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Abstract

:

Outrunner brushless DC motors (BLDC) are a type of permanent magnet synchronous motor (PMSM) widely used in electric micro-mobility vehicles, such as scooters, electric bicycles, wheelchairs, and segways, among others. Those vehicles have many operational constraints because they are driven directly by the user with light protective wearing. Therefore, to improve control strategies to make the drive safer, it is essential to model the traction system over a wide range of operating conditions in a street environment. In this work, we developed an electro-mechanical model based on the Hardware-in-the-Loop (HIL) structure for a two-wheeler electric scooter, using the BLDC motor to explore its response and to test linear controllers for speed and torque management under variable operating conditions. The proposed model includes motor parameters, power electronics component characteristics, mechanical structure, and external operating conditions. Meanwhile the linear controllers will be adjusted or tuned though a heuristic approach based on Genetic Algorithms (GAs) to optimize the system’s response. The HIL scheme will be able to simulate a wide range of conditions such as user weight, slopes, wind speed changes, and combined conditions. The designed model can be used to improve the design of the controller and estimate mechanical and electrical loads. Finally, the results of the controller tests show how the proposed cascade scheme, tuned through the GA, improves the system behavior and reduces the mean square error with respect to a classical tuning approach between 20% and 60%.
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1. Introduction


The micro-mobility is a topic focused in the society welfare that has been gaining attention in recent years due to the combination of aspects such as fast urbanization, climate change, population growth, and the need of efficient and ecological innovative systems for people movement [1]. Thus, problems such as public transport pollution, insufficient variety of sustainable public transport, and city traffic issues have brought the opportunity to explore the use of vehicles that represent alternative methods for mobility such as those that are fully electric [2] and with regenerative energy features [3]. Thus, the micro-mobility is the expression assigned to vehicles characterized by their compact design, with light weights, achieving low velocities (generally under the 30 km/h similar to bicycles) that are driven exclusively by the road users (nobody else) [4]. In this sense, the devices used for micro-mobility encompass bicycles, e-bikes, electric scooters, electric skateboards, shared bicycles, and electric pedal-assisted bicycles [5]. Some of the aforementioned devices rely in what is known as active mobility, or active travel, which considers all models of transport that are based on the propulsion generated by human power [6]. However, the interest in this work is in those devices that make use of electric power. For example, the electric scooter is of special interest because of its popularity, ease of access, low-to-medium cost, ease of carrying and transporting, the velocities that can be reached, the green mobility over short-to-medium distances, effortless use, the parallel possibility of using other types of transport, less requirements for parking and space, and some others [7]. The electric scooter integrates several components such as the mechanical structure, the electronics and drivers, the batteries, the system controllers, and the motor; the last is typically a brushless direct current (BLDC) motor [8]. Despite its advantages, some elements in the scooter still require attention, such as the embedded controllers and the BLDC motor, to raise its efficiency as much as possible and for keeping the system security, maintaining a constant velocity, and reducing the energy consumption [9]. This is because the design of the electric scooter does not consider all the possibilities in the final operation conditions such as weight variations, path rugosity, slopes in the path, affectations derived by wind speed, among others. Additionally, another important aspect to meet with the requirements of velocity and performance is the use of banks of batteries, and they must be managed adequately in aspects such as storage, distribution, operation, and energy savings [10]. Therefore, an adequate control scheme to maintain, for instance, a defined velocity and torque under these changing conditions, optimizing the energy consumption from the batteries, is essential and still represents an area of opportunity. Additionally, these controllers require more complete and integrated system models, which, in several cases, are not easy to obtain.



With the purpose of designing a control scheme is necessary to use a system model, an appropriate model of the electric scooter is required in order to propose improvements in the system’s dynamics, controls, and design [11]. For example, the work proposed in [12] presents the development of an electric two-wheeler numerical model, considering the energy-conservation-based longitudinal dynamic coupled to a Li-Ion battery second-order RC equivalent circuit to predict the electric range under real driving cycles. By its part, the investigation carried out in [13] described an specific design of an electric three-wheeled scooter for being used by persons with partial incapacities to move. For such design, the proposed model was performed through Solidworks, considering a hub motor, battery, and control system that achieved velocities up to 45 km/h and a carrying load capacity of 100 kg by simulation. In other cases, such as in [14], an adaptive Cuckoo search (ACS) is combined with the extreme learning machine (ELM) for developing a prognosis method of the remaining useful life of intermittently fault components of an electric scooter system. To perform the prognostic, first, a diagnostic bond graph (DBG) model of the electric scooter was developed, later sub models were obtained through structural model decomposition, the ACS estimated distributed faults, and the ELM modeled the intermittent fault degradation. In another case, the research presented in [15] described the energy optimization of a two-wheeler hybrid electric vehicle (HEV). First, a through-the-road (TTR) parallel HEV system structure was proposed and modeled, and then three control strategies were switched, considering the state of the charge, fuzzy logic, and a neural network. The comparison of the strategies was performed under the Simulink environment and under simulations in a world-harmonized motorcycle test cycle (WMTC) drive cycle. In other works, the analyses, modeling, and designs of specific parts used in electric scooters are addressed, such as the case of the design and optimization of a switched reluctance motor (SRM) developed in [16]. To achieve this design, the analysis of the SRM configuration with 8 and 10 poles on the stator and rotor was performed through two-dimensional electromagnetic static finite element analysis combined with multi-objective design optimization (MOO) and particle swarm optimization (PSO). The works previously discussed clearly indicated that research addressing systems modeling could be useful for the development of methodologies that improve such systems behaviors, without compromising the integrity of a physical system.



In recent years, a relatively new concept, known as hardware-in-the loop (HIL), has taken the old definition of simulation to a new level because it incorporates physical hardware systems as integral parts of a large simulation system [17]. This tool can be very helpful for experimenting and validating developed methodologies and designs in a wide variety of applications such as approaches for modeling electric machine drives [18], the development of electrical test benches for drive inverters in the power electronics field [19], studies of the impact of smart appliances connected to the electric grid [20], applications for designing new automotive products with vision systems for efficient software validation [21], and automotive applications in general for modeling electric vehicles [22], among others. The HIL simulation has been used for modeling, analyzing, and designing electric vehicles. For instance, the work described in [23] presented an intelligent controller for an HEV. In the work, a model predictive controller (MPC) was enhanced though an artificial neural network (ANN) for controlling the speed of the HEV, and the simulation model and a HIL system were implemented with Simulink on MATLAB (https://www.mathworks.com/, accessed on 1 May 2023). This controller was compared with classical controllers such as a linear Proportional + Integral (PI) and with a classic MPC. However, some limitations could be mentioned, such as the use of a low-cost Arduino Mega 2560 platform, which had low performance for hardware applications, and it was only used for communication and signal transmission functions in the closed loop (as the model and the controller were implemented in Simulink). Additionally, the way in which the classical controllers were tuned or adjusted was not detailed for the comparison. Additionally, only one control variable was considered, which was the system velocity analyzed under two case studies: variations in the controller reference and noise rejection of the controller. Finally, the model considered parameters for the motor, the engine, the tires, the system drive, the DC-to-DC converter, the vehicle body, and the battery, but it did not consider the effects of the environment such as wind speed, path profiles and slopes, variations in the system mass, etc. Regarding the use of HIL, a real-time implementation into a field-programmable gate array (FPGA) of a vector control scheme was performed in [24]. In that work, the control scheme, integrated by three PI controllers, was applied to a permanent magnet synchronous motor (PMSM) that propelled an electric scooter. The models of the PMSM and the converter were implemented in MATLAB Simulink, whereas the control scheme was developed through Xilinx System Generator (XSG) without Hardware Description Language (HDL) coding. Thus, the HIL was a co-simulation between the FPGA and Simulink. However, some limitations could be mentioned. For example, the use of the vector control scheme for the speed control was not justified, and the method for tuning the proportional and integral gains was not detailed. The system model only considered the parameters of the PMSM, and the other elements of the scooter were fixed, such as mass and load. Finally, the control of the modeled system was analyzed, considering a fixed velocity reference from the New European Duty Cycle (NEDC), and the highway section of the cycle was not considered. In this same line, a HIL platform was developed in [25] for a hybrid electric scooter (HES) with the purpose of using a fuzzy control that managed three power sources. The dynamic of the HES was of a low-order but considered several subsystems such as a spark–ignition engine, a high-power traction motor, an integrated starter generator, a high-power battery module, transmission, and a longitudinal vehicle dynamic. Nonetheless, some drawbacks were observed, such as the 73 inference rules for fuzzy control, which were classically defined for the seven operation modes without adaptability of the rules and requiring expert knowledge for defining them. Additionally, the operating conditions of the considered model were fixed as constant, limiting the analysis of the system’s response under realistic environments. Finally, only the speed of the HEV was considered as the control variable, despite the different feedback signals based on torque to indirectly define the vehicle’s speed. From the reported literature, the HIL systems were excellent tools that allowed effective testing of their analogous physical systems (without having the real system itself). They could include elements or parts that analytical modeling could not, which were excellent characteristics if rapid developments requirements were demanded. Nevertheless, some aspects are still required to be addressed, such as the type of control strategy, its design and tuning, and the modeling of the systems because it still assumes some conditions as constant or negligible, etc.



From the analysis of the works reported in the literature, it can be observed that most of the models used for describing the physical systems are analytical, and, normally, they do not represent the complete system. In many cases, the model is focused on a specific part or element, for instance, the motor, the drivers, the converter, etc. By its part, the models that consider a complete electric vehicle system are very complex, their implementation is far from reality, and they are limited because they do not consider variations in their parameters during operation and dynamic simulation. For example, during the model design of an integrated electric vehicle, some operating parameters are assumed as constant values, such as weight and a flat path, with the purpose of reaching a desired velocity and torque of the vehicle on its way. Another aspect is that many models are validated by simulation, and, in some cases, it is very complex to analyze realistic conditions. In this sense, the HIL systems can be an effective tool for addressing a simulation from a real perspective, and this is similar to what is known as digital twins, where a digital system is compared with the physical system for deep analysis.



The contribution of this work is the development of a model based on the Hardware-in-the-Loop (HIL) structure for a two-wheeler electric scooter, considering several changing operating conditions of the system. The model of the physical scooter considers the mechanical and the electrical parts as several subsystems such as the brushless direct current (BLDC) motor, the power inverter of the motor based on a bidirectional converter, the mechanical structure, the battery, etc. By its part, between the operating conditions that will be analyzed in the proposed model are the effects in the dynamics due to the masses of both the user and the mechanical structure, the motor speed and torque, the path profiles or conditions such as slopes, and the effects in the aerodynamics due to environmental factors such as wind speed. Further important aspects in the proposed HIL approach are the control structures applied for the proper operation of the electric scooter on the bidirectional converter and for the compensation to the motor in order to achieve the desired velocity and torque when an operating condition changes. It must be highlighted that the controller’s tuning is carried out through a heuristic approach based on genetic algorithms (GAs). Four case studies, where variations in the wind speed, the mass of the system, path profile variation, and combined conditions are analyzed. The obtained results through the HIL platform demonstrate that the optimization scheme on the system controllers allow the improvement of the operation of the electric scooter without compromising the integrity of a physical system and its security aspects.




2. Materials and Methods


In the following subsections, the theoretical foundations and the methodology followed for the development of the HIL platform for a two-wheeler electric scooter considering changing operating conditions of the system will be described.



2.1. Two-Wheeler Electrical Scooter Model


Figure 1 shows a general block diagram remarking on two main parts considered in the proposed HIL platform such as (i) the operating conditions and (ii) the system of the two-wheeler electric scooter.



From Figure 1, the first block of the proposed HIL system is the operating conditions. The conditions are determined by the forces interacting with the electric scooter’s displacement, such as the friction force generated between the wheel and the path relief, the resistance caused by the wind speed, and the acceleration force required by the vehicle to keep the movement. These operating conditions consider the parameters of the system mass, the wind speed, and the path slope (inclination angle with respect to the horizontal plane) as inputs. Regarding the path slope, this parameter implies the possible presence of the slopes in the path that the two-wheeler electric scooter can face, affecting the speed and the torque directly. Therefore, the scooter must be capable of compensating for the effects of the system’s operation due to the slopes and their inclinations; naturally, it is expected that the velocity must be guaranteed as constant when a slope appears in the trajectory of the scooter. In relation to the system mass, this parameter considers both the mass of the mechanical structure (including the batteries with the other subsystems) and the mass of the user driving the electric scooter. The total mass is analyzed from the viewpoint of the affectations in the system’s dynamic behavior when this parameter is changed because the mass variations could be assumed as very insignificant in real conditions. By its part, the wind speed parameter implies the affectation in the system displacement velocity due to the aerodynamics modified by the user through their width and height.



The second block of the diagram is the two-wheeler electric scooter that was integrated by several subsystems: the battery, bidirectional buck-boost converter, inverter, BLDC motor, converter controller, BLDC controller, PID tuning based on genetic algorithms (GAs), and wheel. A lithium battery was chosen for the voltage and current source used for feeding the electric scooter. The battery had a capacity of 24 V and 30 A. Thus, the battery provided the voltage     D C   b     for the bidirectional buck-boost converter but also the battery received the recovered energy through the regenerative braking. On the other side, the bidirectional buck-boost converter was a type of DC-to-DC converter that operated in two ways: the boost mode (the voltage was increased) and the buck mode (the voltage was reduced). In the boost mode, the converter received the supplied voltage by the primary source, which was the battery, and its purpose was raising the voltage up to 48 V, which fed the inverter, keeping a constant value, allowing the BLDC motor to work on propelling the scooter. Meanwhile, in contrast, the buck mode worked when the electric vehicle needed to slow down or brake, allowing the recovery of the mechanical energy converted to electrical energy because the motor operated similar to a generator, being a secondary source of the converter. Then, the electrical energy recovered remained constant despite the changes produced in the supplied voltage by the motor, keeping the potential difference of the battery. The bidirectional connection between the buck-boost converter and the inverter was represented as     D C   m    . Now, regarding the inverter, it performed the voltage conditioning from direct current (DC) to alternating current (AC) in three lines. This signal conditioning was performed through the H-bridge structure by using metal-oxide semiconductor field effect transistors (MOSFETS) with high powers for feeding a sinusoidal wave voltage signal to each one of the three motor windings, represented as   A , B , C   lines. Regarding the BLDC motor, this was a type of permanent magnet electric machine, with direct traction and an outer rotor coupled to the electric vehicle wheel, having high torque and allowing for the energy recovery. The internal hall sensors allowed the adequate commutation of the BLDC motor through the inverter and provided information about its rotation direction. Now, for the case of the converter controller subsystem, it was in charge of generating the pulse width modulation signal     p w m   c     required by the bidirectional converter with the purpose of operating in the modes buck or boost. To achieve this, the controller was implemented as a cascade scheme with Proportional + Integral + Derivative (PID) actions to accomplish a level current and voltage required by the bidirectional converter. This way, the internal closed-loop applied a PID control for the current, and the external closed-loop applied a PID control for the voltage. By its part, the BLDC controller subsystem was in charge of achieving the desired velocity and torque in the motor. To meet this goal, the control scheme was also a cascade structure, being the internal PID loop dedicated to the torque and the external PID loop to the velocity. Last but not least, the PID tuning based on the GA adjusted the gains of the controllers through a heuristic approach, where the signal error of the voltage and current     e   c     and the error of the torque and velocity     e   m     achieved were used in the objective functions for the gain’s adjustment. The outputs of this subsystem were the optimized gains for the controller converter     G a i n s   c     and the gains for the BLDC controller     G a i n s   m    .




2.2. System Dynamics Modeling


As it was mentioned, the two-wheeler electric scooter was integrated by several subsystems to know the battery, bidirectional buck-boost converter, inverter, BLDC motor, converter controller, BLDC controller, the tuning based on genetic algorithms (GAs), and the wheel. In this section, the analytic models of some of the subsystems in Figure 1 will be explained in detail, as these models were implemented in the HIL platform. Hence, beginning with the electric model of the BLDC motor that had a three-phase “Y” configuration in the stator windings [26], which is presented in expression (1):


         V   a         V   b         V   c        =        R   a     0   0     0     R   b     0     0   0     R   c               i   a         i   b         i   c        +      L − M   0   0     0   L − M   0     0   0   L − M        d   d t          i   a         i   b         i   c        +        e   a         e   b         e   c         



(1)




where the parameters involved in the motor dynamics are the phase voltages     V   a    ,     V   b    , and     V   c    ; the stator winding resistances     R   a    ,     R   b    , and     R   c    ; the stator currents     i   a    ,     i   b    , and     i   c    ; the stator inductance   L  ; the mutual inductance between the stator windings   M  ; and the electromotive forces     e   a    ,     e   b    , and     e   c    . Now, the corresponding mechanical model of this BLDC motor [26] is presented in Equation (2):


    T   e   =   T   L   + J ·   d   ω   m     d t   + B ·   ω   m    



(2)




where     T   e     is the motor torque with units in   N · m  ;     T   L     is the load torque applied to the motor with units in   N · m  ;   J   is the inertia moment expressed in     k g ·   m   2    /  r a d    ;     ω   m     is the angular velocity of the motor measured in     r a d  /  s    ; and   B   is the friction constant of the motor.



To obtain the transfer function of the BLDC wheel motor, a phases conduction must be considered, for instance, between phases   a   and   b  ; therefore,     i   a   = −   i   b   = i  , where   i   is the current that flows between both phases [27,28]. This way, taking the currents from expression (1), the voltage between the phases   a   and   b   was obtained through Equation (3):


    V   a , b   =     R   a   +   R   b     · i + 2 ·   L − M   ·   d i   d t   +     e   a   +   e   b      



(3)







When both phases were active, they were equal in magnitude but with opposite directions; thus, (3) can be rewritten through (4), as follows:


    V   a , b   = 2 · R · i + 2 ·   L − M   ·   d i   d t   + 2 · e ∴ U =   R   l   · i +   L   l   ·   d i   d t   +   k   e   ·   ω   m    



(4)




where   U   is the applied voltage to the motor;     R   l     is the resistance;     L   l     is the inductance; and   e   is the electromotive force. All of these values were considered between the two phases. Additionally, the product of the angular velocity     ω   m     of the motor with the back-electromotive force constant     k   e     was the electromotive force   e  , according to the analogy in (4). By the other side, the motor torque could also be obtained by means of the torque constant     k   T     and the current between the phases   i   [29], as observed in (5):


    T   e   =   k   T   · i  



(5)







Next, by substituting (5) in (2), we have the expression of (6):


    k   T   · i =   T   L   + J ·   d   ω   m     d t   + B ·   ω   m    



(6)







Then, by assuming the relation of (6) with a torque of the motor under no load condition (    T   L   = 0  ), with the purpose of obtaining the system model without external affectations, it was possible to obtain the value of the current, as indicated in (7):


  i =   J     k   T     ·   d   ω   m     d t   +   B     k   T     ·   ω   m    



(7)







Now, the current   i   of (7) could be substituted in the equality of the right side in expression (4). Thus, by applying the Laplace transform to the resulting expression, the transfer function of the motor   G ( s )   is the ratio between the output, angular velocity     ω   m   ( s )  , input, and applied voltage   U  (s) [28], yielding the system model observed in (8):


  G   s   =     ω   m   ( s )   U ( s )   =     k   T       L   l   · J ·   s   2   +     R   l   · J +   L   l   · B   · s +     R   l   · B +   k   e   ·   k   T        



(8)







The parameters of the BLDC motor considered in this proposed work for the two-wheeler electric scooter are summarized in Table 1.




2.3. Operating Conditions Modeling


As it was previously mentioned, the two-wheeler electric scooter would be affected by external forces during the vehicle displacement. Figure 2 displays a free-body diagram of these external forces affecting the system’s dynamics, and the following expressions were obtained according to [30,31].



From Figure 2, the rolling force     F   t i r     over the horizontal plane between the BLDC motor wheel and the path surface, where the vehicle goes on its way, can be computed through (9):


    F   t i r   =   f   r   · m · g · c o s   α    



(9)




where     f   r     is the rolling constant force;   m   is the total mass of the manned vehicle;   g   is the standard acceleration of gravity; and   α   is the angle of the vehicle path with respect to the horizontal plane. Meantime, the expression to obtain the force due to the slope in the vehicle path     F   s l     is observed in (10):


    F   s l   = m · g · s i n   α    



(10)







Regarding the effects of the wind speed, when a user is driving the two-wheeler electric scooter, the wind causes a resistance in the vehicle displacement because the user characteristics, such as its height and width, modify the system aerodynamics. Thus, this resistance is a force     F   a e r     generated because the system’s aerodynamics are changed, and its effects are considered through Equation (11):


    F   a e r   =   1   2   ·   ρ   a   ·   a   v   ·   c   a r   ·   v   2    



(11)







From the equation,     ρ   a     is the air density;     a   v     is the contact area to the wind of the vehicle;     c   a r     is the aerodynamics resistance coefficient; and   v   is the linear velocity of the vehicle with respect to the wind speed.



Therefore, considering the effects of all these external forces interacting with the electrical scooter, and according to the Newton’s law, the sum of forces     F   s     must be equal to the system mass   m  , multiplied by the acceleration value   a  , as stated in (12) and rewritten as in (13):


   ∑    F   s   =     F   t   −   F   t i r   −   F   s l   −   F   a e r   = m · a  



(12)






    F   t   =   F   t i r   +   F   s l   +   F   a e r   + m · a  



(13)




where     F   t     represents the traction force of the motor wheel. By its part, the torque load     T   L    , or electromagnetic torque, applied to the BLDC motor of permanent magnets with synchronous rotation can be computed by Equation (14):


    T   L   =   F   t   × r  



(14)




where   r   is the motor radius because the machine is a wheel motor ensemble of direct drive traction.




2.4. Hardware-in-the-Loop Proposed Structure


In this section, the main system and the subsystems that require detailed explanation for being implemented in the HIL simulation are described: the general system structure (two-wheeler electric scooter), the operation conditions’ sub block, the converter controller sub block, and the BLDC controller sub block. Therefore, the block diagram of Figure 3 shows the complete structure of the proposed HIL for testing the linear controllers tuned by the GA applied to a two-wheeler electric scooter BLDC motor. The description of the diagram begins with the voltage source, which is the battery type lithium with 24 V and 30 A feeding the bidirectional buck-boost converter. Now, regarding the bidirectional converter sub block, the input signals received are the pulse width modulation (PWM) of the converter controller and the signal that establishes the supercapacitor’s connection, named SCAP; this last signal also performs the commutation of the MOSFETs in the converter. Meanwhile, the corresponding outputs are the digital signals that give information about the supercapacitor voltage (VSCAP) and the input inductor current (I_IN), which, in turn, are connected to the converter controller sub block. By its part into the converter controller, in addition to the feedback signals VSCAP and I_IN, other input signals are received such as the reference voltage of the super capacitor (VREF_SCAP), the reference voltage of the BLDC motor (VREF_M), and the output voltage (Vo) of the bidirectional converter; this last signal is acquired by a measurement function given by the simulation software. The corresponding output signals are the previously mentioned PWM and SCAP. It is worth mentioning that the analogic signal Vo has a protection resistance of high impedance, with the function of discharging the energy storage components of the bidirectional converter to avoid damage and errors in the measure, connected in parallel.



Posteriorly, the voltage provided by the bidirectional converter supplies the motor inverter consisting in an H-bridge arrangement of MOSFETs generating the three-phase outputs A_OUT, B_OUT, and C_OUT, which, in turn, feed the BLDC motor. The parameters defining the BLDC motor dynamics are summarized in Table 1, but also this motor includes hall effect sensors into its case, represented in the diagram as M_out, providing the information about the rotation’s synchronism. Additionally, the BLDC motor sub block receives the variations in the torque determined by the operating conditions’ sub block. Concerning this last sub block (operating conditions), it receives the parameters of the total mass (MASS), the slope angle (THETA), the user characteristics such as height (HEIGTH) and width (WIDTH), and the wind speed (WS) as inputs. The last three parameters affect the displacement because they modify or impact the vehicle’s aerodynamics. Additionally, this sub block has a feedback input of the motor velocity through the input SPEED_IN provided by the hall sensors. Now, the BLDC controller sub block receives the following inputs, the velocity (SPEED_IN) and torque (TORQUE) values of the motor, the hall sensor signals (HALL_A, HALL_B, and HALL_C), and also the external signals stablished by the user such as vehicle start (EN), the reference velocity (SPEED_REF), the motor direction (DIR), and the breaking command (BREAK). Consequently, the BLCD controller establishes the driver’s commutation per phase, providing the corresponding synchronization signals A_IN, B_IN, and C_IN to the inverter. This inverter generates the output signals A_OUT, B_OUT, and C_OUT that are sent to the BLDC motor for controlling the rotation speed and torque. Regarding this motor, the implemented model is the transfer function observed in (8) that was obtained through Equations (1)–(7). Finally, the GA PID Tuner sub block performs the adjusting of the PID controller’s gains of both the bidirectional converter and the BLDC motor, having the error sets on each control as input parameters.



The block diagram of Figure 4 shows the part of the proposed HIL structure corresponding to the generated operating conditions affecting the behavior of the electric scooter such as the external forces specified in (13), which, in turn, depend on parameters such as the wind speed, the system’s mass, and the path’s slope angle. In first place, and for visualization purposes, the vehicle velocity SPEED_IN, with original units in radians per second (rad/s), is converted through the “Gain 2” function to units in kilometers per hour (km/h) displayed on the speed view. In second place, the force     F   a e r     of expression (13) is computed according to Equation (11) as follows. The “Gain 3” function performs the conversion of the original velocity units to meters per second (m/s), and this value is added to the wind speed value WS through the “Sum 2” addition function. This result is fed twice to the multiplication function “Product 1”, representing the velocity raised to power 2, but also the height and width of the user and the vehicle are fed to this block as a set representing the contact area exposed to the wind. Next, the air density and the aerodynamics’ resistance coefficient are considered in the function “Gain 4” to obtain the resulting force. In third place, the forces     F   t i r    ,     F   s l    , and the term   m · a   are computed through a factorization of Equations (9), (10) and (13), of course without the force     F   a e r    , as follows. The velocity of the function “Gain 3” is derivative, with respect to time, and the acceleration of the electric scooter is obtained with the function “Gain 6”. Meanwhile, this velocity is also used to specify the rolling constant force through the lookup table function “1D look-up Table 1”. Additionally, the “1D look-up Table 1” function defines the effects of the grounding friction force indirectly through the rolling constant force on the tire, caused by a change in the type of surface material on which the tire is rolling to. This look-up-table changes the rolling constant force, considering the grounding friction on the tire, depending on the vehicle speed and the type of surface (pavement, wood, dirt road, wet surface, etc.). By its part, the path slope angle is input to compute the sine and cosine values through the functions “Trigonometric function 1” and “Trigonometric function 2”, respectively. Regarding the cosine value, this is multiplied by the rolling constant force in the function “Product 2”, whose output is added to the sine value in the function “Sum 4”. This addition is multiplied by the standard acceleration of gravity through the function “Gain 5”, added to the vehicle acceleration in the function “Sum 3” and multiplied by the system mass in the function “Product 3”. In fourth place, the summatory of the forces     F   a e r    ,     F   t i r    ,     F   s l    , and the term   m · a   (traction force of the motor wheel) is obtained through the function “Sum 1” and multiplied by the motor radius through the cross product by means of the function “Gain 1” to obtain the torque load     T   L     applied to the BLDC motor, according to (14).



In Figure 5, the part of the proposed HIL corresponding to the bidirectional buck-boost converter controller is presented. This sub block has input data such as the desired voltage in the super capacitor VREF_SCAP and the feedback of the value of charged VSCAP. Thus, the difference between VREF_SCAP and VSCAP generates a signal error by means of the function “Sum 3”, which is connected to a PID controller considered for the buck mode of the converter. It is worthwhile to mention that this controller is isolated from those tuned by means of the GA approach, which means that this PID has fixed gains obtained through the empirical rules of Ziegler–Nichols because the operating conditions do not affect the converter in the buck mode since the motor is the energy source connected to the battery. The controller output is enabled through the function “Signal Switch 1”, which, in turn, is activated by the logic gates NOT and OR responding to the input source “buck”; this input defines the operation mode of the converter. Now, the controller output is compared in the function “Comparator 2” with a triangle waveform of the function “Triangular Wave Source 1” for generating the pulse width modulation (PWM) that is joined in the function “PWM Bus”. This PWM signal is used for maintaining the supercapacitor voltage of the bidirectional converter as constant as possible in the desired value required for its adequate internal operation. On the other hand, it is very important to mention that the voltage and current provided by the battery (24 V and 30 A) are increased to 48 V by the demanded current of the BLDC motor depending on the vehicle load in the converter boost mode. Therefore, to achieve these goals, a cascade control scheme of two PID regulators is implemented, being the internal PID loop applied to the control of the demanded current by the motor, and the external PID loop is applied to maintain the constant 48 V that could vary because of the operating conditions. The cascade control begins in the external loop with the inputs of the converter voltage reference VREF_M (48 V) and the voltage feedback of the converter VOUT, which are used to generate an error signal in the function “Sum 1” for feeding the controller “Voltage PID Controller”. It must be noted that the voltage error signal, stored in the global variable “eT”, will be sent to the sub block “GA PID Tuner” for the respective tuning process. Next, in the cascade scheme, the controller output of the external loop will be used as the new reference for the internal loop, then the real demanded current input I_IN is used to generate a signal error in the function “Sum 2” for feeding, in this case, the controller “Current PID Controller”. Similarly, as in the case of the voltage signal error, the current signal error, also stored in the global variable “eT”, will be sent to the “GA PID Tuner” sub block. Additionally, the final output of the cascade control is compared in the function “Comparator 1” with a triangle waveform of the function “Triangular Wave Source 2” for generating the respective PWM that will be joined in the function “PWM Bus”. However, this PWM signal is enabled, and the PID controllers are reset through the logic gate OR that responds to the input source “buck” (operation mode of the converter). The respective PWM signals of the function “PWM Bus” are connected to the bidirectional converter for its proper operation.



The proposed HIL includes another sub block consisting in the BLDC controller, which integrates a second cascade control that performs, in a preestablished order of the inverter, the logic commutation of the three-phase motor windings by means of two PIDs and a PWM, as observed in Figure 6. For this purpose, some inputs, such as a general enabling signal EN, the vehicle breaking command BREAK, the motor rotation direction DIR, and the feedback signals coming from the hall effect sensors that give the information about the winding’s activations HALL_A, HALL_B, and HALL_C, are considered. The objective of this controller is to guarantee the motor speed and the torque as constant desired values; thus, the internal PID loop of the cascade scheme is applied to keep a constant torque on the motor, and the external PID loop is applied to ensure the required speed on the electrical scooter. This way, the BLDC controller cascade scheme begins in the external loop with the inputs of the speed reference SPEED_REF and the speed feedback SPEED_IN of the motor, which are used to generate a speed error signal in the function “Speed Error” for feeding the controller “Speed PID Controller”. The speed error signal is stored in the global variable “eT”, and it will be sent to the sub block “GA PID Tuner” for the controller tuning process. Meantime, the controller output of this external loop is used as the reference for the internal loop, and the input TORQUE is used to generate a signal error in the function “Torque Error” for feeding the controller “Torque PID Controller”. Additionally, the torque signal error is stored in the global variable “eT”, and it will be sent to the sub block “GA PID Tuner”. Therefore, the final output of this cascade control is compared in the function “Comparator” with a triangle waveform of the function “Triangular Wave Source” for generating the respective PWM that will be used for the phase commutations. The output commutations are generated through the AND logic gates and bus functions, yielding the outputs A_SIGNAL, B_SIGNAL, and C_SIGNAL.



The last sub block of the proposed HIL is the GA PID Tuner, which has the purpose of adjusting the gains of the sub blocks corresponding to the converter controller and the BLDC controller. To do this task, a heuristic approach based on the Genetic Algorithms is implemented in the HIL for searching and optimizing the gains of the four PID controllers used in the two cascade schemes. Before implementing the GA, the hyperparameters depicted in Table 2 are considered.



Next, the implementation of the heuristic approach is performed according to Figure 7 and through the general steps described as follows [29,32]:



	
Step 1: Randomly generate an initial population. Every individual represents the three gains of a PID regulator (Proportional     k p   i    , Integral     k i   i    , and Derivative     k d   i    ). Where   i   = 1, 2, 3, …, and   p s   is the i-th gain of an individual from a total of   p s   individuals in the population. The length of the string representation per individual is   t   s   l    , each gain’s string length is specified in a fixed-point format, the searching ranges of the gains are given according to the fixed-point format, and initial values (seed values) are given through the tuning rules of Ziegler–Nichols (ZN), see Table 2. Thus, the random population is generated around the seed values.



	
Step 2: Evaluate the population’s fitness. The gains of every individual in the population are set on the PIDs of the corresponding cascade control scheme (Torque–Velocity or Voltage–Current), and their response performances are analyzed. For example, the error signals generated in the cascade scheme are stored in the global variable   e T  , which are the feedback to this sub block, and they are used in the objective function trying to minimize the error   e   k     with respect to its previous value   e ( k − 1 )  . From the cascade control scheme of Figure 7,     G   s   ( s )   represents the secondary process with the fast variable (Torque/Current);     G   m   ( s )   represents the main process with the slow variable (Velocity/Voltage); and     G c   s   ( s )   and     G c   m   ( s )   are the corresponding PID controller algorithms.



	
Step 3: Perform the selection of individuals according to their fitness values, which means that the individuals (controller gains) with the best performances will be sorted in descending order. The controller gains in upper positions are selected (elitist selection).



	
Step 4: Evaluate the stopping criterion. It is based on the maximum number of generations   G  . If satisfied, then go to Step 6; if not, then go to Step 5.



	
Step 5: Generate a new population. The initial population will be substituted by a new population created through the genetic operator’s crossover and mutation. The crossover operation is performed considering one crossover point. By its part, the mutation is applied considering one mutation bit having the mutation probability     m   p    , with the purpose of avoiding losing essential genetic information. Then, go to Step 2.



	
Step 6: The best solutions found are set as the gains of the controllers     G c   s   ( s )   and     G c   m   ( s )   in the cascade scheme.






As it can be noted from Figure 7, this heuristic approach is applied in both cascade control schemes.





3. Results and Discussion


3.1. Experimental Setup


The experimental setup for testing the proposed HIL structure is described in this subsection. A PC laptop with the Windows 10 operating system having the following hardware features was used for running the simulation environment. A total of 32 gigabytes (GB) of integrated random-access memory (RAM) running at 1666 megahertz (MHz) was used. The device processor was an Intel Core i7-8750H operating at a frequency of 2.2 gigahertz (GHz). Additionally, a dedicated graphics video card model NVIDIA GeForce GTX 1060 was used for running the simulations. In relation to the software used for implementing the hardware-in-the-loop structure for testing the linear cascade control schemes tuned by the GA applied on a BLDC motor used in a two-wheeler electric scooter, Typhoon HIL Schematic Editor version 2021.3 (×64) was used. The features considered for the BLDC motor were those summarized in Table 1.



Table 3 presents the matrix of experimentations that were carried out on the proposed HIL under different operating conditions. From table five, case studies are observed considering changes in the wind speed (CE1), changes in the slope angle theta (CE2), and combined changes, including the system’s mass, in the operating conditions (CE3, CE4, and CE5). Therefore, the first column of the table indicates the trial identifier; the columns 2, 3, and 4 are the parameter values of the operating conditions (MASS, WS, Theta); and the changes in the values can be observed for a same case study. Finally, the fourth column indicates the moment in which the parameter variation is made, expressed in seconds.



In addition, it is worth mentioning that the GA-PID Tuner operates iteratively during the HIL simulation; thus, the gains of the controllers in the cascade schemes are not constant, but they are adaptively adjusted. Therefore, for illustrative purposes, only an example of the gain’s optimization for the CE5 is displayed through the plots of Figure 8. This way, Figure 8a displays the variation in the controller gains for the cascade scheme Voltage–Current, whereas Figure 8b shows the adjustment of the controller gains for the cascade scheme Speed–Torque.




3.2. Results Obtained for the CE1


The first case study was defined for testing the proposed HIL and the linear cascade control schemes under changes in the operating conditions related to the force generated by variations in the system aerodynamics. As explained above, the effective contact area to the wind was mainly related to the user’s and electric scooter’s dimensions; thus, the wind speed would cause a resistance force during the vehicle’s displacement, affecting the current and voltage generated by the bidirectional converter and affecting the reference velocity and required torque. According to Table 3, in this case, the system’s mass was kept constant at a value of 100   k g  , there was no slope in the vehicle path (θ = 0°), and the wind speed was the variable parameter. Therefore, the electric scooter started its travel considering a wind speed against it of 9   k m / h  , but this speed suddenly changed to a value of 36   k m / h   after 2 s. The results obtained in applying the linear controllers in a cascade scheme are displayed in the plots of Figure 9.



From Figure 9, four plots arranged in rows can be noted. The first plot is the current provided by the bidirectional converter and demanded by the BLDC motor; the second plot, similarly, is the voltage provided by the converter to the motor; the third plot is the torque generated by the motor; and the fourth plot is the velocity reached by the scooter. It is worth mentioning that these variables (current and voltage of the bidirectional converter, torque and velocity of the BLDC motor) were of interest for all the posterior case studies, and only the parameters associated with the operating conditions would vary. Now, by analyzing the four plots in detail, the affectations in every variable due to the changes in the wind speed being slight, at a time instant of 2 s. In first place, the current graph presents an initial nominal value of 3.5   A  , a small disturbance that is quickly compensated for and vanished thanks to the controller, and a slight increment with a value of 6.9   A  . It must be noted that the current value must not necessarily have to return to its original level because the increase in the wind speed causes a resistance force that will be reflected by an increment in the demanded current of the motor. In contrast, the voltage graph has an initial value of 48.67   V  ; it also presents the same power disturbance vanished by the controller, but, in this case, the voltage remains approximately in the same level of 48.4   V  . Regarding the torque graph, it has a nominal initial value of 1.77   N · m  , then an increment to a value of 3.2   N · m   is observed. This increment is because the motor requires more power to overcome the resistance force caused by the wind. Last but not least, the velocity of the electric scooter starts with a nominal value of 12.48   k m / h  , then it is slightly reduced by this resistance force to 12.0   k m / h  , but the controller allows the system to reach the value of 12.42   k m / h   a half second later.




3.3. Results Obtained for the CE2


In the second case study, the proposed HIL and the linear cascade control schemes were tested for the operating conditions related to the force against the vehicle displacement due to variations on the path slope angle. As in the previous case, the slope angle theta would cause affectations in the variables of the current, voltage, velocity, and torque during the vehicle displacement. From Table 3, in this case, the system mass was kept constant at a value of 100   k g  , the wind speed remained constant with a value of 9   k m / h  , and the slope angle theta in the vehicle path was the variable parameter. Therefore, the electric scooter started its travel on a flat path, but, after 2 s, a slope with an inclination angle of 5.2° appeared. The results obtained of applying the linear controllers in a cascade scheme are displayed in the plots of Figure 10.



From Figure 10, the four plots, arranged in rows, represent the same variables as the previous case. Therefore, by analyzing the four plots in detail, the affectations in every variable due to the change on the path slope angle at instant time of 2 s are notorious. Here, the current graph starts with a nominal current of 3.55   A  , then a major disturbance that is quickly compensated for by the controller is observed, and also a big increment in the current level of the converter of 32.0   A   is observed. This new level of the current demanded by the motor is necessary to guarantee the motor’s operation during the electric scooter’s displacement on the slope. By its part, the voltage graph begins with a nominal voltage of 48.25   V  , then the power disturbance is minimized by the controller and keeps the voltage level at 48.28   V  . The torque graph reflects a big increment from approximately 1.77   N · m   to a value of 11.67   N · m   because the motor will require this new level of power to go up on this slope angle in the path. Finally, the velocity of the electric scooter is reduced from 12.47   k m / h   to a value of 8.3   k m / h   due to the slope, but the controller achieves that the vehicle reaches 12.51   k m / h   almost one second later.




3.4. Results Obtained for the CE3


In the third case study, the operating conditions were analyzed for the proposed HIL, and the linear cascade control schemes were the combinations of the parameters related with the external forces. In this case, the affectations of current, voltage, velocity, and torque during the vehicle’s displacement would be caused by the resistance force because of the wind, a slope in the path, and a reduction in mass. Now, according to Table 3, the system mass was reduced to a constant value of 80   k g  . Meanwhile, the wind speed and the slope angle theta were variable parameters. This way, the electric scooter started its travel in a flat path, with an initial velocity of 9   k m / h  , but a slope with an inclination angle of 5.2° appeared after 2 s, and the velocity increased suddenly to a value of 36   k m / h  . The results obtained of applying the linear controllers in a cascade scheme are displayed in the plots of Figure 11.



Figure 11 presents the corresponding plots of current, voltage, torque, and speed, arranged in rows, for the electric scooter. Through a deep analysis of the four figures, it can be noted the disturbance caused by the operating conditions changed at the 2 s time point, which was notorious, and some variables increased their magnitude. Hence, the graph of current presented an increment from 3.35   A   to 29.99   A  , and this new level of the current demanded by the motor was necessary to guarantee the motor’s operation during the electric scooter’s displacement on the slope. By its part, the voltage graph presented a disturbance that the controller tried to vanish to maintain the voltage at around 48.68   V   from its original value of 48.48   V  . The torque graph reflected a significative increment from 1.67   N · m   to a value of 11.03   N · m   because the motor would require this new level of power to go up through this slope angle in the path. Finally, the velocity of the electric scooter was reduced from approximately 12.46 km/h to a value of 8.56 km/h due to the slope, but the controller achieved that the vehicle reached 12.5   k m / h   almost one second later.




3.5. Results Obtained for the CE4


In the fourth case study, similar to the previous case, the affectations in current, voltage, velocity, and torque during the vehicle displacement would be caused by the resistance force because of the wind, a slope in the path, and a reduction in mass. According to Table 3, the system mass increased by 10   k g   with respect to the previous case, leaving a constant value of 90   k g  . The wind speed and the slope angle theta were still variable parameters. Thus, the electric scooter started its travel in a flat path with an initial velocity of 9   k m / h  , but a slope with an inclination angle of 5.2° appeared after 2 s, and the velocity increased suddenly to a value of 36   k m / h  . The results obtained in applying the linear controllers in a cascade scheme are displayed in the plots of Figure 12.



Figure 12 presents the corresponding plots of current, voltage, torque, and speed. As in the previous cases, the disturbance was notoriously observed at 2 s. In this case, the graph of current changed from 3.44   A   to 34.37   A  . By its part, the voltage graph presented a disturbance vanished by the controller that also maintained the voltage around 48.44   V   from its original value of 48.25   V  . The torque graph presented an increment from 1.72   N · m   to a value of 12.07   N · m  . Finally, the velocity of the electric scooter was reduced from approximately 12.47 km/h to a value of 8.29 km/h, but the controller ensured that the vehicle reached 12.5   k m / h   almost one second later.




3.6. Results Obtained for the CE5


In the fifth case study, similarly as the previous case, and according to Table 3, the system mass is newly increased 10   k g   with respect to the previous case, leaving a constant value of 100   k g  . The wind speed and the slope angle theta are still variable parameters. Therefore, the electric scooter starts its travel in a flat path with an initial velocity of 9   k m / h  , but after 2 s a slope with an inclination angle of 5.2° appears and the velocity increases suddenly to a value of 36   k m / h  . The results obtained of applying the linear controllers in a cascade scheme are displayed in the plots of Figure 13.



From Figure 13, the graph of current changes from 3.6   A   to 38.37   A  . The voltage graph presents a disturbance vanished by the controller that also maintains the voltage around 47.84   V   form its original value of 48.27   V  . The torque graph presents an increment from 1.77   N · m   to a value of 13.10   N · m  . Finally, the velocity of the electric scooter is reduced from approximately 12.47 km/h to a value of 8.05 km/h, but the controller achieves that the vehicle reaches 12.49   k m / h   almost one second later.



In summary, from Figure 11, Figure 12 and Figure 13, the system’s behavior was very similar between these plots. However, as the system’s mass was changed between these cases by 10   k g   of difference in each one, proportional changes were observed in the analyzed variables as a consequence. For instance, the currents’ and torques’ ranges were increased in accordance to the system’s mass increases, but also the electric scooter’s velocity was reduced proportionally as well. Only the voltage behaved very similar for these last three cases. Now, regarding the controllers in the cascade schemes’ performance, it can be said that the two variables that needed to be guaranteed were accomplished, such as the case of the voltage level that was kept around 48   V   and the vehicle speed that was kept around the specified reference at 12.0   k m / h  . For the variables of current and torque, these were incremented according to the system’s demand, with the purpose of compensating for the operating condition variation.




3.7. Comparison with a Classical PID Control Tuned through ZN, CE4, and CE5


For comparative purposes with a classical control, the results of the PID controllers tuned through the rules of Ziegler–Nichols (ZN) were included as an example of the advantages of this proposal, and only the corresponding case studies CE4 and CE5 were considered for this comparison. The plots of Figure 14 depict the model responses when the control scheme was not optimized through the GA technique, and the gains were not adaptively being adjusted, but, instead, the gains were obtained through the ZN rules. This way, Figure 14a shows the response of the cascade control schemes for the CE4, the graphs of current, voltage, torque, and speed appearing in descending order. Similarly, Figure 14b shows the corresponding graphs for the CE5.



From these graphs, significant variations in the response signals of every variable can be observed, and, for that reason, the values of these points of interest are shown, indicating bigger changes than those results obtained through GA for the same case. For example, in the time instant   t = 2  s   in both set of plots, the numerical values pointed with arrows show greater overshoots in the current signals (31.11 A and 41.90 A for the CE4 and CE5, respectively) in contrast with their analogous response obtained from the GA (which are very slight). By its part at the same time instant, the numerical values pointed with arrows show greater signal drops for the speed variables (6.43 km/h and 5.6 km/h for the CE4 and CE5, respectively) than their counterpart plots obtained by using the GA. A similar analysis can be developed for the voltage and torque variables.



Next, the following plots of Figure 15 show the error signals generated in the external loops of the cascade control schemes. For instance, the speed error is the difference between the speed reference and the real speed reached by the electrical scooter through the cascade Speed–Torque scheme. Meanwhile, the voltage error is the difference between the voltage reference (48 VDC) and the real voltage ensured at the bidirectional buck-boost converter through the cascade Voltage–Current scheme.



Figure 15a,b show the plots of the error signals corresponding to the speed and the voltage variables for the CE4 and CE5, respectively, when the cascade control schemes are tuned through the GA. Meantime, Figure 15c,d present the graphs of the error signals for the same two variables and for the same case studies, but when the cascade control scheme is tuned through the ZN rules. By observing the error plots in the time instant   t = 2  s   during a reference change, it can be noted that the graphs obtained through the GA had lower peak amplitudes than their counterpart ZN values in all cases. However, additionally, the plots of voltage errors obtained from the ZN rules took longer times to remove the effects of the reference changes than their analogous results by using the GA. The reasons for why only the speed and voltage variables were displayed without considering the internal loops of the cascade schemes were because the references for the torque and current signals were dependent on the outputs of the external loop controllers. Thus, these signals would not have intuitive variations since the final speed reached by the scooter depended on the torque demanded, and the current demanded from the bidirectional buck-boost converter still required keeping the voltage constant.



Finally, with the objective of providing a quantitative performance analysis, a numerical representation of the plots of Figure 15 is presented through the values of Table 4. The mean square error (MSE) is the feature considered for the analysis. It is obtained from the error signals generated by using the GA and those signals generated by using the ZN. It can be observed with more clarity that the MSE values are lower for the speed and voltage when the tuning process of the cascade control schemes is performed by the GA PID Tuner. In fact, the relative response improvements in reducing the MSE, with the cascade control schemes tuned by using the GA with respect to the classical tuning through the ZN rules, are of 20.53% for the speed and 52.02% for the voltage, respectively, in the CE4. On the other hand, the corresponding relative response improvements (GA Vs ZN) are of 31.72% for the speed and 63.70% for the voltage, respectively, in the CE5.





4. Conclusions


This paper presented the development and implementation of a hardware-in-the-loop (HIL) simulation focused on cascade linear PID controllers, tuned by genetic algorithms (GAs), applied to the BLDC motor used in a two-wheeler electric scooter. The proposed HIL platform allowed us to develop a fast and secure design of physical systems without the need to have the real system and, of course, without compromising the physical system’s integrity. On the other hand, in the proposed HIL, two cascade PID controllers were implemented and applied in two subsystems of the electric scooter, which were the bidirectional converter and the BLDC motor. These controllers were designed with the purpose of guaranteeing the electric scooter requirements for its proper operation, similar to the electrical source that provided demanded current and a constant voltage or in the power inverter for maintaining a constant speed with changes in torque. From the results, it could be concluded that the controllers had good performances since the voltage of the converter and the reference velocity of the scooter were regulated around their references (48   V   and 12   k m / h  ). Even considering that operating conditions were changed through parameters such as mass, wind speed, and slope angle, affecting the system’s behavior, the controllers worked very well, and it could be achieved because of the controller gain optimizations through the heuristic tuning based on the GA. In future work, other aspects of this type of electric vehicle will be addressed, such as the part of energy recovery through regenerative braking. Additionally, additional operating conditions could be added to the proposed model, such as sudden braking or emergency stops, path rugosity, etc.
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Figure 1. General block diagram of two-wheeler electrical scooter, subsystems, and operating conditions considered. 
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Figure 2. Free-body diagram of the external forces affecting the two-wheeler electric scooter’s displacement. 
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Figure 3. Complete structure of the proposed HIL system for the linear controllers, tuned by the GA, applied to the two-wheeler electric scooter BLCD motor. 
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Figure 4. Operating conditions subsystem into the HIL structure. 
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Figure 5. Converter controller subsystem into the HIL structure. 
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Figure 6. BLDC controller subsystem into the HIL structure. 
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Figure 7. GA PID Tuner block diagram. 
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Figure 8. Plots of the adaptive gains variation through GA PID Tuner into the HIL structure of the CE5, (a) in gains of the cascade control Voltage–Current and (b) in gains of the cascade control Speed–Torque. 
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Figure 9. Results of the case study CE1 in the HIL simulation, compensation of the linear controllers in a cascade scheme applied to the BLDC motor used in the two-wheeler electric scooter. 
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Figure 10. Results of the case study CE2 in the HIL simulation, compensation of the linear controllers in a cascade scheme applied to the BLDC motor used in the two-wheeler electric scooter. 
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Figure 11. Results of the case study CE3 in the HIL simulation, compensation of the linear controllers in a cascade scheme applied to the BLDC motor used in the two-wheeler electric scooter. 
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Figure 12. Results of the case study CE4 in the HIL simulation, compensation of the linear controllers in a cascade scheme applied to the BLDC motor used in the two-wheeler electric scooter. 
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Figure 13. Results of the case study CE5 in the HIL simulation, compensation of the linear controllers in a cascade scheme applied to the BLDC motor used in the two-wheeler electric scooter. 
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Figure 14. Results of the control schemes tuned through the rules of ZN (a) in system responses for the CE4 and (b) in system responses for the CE5. 
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Figure 15. Error plots from the cascade schemes external loops (for all the cases Speed and Voltage) (a) in error signals reached with the GA approach CE4, (b) in error signals reached with the GA approach CE5, (c) in error signals reached with the classical ZN approach CE4, and (d) in error signals reached with the classical ZN approach CE5. 
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Table 1. Parameters of the BLDC motor considered on the two-wheeler electric scooter.
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	Parameter
	Value
	Units





	Voltage,   U  
	48
	     V   D C     



	Power
	350
	   W   



	Back-electromotive force constant,     k   e    
	17.1
	     V  /  k r p m     



	Resistance,     R   l    
	387.1205
	   m Ω   



	Inductance,     L   l    
	0.8646
	   m H   



	Poles number
	15
	-



	Slots number
	27
	-



	Moment of Inertia,   J  
	18.8776
	   k g ·   m   2     



	Friction constant,   B  
	0.028
	   N · m · s   
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Table 2. Hyperparameters considered for the implementation of the GA.
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Parameter

	
Value






	
Generations number,   G  

	
100




	
Population size,   p s  

	
20




	
Mutation probability,     m   p    

	
0.1 (10%)




	
Total string length,   t   s   l    

	
64 bits




	
Crossover operation

	
1 point




	
Mutation operation

	
1 bit




	
Controller Gains Searching Range




	
Gain

	
Torque

	
Velocity

	
Voltage

	
Current




	
Format/Range

	
Initial

Value

	
Format/Range

	
Initial

Value

	
Format/Range

	
Initial

Value

	
Format/Range

	
Initial

Value




	
Kp

	
6.14 bits/

[0, 64)

	
25.5864

	
6.16 bits/

[0, 64)

	
17.4758

	
3.17 bits/

[0, 8)

	
0.018

	
6.18 bits/

[0, 64)

	
0.018




	
Ki

	
8.16 bits/

[0, 256)

	
106.6098

	
6.18 bits/

[0, 64)

	
2.6732

	
9.15 bits/

[0, 512)

	
12.2158

	
18.6 bits/

[0, 262,144)

	
11.9482




	
Kd

	
1.19 bits/

[0, 2)

	
0.0023

	
1.17 bits/

[0, 2)

	
0.0100496

	
1.19 bits/

[0, 2)

	
6.6307 × 10−6

	
1.15 bits/

[0, 2)

	
6.7792 × 10−6
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Table 3. Experimental configuration for the operating conditions changes in the experimentations.
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Experimental Trial

	
Operating Conditions

	
Time




	
System Mass (MASS)

	
Wind Speed (WS)

	
    Slope   Angle   ( θ )    






	
CE1

	
100 kg

	
9 km/h

	
0°

	
t < 2 s




	
36 km/h

	
   t ≥ 2  s   




	
CE2

	
100 kg

	
9 km/h

	
0°

	
t < 2 s




	
5.2° (10%)

	
   t ≥ 2  s   




	
CE3

	
80 kg

	
9 km/h

	
0°

	
t < 2 s




	
36 km/h

	
5.2°

	
   t ≥ 2  s   




	
CE4

	
90 kg

	
9 km/h

	
0°

	
t < 2 s




	
36 km/h

	
5.2°

	
   t ≥ 2  s   




	
CE5

	
100 kg

	
9 km/h

	
0°

	
t < 2 s




	
36 km/h

	
5.2°

	
   t ≥ 2  s   











[image: Table] 





Table 4. Performance comparison between proposed GA-based approach and classical ZN method.
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Case Study

	
Mean Square Error (MSE)




	
Speed GA

	
Speed ZN

	
Voltage GA

	
Voltage ZN






	
CE4

	
3.891

	
4.6898

	
2.8113

	
4.2736




	
CE5

	
3.7741

	
4.9713

	
2.7945

	
4.5747
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