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Abstract. 
The integration of a flywheel as a power handling can increase the energy storage capacity and reduce the number of battery charge/discharge cycles. Furthermore, the ability of recovering energy of the vehicle during breaking can increase the system efficiency. The flywheel-based all-electric driveline investigated here has its novelty in the use of a double-wound flywheel motor/generator, which divides the system in two different voltage levels, enhancing the efficiency of the electric driveline. The connection of two AC electrical machines (i.e., the flywheel and the wheel motor) with different and variable operation frequency is challenging. A power matching control applied to an AC/DC/AC converter has been implemented. The AC/DC/AC converter regenerates the electric power converted during braking to the flywheel machine, used here as power handling device. By controlling the power balance, the same hardware can be used for acceleration and braking, providing the reduction of harmonics and robust response. A simulation of the complete system during braking mode has been performed both in Matlab and Simulink, and their results have been compared. The functionality of the proposed control has been shown and discussed, with full regeneration achieved. A round-trip efficiency (wheel to wheel) higher than 80% has been obtained.


1. Introduction
There is a clear trend in the automotive industry to use more electrical systems in order to satisfy the ever-growing vehicular load demands. Automotive electrical power systems are expected to undergo a drastic change in the next 10–20 years [1].
In electric vehicles reported in the literature, the power is transferred from the wheels directly to the main energy storage device (e.g., batteries) during regenerative braking [2]. Traditionally, the battery is directly connected to the wheel motor [3].  However, the combination of a primary energy source, for example, batteries, and a power buffer can be used to meet the peak energy/power requirements of an electric vehicle. Electric vehicle traction systems that combine a supercapacitor or flywheel peak power buffer with the battery energy source are also called dual power sources.
The battery-supercapacitor combination for vehicular applications has been reported in the literature [4–7]. Results claim that supercapacitors offer high internal efficiency and can be charged and discharged a large number of times without performance deterioration. However, the supercapacitor kW/h cost is estimated to be between 10000–20000∖$/kWh. Flywheels, on the other hand, have a kW/h cost estimated between 500–1000∖$/kWh [8, 9]. Furthermore, flywheels offer steady voltage and power level, independent of load, temperature, or state of charge; no chemistry is included, thus no environmental pollution associated and efficiency and life cycles similar to the ones presented for supercapacitors [10, 11].
Regenerative braking can recover energy when the speed of the vehicle is reduced. Kinetic energy is then converted and stored, reducing power dissipation into heat and particles which are dangerous to environment and health [12], as in conventional brakes. In urban driving, between one third and half of the energy consumed is lost when braking [13]. However, today the practical limit of kinetic energy recovery in electric vehicles is low, about 40%, depending on numerous factors, such as the state of charge of the battery or how many wheels are equipped to use the regenerative braking system [14].
If a power buffer is used, it can handle all the great variations in power from the wheels instead of transferring them to the battery. It can, therefore, increase the overall efficiency of the regenerative braking [15]. Published results have demonstrated a round trip efficiency of around 60% for battery-supercapacitor systems [6, 16], being the control strategy required for regeneration complicated, since the supercapacitor initial conditions should be continuously monitored. 
The system discussed here connects the wheel motor to an intermediate flywheel motor/generator, which works as a power handling device. In this way, during regenerative braking, all the power is absorbed by the flywheel, and the battery is not charged at all. 
The present paper focuses on efficient recovery of the braking energy in order to improve the system efficiency, especially for stop-go driving pattern in urban areas. The control strategy has been designed to absorb the power generated by the wheels during braking with the flywheel machine. The power flow during a drive cycle when the speed of the vehicle is decreasing has been calculated and used in a complete simulation of the system in Simulink. The simulation parameters have been chosen to match our experimental setup, which has already been tested during traction mode [17]. 
The paper is outlined as follows: Section 2 presents a description of the system studied. Section 3 presents the control scheme and design criteria of the AC/DC/AC converter. The converter has been separated in rectifier and inverter sides to simplify its analysis. Section 4 shows the simulation results from both the Matlab and the Simulink models.
2. Overall System Description
The flywheel system is physically divided in two voltage levels through the flywheel machine stator windings. Each side connects the flywheel machine to another component of the system (e.g., battery or wheel motor). The connection is made through power converters, which convert the input/output signal to the shape and frequency needed for coupling the system.
Batteries can thereby be optimized with respect to their energy density. The power peaks are provided/absorbed by the flywheel during acceleration/braking. The battery is not exposed to frequent charge/discharge cycles. All the advantages will increase battery life, reduce the size of the battery pack, and increase its energy storage capabilities [18]. A schematic representation of the proposed flywheel system is shown in Figure 1. 







Figure 1: A schematic figure of the electric driveline system with an integrated flywheel machine.


A two-voltage-level machine can operate simultaneously as a motor and a generator between two power buses at different power rates [19]. The turn ratio determines the back EMF of the voltage sides. 
An AC/DC/AC converter connects the wheel motor to the flywheel high-voltage (HV) side windings, as shown in Figure 1. When the vehicle is in traction mode, the power flows from the battery to the wheels. Smooth power is extracted from the battery, while the flywheel supply the power peaks required during a drive cycle. During braking mode, the power flows from the wheels to the flywheel machine. 
Little has been reported in the literature about the connection and control of two three-phase AC machines with different and variable speed of operation. Static three-phase to three-phase power converter for an AC drive on the utility line has been reported [20, 21]. Although the induction machine is here controlled with variable speed, the utility line corresponds to an infinite bus, with constant frequency and voltage. Low-power application of single-phase to three-phase AC/DC/AC is reported in [22]. Three-phase DC/AC inverters used in traction (locomotive) are supplied by a power net (pantograph) either DC or monophase AC, as described in [23]. In the case of AC supply, the (monophase) net is connected to the three-phase DC/AC inverter through a transformer and an AC/DC rectifier.
Conventional control of AC/DC/AC converters is usually implemented with the load side converter controlling the machine speed and the source side converter controlling the DC-link voltage [24, 25]. Load power estimation can be implemented on the load side to balance the power flow between the source and the load, combined with DC-link voltage control [26, 27]. 
In the case of battery-supercapacitor systems, a DC/DC converter is required to accommodate the variability of voltage of both the supercapacitor and the motor/generator. The DC/DC converter and control are required to govern the state of charge of the supercapacitor, which depends on the vehicle speed [6].  After the DC/DC conversion, a DC/AC converter is required if the system is to be connected to an AC machine [7].  
In the present flywheel system, the charge of the flywheel machine is controlled via the LV side converter. Therefore, the control of the flywheel-wheel motor link only consists of regenerate the highest amount of power as possible, by balancing the power produced during braking and the power absorbed by the flywheel machine. Limitations for regeneration are based on the voltage levels of the system, which are to be discussed in the next section.
2.1. System Description
The system voltage levels and the machines nominal speed, based on the scaled experimental setup which is currently under construction [17], are shown in Table 1. The voltage induced on the HV side is 3 times higher than the voltage induced on the LV side.
Table 1: Voltage at the nominal speed of the flywheel and wheel machine.
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	Speed, 
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		5 000 rpm		750 rpm
	



The converter connected to the wheel machine side (second DC/AC converter in Figure 1) operates as a controlled rectifier during braking mode. The six diodes must be polarized negatively at all values of instantaneous AC voltage supply to have full control of the operation of the rectifier [28]. Otherwise, the diodes will conduct and the controlled rectifier will behave as a common diode rectifier bridge. To keep the diodes blocked, the voltage over the DC-link is set higher than the peak DC voltage generated by the diodes alone when the wheel machine is rotating at its maximum speed (around 1000 rpm). The DC-link voltage has been set to 300 V. 
Furthermore, the DC-link voltage has to be higher than the HV side voltage in order to send energy back to the flywheel. At nominal speed, however, this difference is small, as can be seen in Figure 2. The HV side can be connected to the LV windings of the flywheel in order to be able to send a larger amount of power back to the flywheel during regenerative braking (if the battery is disconnected from the system during braking mode). In this way, a higher difference of potential is obtained.





	
		
			
		
		
			
		
		
			
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
		
			
		
			
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
		
	


Figure 2: Peak voltage produced by the flywheel and the wheel machine, respectively, versus rotational speed and DC-link voltage.


The machines’ output peak voltage versus the rotational speed is shown in Figure 2. Point A marks the maximum speed and voltage to be achieved by the wheel machine. Point B and C mark the nominal speed of the flywheel and the respective voltages to be produced by the HV and LV side. 
The DC-link voltage varies in proportion to the power regenerated during regenerative braking and with the speed of the wheel machine. The voltage difference between the DC-link and the LV side of the flywheel is an important limit for regeneration. 
3. Control Model  
A simulation of the AC/DC/AC converter on the HV side of the flywheel has been implemented in a Simulink model. During braking mode, the controlled rectifier (HV side DC/AC in Figure 1) regulates the wheel machine output currents. The inverter (HV side AC/DC in Figure 1) controls the power flowing into the flywheel by controlling the input current and, therefore, balances the power in the system. The converter analysis can be separated in rectifier and inverter sides.
3.1. Rectifier Side
The rectifier is a fully controlled 3-phase bridge. Active rectifier can, despite controlling the DC-link voltage, improve the power factor and reduce the harmonic content [29].
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) can be set to zero, if unity power factor is desired.
3.2. Inverter Side
Permanent magnet synchronous motors (PMSMs), as the flywheel machine used in the proposed system, are described by a multivariable, coupled and nonlinear model [30]. Therefore, 
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 transformation is used to transform these nonlinear equations into a linear state model. The electromagnetic torque equations of the PMSM in the rotating reference frame can be written as
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The present machine is surface mounted; therefore, 
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. The maximum torque per ampere for this machine is obtained by keeping 
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. The relevant equation of performance in this mode of operation is
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3.3. Power Balance Control
The presented regenerative braking control is obtained by controlling the wheel machine output power, which in 
	
		
			
				𝑑
				-
				𝑞
			

		
	
 coordinates can be calculated as
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. The power is estimated from a drive cycle simulation or, in practice, from an acceleration sensor. 
The inverter control attempts to send the same amount of power 
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							The control system block diagram of the HV converter during braking mode is shown in Figure 3.  Differently from other conventional control strategies with DC-link regulator [24–27], the proposed control strategy uses power estimation to balance the power flow in the flywheel-wheel link. Therefore, only current controllers are required, eliminating the need for the outer loops and voltage/speed controllers. Hysteresis current control is applied, providing fast dynamic response. 







Figure 3: Control system block diagram of the HV converter during braking mode.


If the input and output power are equal, no storage element in between is needed in an ideal case. Nevertheless, differences between the input and output power are inevitable in real systems (e.g., losses in the converter and in the wheel machine), and a storage element is needed for the functionality of the rectifier bridge. 
3.4. Determination of the DC-Link Capacitor
The electrical power delivered to the capacitor during a delay time can be approximated as [24]
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							The delay time can be estimated as the sum of rated step current response rise time, filter delay time, and computation delay of the current loop. If the delay time 
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4. Results
A general simulation of the flywheel-based system has been implemented in Matlab, based on drive cycle simulations [18]. The Matlab model does not go into the detailed component level, but it simulates drive cycles of several hours for the complete driveline. To balance the power flux between the source and the load, instantaneous power delivered to or from the load has to be known. The power 
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, which is the input to the simulation, is derived from a vehicle weighing 70 kg and with a front area of 1.1 m2. The air resistance coefficient 
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A Simulink model of the system illustrated in Figure 3 has also been implemented. The simulation allows a more detailed model of the system, but, due to computational limits, the simulation can only be run during a short time. The flywheel machine and the wheel machine have been modelled according to Table 1 in the implemented simulation.
The two simulation models of the system have been run according to the same drive cycle, which is shown in Figure 4. Model 1 represents the results from the Simulink simulation, while Model 2 is the Matlab equivalent model of the system. The comparison of both model is interesting, since it permits verify the control response, according to the results expected from the drive cycle simulations. The speed of the wheel machine is reduced completely electrically, and this reduction should follow the correct rates which are related to the size of the vehicle.





	
		
			
		
		
			
		
		
			
	
	
		
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	


Figure 4: Regenerated power used as reference power in the proposed control.


The variation of the load power is kept between 0 and 1.5 kW, values used when designing the DC-link capacitor. The average power produced during braking is 608 W. The actual speed of the car, calculated from the drive cycle simulations, is shown in Figure 5.





	
	
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	


Figure 5: Speed of the car, obtained from the drive cycle simulations.


The wheel machine, now acting as a generator, has an initial speed of 570 rpm, and the flywheel has an initial speed of 4780 rpm. The DC-link voltage is set to 300 V. The power extracted from the wheels is the reference value in the present simulation. The same reference power is used in both rectifier and inverter control, as previously shown in Figure 3.
The simulation parameters have been set based on our scaled experimental setup [31]. The inertia of the flywheel machine is 0.364 kg·m2, and the inertia of the wheel motor (combined with a second machine which represents the load) is 1 kg·m2.
Hysteresis current control has been implemented in Model 1, with a dead band of ±0.1 A.
The DC-link voltage, which varies under braking mode, is shown in Figure 6. As the power given to the capacitor and the power consumed by the flywheel are the same, the capacitor discharges to supply the system losses.





	
		
			
		
		
			
		
		
			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
	
	
		
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
	
	
		
	
	
		
		
	


Figure 6: DC-link voltage.


The final voltage over the DC-link is 260 V for both models, indicating a variation of around 250 J of the energy stored in capacitor, in 5 s. Thus, the average power out of the capacitor is 50 W. 
Measuring and calculating the efficiency for regenerative braking is not that obvious. One way of estimating it is by calculating how much of the actual braking energy is returned to the battery/flywheel for a certain drive cycle. Considering that the average power produced during braking is 608 W, the efficiency when transmitted from the wheels to the flywheel storage is around 92%, resulting in a round-trip efficiency (wheel to wheel) higher than 80%.
The speed of the wheel machine during braking is shown in Figure 7. Different falling rates correspond to different amounts of power which have been regenerated. 





	
		
			
		
		
			
		
		
			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
	
	
		
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
	


Figure 7: Speed of the wheel machine during braking.


The speed of the flywheel, shown in Figure 8, for both Models 1 and 2, is increasing due to the regenerated power. The speed of the flywheel increases less when compared to the variation in the speed of the wheel machine, since the flywheel has a higher initial speed and, consequently, a larger amount of energy stored.





	
		
			
		
		
			
		
		
			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
	
	
		
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
	


Figure 8: Speed of the flywheel machine during braking.


A statistical analysis shows that for all three simulations (Figures 6, 7, and 8) made in both Simulink (Model 1) and Matlab (Model 2), there is a statistically significant correlation between the two models. This means that the models react in the same way on the input given to them. The median of differences between the models though is statistically and significantly different from zero. This means that one of the models give lower values than the other for a given input.
Other results have been obtained from the simulated models besides the compared simulations shown in Figures 6, 7, and 8. The AC/DC/AC converter is connected to the LV side of the flywheel machine during braking mode in the Simulink model (Model 1). The LV side of the flywheel is operated as a motor and controlled, so its direct current (
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) is equal to zero. The power absorbed by the flywheel is then set by the value of the quadrature current (
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), as shown in Figure 9. It is shown that the current controller implemented is able to keep the currents equal to their reference values, independently of the load power variation during braking. 





	
		
			
		
		
			
		
		
			
		
			
	
	
		
	
		
	
		
		
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 9: Quadrature and direct current in the flywheel LV side, acting here as a motor.


Wheel machine output current and voltage are shown in Figure 10. The machine works as a generator, and it is connected to the controlled rectifier. Low harmonic content and unity power factor are obtained due to the controlled rectification and current control, respectively.





	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	


Figure 10: Wheel machine output current and voltage.


The DC-link voltage and the peak value of the line voltages (flywheel LV side and wheel machine), obtained from the Matlab model (Model 2), are shown in Figure 11. Initial voltage values are, following the relation between speed and voltages in the machines, showed in Table 1. 





	
		
			
		
		
			
		
		
			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
	
	
		
	
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	


Figure 11: Voltage over the DC-link and peak values of the line voltages in the machines.


The output voltages of both machines are lower than the DC-link voltage, and regeneration can only be fully achieved while this voltage difference exists. DC-link voltage is dropping in order to supply the losses in the system and should be recharged to 300 V when the next acceleration happens.
Future work consists of experimental implementation of the simulated control strategy, together with the complete flywheel-based driveline. The control strategy is then to be experimentally compared to other control strategies, with focus on the system functionality and efficiency.
5. Conclusions
A power balance control for AC/DC/AC converter applied in regenerative braking has been presented. The converter operates between two AC machines, both with variable frequencies and amplitudes.
A Matlab model has been implemented and simulated based on standard drive cycles and the equivalent circuit of the high-voltage side system. A detailed simulation of the system in Simulink was implemented based on the parameters of our experimental setup. 
The results of the simulations have been compared, showing good agreement. The results proved the functionality of the proposed control, and full regeneration can be achieved. 
The difference between the results of the two models can be attributed to the simplification of Model 2 in comparison with Model 1. In Model 1, different losses are considered, and not all of them vary with the same proportion (e.g., turn on/off losses in the switches and diode losses). Also, the inertia of the machines is not considered in Model 2, as the relation between speed and voltage is given directly. However, the results from both models show good agreement, with similar discharging rates in the capacitor and the same initial/final speed values in the machine. 
The proposed control allows robust response, where the speed of wheel machine is varied according to the power calculated from a drive cycle. Furthermore, the proposed control is simpler to implement than the normally used AC/DC/AC converter control strategies, since it does not require the outer loops.
According to the simulation results, a relatively high average efficiency was obtained (92%). The efficiency value is attributed to the high efficiency of the flywheel machine and the power electronics used. 
Simulation results also showed full control of the flywheel machine operation, with the direct current kept equal to zero. Unity power factor could be reached on the wheel machine side, with a reduction of the harmonic content usually produced when passive rectification is used.
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