, dead-time effects, gate-driver constraints, sensor noise, analog-to-digital converter quantization, thermal behavior, 

electromagnetic interference, parasitic elements, protection circuits, or real grid disturbances. Future work should extend 

the assessment to variable wind-speed profiles, multiple speed-reference changes, DC-link voltage disturbances, grid-side 

perturbations, load variations, machine-parameter mismatch, and operation near converter voltage limits. Quantitative 

indicators, including maximum speed-tracking error, steady-state error, settling time, root mean square current deviation, 

current ripple, voltage deviation, and harmonic distortion indices, should also be reported. Overall, the Arduino-based 

framework provides an accessible preliminary validation tool for embedded SVPWM logic in PMSG-based HAWT energy 

conversion systems. Its validity is limited to preliminary serial communication-coupled embedded SVPWM validation 

assessment and should be extended with measured latency analysis, faster communication hardware, or real-time HIL 

platforms before claiming carrier-synchronous or cycle-by-cycle PWM validation. 
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