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Abstract

:

Due to the dramatic growth of the global population, building multi-story buildings has become a necessity, which strongly requires the installation of an elevator regardless of the type of building being built. This study focuses on households, which are the second-largest electricity consumers after the transportation sector. In residential buildings, elevators impose huge electricity costs because they are used by many consumers. The novelty of this paper is implementing a Hybrid Energy Storage System (HESS), including an ultracapacitor Energy Storage (UCES) and a Battery Energy Storage (BES) system, in order to reduce the amount of power and energy consumed by elevators in residential buildings. The control strategy of this study includes two main parts. In the first stage, an indirect field-oriented control strategy is implemented to provide new features and flexibility to the system and take benefit of the regenerative energy received from the elevator’s motor. In the second stage, a novel control strategy is proposed to control the HESS efficiently. In this context, the HESS is only fed by regenerated power so the amount of energy stored in the UC can be used to reduce peak consumption. Meanwhile, the BES supplies common electrical loads in the building, e.g., washing machines, heating services (both boiler and heat pump), and lighting, which helps to achieve a nearly zero energy building.
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1. Introduction


In this modern era, energy plays an undeniable role in different aspects of people’s lives. Due to the growing rate of energy consumption, which imposes a huge cost to the electricity system, energy efficiency has become one of the main relevant fields in energy evaluation. Households constitute the second largest section of energy consumers [1]. Consequently, many studies have been conducted with the aim of achieving energy and cost-savings in buildings with different functions [2]. In this context, various control methods, such as the model-predictive method [3], demand response method [4], building management system [5], supervisory control and data acquisition system (SCADA) [6], and power-sharing model [7], have been investigated. As an effective solution, preventing the wasting of energy can help to achieve a nearly zero energy building and provide economic benefits [8]. Particularly in multistory buildings, elevators account for one of the main electricity demands at 3–10% based on the building type, such as residential, commercial, and industrial [9]. Unfortunately, this vertical transportation system has not been considered as a critical issue in terms of developing an efficient energy system for a long time. For instance, it has been customary to dissipate regenerative energy in the braking phase across an elevator’s resistor bank. However, back-to-back converters enable using regenerative energy to effectively reduce the amount of required power. Hence, using regenerated energy can be effective for both energy consumption and peak power reduction. Hence, there are three main approaches for using regenerative energy that are displayed in Figure 1:




	➢

	
Case a: Dissipate regenerative energy in the resistor bank (conventional elevators).




	➢

	
Case b: Return the regenerated energy to the main grid through a backup converter.




	➢

	
Case c: Apply energy storage systems (ESSs) to utilize the regenerated energy for the elevator’s motor operation or other issues.









As the most effective approaches, various solutions have been suggested to use regenerative energy (instead of wasting it) in elevator applications through the integration of ESSs. As an example, applying an ultracapacitor energy storage (UCES) with a control strategy to reduce its current ripple and consequently reach a higher energy saving level was investigated [10]. In [11], peak shaving and power smoothing in an elevator based on a high-efficiency power-converter topology was proposed. A comprehensive comparison between Flywheel Energy Storage (FES) and UCES is carried out in [12], the results of which show that the FES needs a higher initial cost and complex control strategy, while the UCES can be a convenient solution for this application because of a high lifetime, lower initial cost, and simple control strategy. As an interesting work, in addition to utilizing UCES and Battery Energy Storage (BES), a photovoltaic system as a second source (after the main grid) to have optimal and efficient energy management for an elevator system was applied [13]. The use of the elevator traffic flow model, with the aim of facilitating energy management and only implementing the UCES to increase the efficiency of elevators, was been published in [14] and [15], respectively.



An energy recovery system with improved power control and energy management capability based on UCES for elevator applications was investigated in [16]. The proposed system was connected to the DC link through a bidirectional DC/DC converter for storing and then recovering the regenerative energy.



Nevertheless, this paper evaluates the possibility of installing a Hybrid Energy Storage (HESS), including a BES and a UCES, with an elevator as the novelty of this paper that was not investigated before. The HESS is fed by only regenerative energy, which is obtained in the elevator’s braking phase. The UCES is utilized for peak reduction and the amount of its input and output energy in each cycle is almost equal because of the equal charging and discharging rates in a cycle. That means during a full lifting cycle, the UCES State of Charge (SOC) for the starting and ending time will be same.



The UCES is connected to the DC link via an exclusive DC/DC bidirectional converter. Notably, the BES aims to save energy for common usage of the apartment’s residents. The BES receives energy from the elevator in its regenerating mode through its DC/DC bidirectional converter and in long standby hours; for example during nighttime, it discharges to common appliances of the apartment, e.g., a washing machine, heating services (both boiler and heat pump), and lightings. It is noticeable that the BES has priority for energy receiving, and consequently, the UCES will charge only when the battery’s charging current reaches a threshold value. Although cutting peak demand is not an issue especially in residential buildings, it can be an effective solution for an overall peak reduction from the main grid’s point of view. As a result, the grid’s authorities can consider some incentives or cost-based rules which lead residents to follow energy reduction approaches. As elevators are the largest consumers of energy in residential buildings, special attention should be paid to this issue.




2. Elevator Operation


Four torque-speed quadrants in an elevator are defined in Figure 2. According to the mechanical power of motor formula P = T·ω, when both amounts of torque and angular speed are positive or negative, the operating areas are called forward motoring and reverse motoring phases, respectively. Also, if the speed value is positive and the torque value is negative, the operating area is forward braking, while if the speed and the torque values are negative and positive, respectively, the desired area is called reverse braking. In the braking areas, the rotor speed exceeds the speed of the stator rotating magnetic field and the power flow direction is reversed compared to the motoring operation, flowing from the motor to the DC link, as a result, the motor acts as a generator. The use of regenerative energy in elevators is one of the main approaches to optimize energy consumption in large complexes, which significantly reduces their energy consumption [17]. An elevator operates in two modes involving four operating cycles of cabin vertical movements:




	-

	
Motoring mode: This means that the motor is applying force and torque to lift, which is the heavy side of the balance system (e.g., raising the full load cabin).




	-

	
Generating mode: For this mode, the motor does not generate positive torque, but the system shifts with its weight (e.g., lowering the full load cabin).









In conventional elevators (Figure 1a), when the elevator is in the generating mode, a relay detects the direction of current, so it is possible to determine when the braking resistor is connected to the circuit. This is useful because checking the braking resistor itself is not a suitable method, both from technical and economic points of view. Also, the method of sending excess power to the main grid requires the design and implementation of a backup converting system, thereby imposing a considerable cost to the grid system authorities, while the obtained benefits are not comparable to the initial investment. Hence, this study proposes a HESS to use a considerable proportion of regenerative energy in elevators.



Therefore, in this research, the goal was assigned to minimize the consumed energy in elevators. In the first step, the drive system of the electric machines with energy recovery capability was simulated in MATLAB Simulink. The simulation shows that by designing a suitable control system, a significant part of the regenerative energy can be stored via the ESS in the elevator’s generating mode. The novelty of this paper is considering a HESS including a BES and a UCES. The control strategy applied in this paper operates in such a way that the amount of energy stored in the UCES will be used for peak load shaving in the motor and that of BES will be used for energy consumption reduction by supplying common load applications in the building.




3. Elevator Parameters Characteristics


As is mentioned, the elevator is equipped with a back-to-back converter and as a result, it can use the benefits of regenerative energy to cut extra energy consumption. The selected elevator motor is a three-phase squirrel cage induction type that is connected to the traction sheave through the gearbox and then to the elevator cabin. The elevator characteristics are presented in Table 1.



With the equation of motion, the behavior of acceleration, speed, torque, and power of the elevator motor in the four quadrants can be analyzed as follows in Equation (1).



In Equation (1), Te and TL represent the motor’s electromagnetic torque and load torque, each. Also, ω is the angular speed, a is the acceleration, and P is the output power of the motor. Figure 3 illustrates the power, speed, and torque of the elevator motor that is simulated for a 45-s cycle. During the complete 45-s cycle of the elevator, by considering the positive speed for moving the cab upwards and the negative speed for moving the cab downwards, in time intervals A and E, the cab speed increases in the up and down directions, respectively. There are incremental variations in speed, resulting in a positive amount of acceleration. Additionally, the total torque during interval A is positive and during interval E is negative. The time intervals A and E are included in the accelerating speed phase. At time intervals B and F, which are called the Steady-state phase, the speed of the cab reaches a constant value; thus, the speed changes and as a result, acceleration is equal to zero. The torque resultant at time intervals B and F is positive and the amount of electromagnetic torque becomes equal to the amount of load torque. Furthermore, during intervals C and G, due to the applied braking torque, which is opposite to the direction of the speed, the cab speed decreases resulting in the negative values of the acceleration. In this case, the total torque at interval C is negative and at interval G is positive. These intervals are called the decelerating speed phase. Finally, during interval D, the cab is at a standstill, resulting in zero speed and acceleration values. That is why this interval phase is called the Stationary phase.


   T e  −  T L  = j   d ω   d t   ⇒  {    A )  T e  >  T L  ( T > 0 ) ,   d ω   d t   = a > 0 , ω > 0 ⇒ P > 0 ⇒ M o t o r i n g   p h a s e     B )  T e  =  T L  ( T > 0 ) ,   d ω   d t   = a = 0 , ω > 0 ⇒ P > 0 ⇒ M o t o r i n g   p h a s e     C )  T e  <  T L  ( T < 0 ) ,   d ω   d t   = a < 0 , ω > 0 ⇒ P < 0 ⇒ G e n e r a t i n g   p h a s e     D )  T e  =  T L  ( T > 0 ) ,   d ω   d t   = a = 0 , ω = 0 ⇒ P = 0 ⇒ S t a t i o n a r y   p h a s e     E )  T e  <  T L  ( T < 0 ) ,   d ω   d t   = a = 0 , ω < 0 ⇒ P > 0 ⇒ M o t o r i n g   p h a s e     F )  T e  =  T L  ( T > 0 ) ,   d ω   d t   = a = 0 , ω < 0 ⇒ P < 0 ⇒ G e n e r a t i n g   p h a s e     G )  T e  >  T L  ( T > 0 ) ,   d ω   d t   = a < 0 , ω < 0 ⇒ P < 0 ⇒ G e n e r a t i n g   p h a s e      



(1)







Since there is a relationship between magnetic flux and torque in induction motors and they are interdependent, so with the change of torque, the magnetic flux will also change. Hence, it is not possible to control torque and speed independently. As a result, to separate the flux and torque equations, the vector method is used, which is the field-oriented control (FOC) method. The FOC controls the flux, torque, and speed of the motor. In FOC, unlike the scalar method, which deals only with the magnitude of the magnetic flux, it is also related to the angle of the field vector. Therefore, this control strategy is more accurate and reliable compared to the scalar method.



The vector control includes FOC and direct torque control methods. In this paper, the FOC with the indirect type method was used to control the induction motor of the elevator. It should be noted that the indirect field-oriented control (IFOC) method is the optimal method that is very efficient especially for high power motors, and due to the separation of currents on the d-q axes that leads to a reduction in losses and energy consumption, while in the scalar approaches, if the amplitude of the current increases, the ids increases proportionally with iqs, which since ids does not play a role in producing torque, causes a large quantity of losses. Hence, the IFOC is the adequate control strategy for the proposed system.



The basis of the FOC is based on the equations of voltage and linkage flux of stator and rotor on the d and q axes, while Equations (2) and (3) are obtained by Park transform:


  S t a t o r   E q u a t i o n s :    {     V  d s   =  R s   i  d s   + D  λ  d s   − ω λ q s        λ  d s   =  L  l s    i  d s   +  L m   (   i  d s   +  i  d r    )       V  q s   =  R s   i  q s   + D  λ  q s   + ω  λ  d s          λ  q s   =  L  l s    i  q s   +  L m   (   i  q s   +  i  q r    )       



(2)






  R o t o r   E q u a t i o n s :  {     V  d r   =  R r   i  d r   + D  λ  d r   − ( ω −  ω r  )  λ  q r          λ  d r   =  L  l r    i  d r   +  L m   (   i  d s   +  i  d r    )       V  q r   =  R r   i  q r   + D  λ  q r   − ( ω −  ω r  )  λ  d r        λ  q r   =  L  l r    i  q r   +  L m   (   i  q s   +  i  q r    )         



(3)







Equations (2) and (3) show the voltage and flux linkages relations of the stator and rotor on the d-q axes. Moreover, parameters Rs and Rr are ohmic resistances of the stator and rotor windings each. Also, ids and iqs are currents passing through the stator winding corresponding to axis d and q, and D is the derivative operator. Similarly, idr and iqr are currents passing through the rotor winding corresponding to axis d and q, and ω is the angular speed of the stator. The ωr is the angular speed of the rotor, λds and λqs are flux linkages of the stator on d-q axes, and λdr and λqr are flux linkages of the rotor on d-q axes. Finally, Lm represents magnetizing inductance, and Lls and Llr are leakage inductances of the stator and rotor, respectively. The FOC conditions, assuming rotor field control and λqr = 0, are as follow:




	
Supply the motor with frequency ω, based on Equations (2) and (3) following the formula:   ω =  ω r  + (  R r   L m  /  L r  ) . (  i  q s   /  λ  d r   )  .



	
If λqr = 0 then λ = λdr, which must be kept constant by the control system so that the changes in magnetic flux are zero.








In FOC, ids is the magnetic flux generating current and iqs is the torque generating current, as well as θf which is the angle of the rotor magnetic field. Equation (4) was used to implement the indirect (IFOC) [18] in which the θf is obtained by ωr. In Equation (4), Te* is an electromagnetic torque reference, ωsl* is the angular speed of slip, and θ is the angular position and both τr and KT are constant values.


     i  d s     *  = 1 + D  τ r   λ  d r     *  /  L m       i  q s     *  = ( 1 /  k T   λ  d r     *  ) .  T e    *       T e    *  =  k T   λ  d r     *   i  q s     *       ω  s l     *  = (  L m  /  τ r  .  λ  d r     *  ) .    i  q s     *       θ f  =  θ r  +  θ  s l   = ∫  (   ω r  +  ω  s l    )  d t      τ r  =  L  r /    R r      D θ = ω     θ = ω t +  θ 0     



(4)








4. ESSs Selection for Elevators


Nowadays, maintaining a power and energy balance [19], load leveling, and peak shaving [20] are huge challenges in power systems that the ESSs can deal with [21]. A comparison of the main ones such as UCES, BES, and FES is shown in Figure 4. As a general classification, the BESs are widely used for energy management applications (due to their high energy density), while the UCES and FES are suitable for peak shaving purposes because of their high power density [22]. As a comprehensive study, the applications of UCES [23], FES [24], and BES [25] were summarized in detail. In this paper, because of the existing peak powers and a noticeable amount of regenerative energy, a HESS based on UCES and BES was proposed. The most critical applications of UCESs are for peak shaving issues such as controlled electric drives [26], port cranes [27], hybrid excavator machines [28], and traction drives [29], while the BESs are usually used for energy management along with renewable energy sources [30,31,32], microgrids [33,34,35], and electric vehicles [36].




5. Control Strategies for the Case Study


Figure 5 shows the overall layout of a traction elevator, which consists of three main parts. First, the main grid is connected to a DC link through a three-phase rectifier. Then the HESS including BES and UCES is installed in the DC link by two exclusive bidirectional DC/DC converter as the second part. UCES exchanges power with the DC-link during both charging and discharging modes, while BESS receives the regenerative energy from the DC link (charging mode) and transfers it to the common loads (discharging mode). The motor is controlled by the IFOC strategy which is investigated in Section 5.1.



5.1. IFOC Strategy


Figure 6 reveals the block diagram of the IFOC. As is clear, the mechanical rotor speed, ωr, was added by slip speed, ωsl, which produced ωs. The integration of ωs by PI control block resulted in the field angle θf. Besides, the references ids and iqs were generated by the reference torque Te* and flux linkage λr* using the relevant formulas in Equation (4), which were compared with their actual values obtained from the Park transform block(abc/dq) to produce the error values. The errors were then processed by the PI blocks or current controllers to provide the stator reference voltages on the d-q axes (Vds* and Vqs*). Finally, the reference voltages and the field angle θf were given to the input of the inverse Park transform block (dq/abc), then the output was given to the PWM block to generate an inverter gating signal.




5.2. HESS Control Strategy


It is possible to manage power-sharing between ESSs and DC link by controlling the DC/DC converters. The BES is responsible for controlling the DC link voltage, while UCES supervises the output current according to the BES output current. As is shown, the UCES has two control strategy loops. The inner loop deals with fast responses, and the outer loop creates a reference value for the inner control loop. Based on Figure 7, the control strategy can work in three different conditions.



	-

	
Mode A: According to Figure 7a, when the system is faced with a high load demand, the BES is the first ESS to discharge. UCES will discharge if the BES current reaches a threshold current (IBES, th1). However, in charging mode, which happens in the case of a low load demand, both ESSs charge together and at the same time. UCES charging current was dynamically obtained according to BES charging current.




	-

	
Mode B: As is shown in Figure 7b, both UCES and BES discharge at the same time in the case of high-power demand. Nevertheless, the BES receives its charge first and when its charging current reaches another threshold (IBES, th2), the UCES begins to charge. Again, the UC current was determined based on the BES current (see Figure 8).




	-

	
Mode C: Based on Figure 7c, this mode is composed of modes A and B. When the load demand is high, the BES discharges first, and UCES discharges after the BES discharging current reaches IBES, th1. On the opposite side, in the case of low load demand, the BES is charged first and the UCES starts to charge when the BES charging current reaches IBES, th2.







As a result, this paper proposes a different control strategy for the HESS. As is shown in Figure 8, the suggested control strategy acts in such a way that BES discharges to the building’s common load instead of the elevator.



5.2.1. BES Control Strategy


Figure 9 illustrates the control strategy applied to ESSs. The BES in this paper was used to store the regenerative energy of the elevator. In this case, the BES absorbed a part of the regenerative energy to supply the common loads of the building during the discharging time. In Figure 9a, the DC link voltage reference value is compared with its measured value in the first stage. The battery reference current was obtained by applying a PI controller to the collected error value of the previous step. Next, a comparison between the battery reference current and measured current was accomplished. The error value passes through another PI controller for generating the appropriate signals for switches utilizing PWM.




5.2.2. UCES Control Strategy


As mentioned before, during the motor mode of the elevator, the UCES is discharged for peak shaving. The UCES starts to charge after the BES charging current reaches a threshold to consider the battery’s priority in receiving regenerative energy, as shown in Figure 9b. On the opposite side, the UC operates without considering the BES current and immediately starts to discharge in the case of high load demand. Hence, the reference value of the UC current is created by a comparison of the BES current and control strategy of HESS, which is shown in Figure 8. This current is subtracted from the actual current to build the UC’s current error. To eliminate the error, this current is processed in the PI controller to optimally prepare the waveform for comparison with the PWM signal carrier. The output signal of this block is then compared with the PWM signal to generate gate control pulses.





5.3. Braking Chopper Control Strategy


The braking chopper, which includes a braking resistor, static switch, and a simple control system, was designed to control the DC link voltage in the case of any emergency conditions. Based on Figure 10, if the state of charge (SOC) of both BES and UCES is more than 95%, then a logic value of 1 is generated for the output, which turns the switch to on and results in the connection of the braking resistor to the circuit. Therefore, this extra energy is wasted in the form of heat across the resistor.





6. UCES and BES Sizing and Cost Evaluation


In this paper, a HESS including UCES to accomplish peak shaving and BES for energy-saving purposes was considered based on regenerative energy utilization by obtaining the size of both BES and UCES [38,39]. Various studies investigated the size of ESSs in different systems. Due to the load profile of an elevator, the main grid experiences a huge amount of peak power for just a few seconds, which can be eliminated by the implementation of UCES. To avoid charging from the main grid, the UCES receives power from regenerated power created by the motor. As is presented in Figure 3 (the load profile), the UCES provides power in time intervals A and E, and to return the consumed energy of each part, the regenerated energy charges the UCES in intervals C and G. The BES is assigned to store regenerative energy of interval F to supply common loads in the building, e.g., washing machines, heating services (both boiler and heat pump), and lighting. According to the peak power of regenerative energy, the BES must be able to receive 15 kW power in charging mode. According to the area of interval F, the amount of each cycle can be calculated as follows. The BES receives 56.9 Wh in each cycle. Since the number of elevator’s daily cycle is assumed as 250 times, the required size of the BES can be obtained as follows. Consequently, the BES size must be approximately 15 kWh.


  T o t a l   D a i l y   E n e r g y ⇒ E =    56.9  ︸   W h   p e r   c y c l e   ×    250  ︸   c y c l e s   p e r   d a y   = 14 , 225   Wh / day  











Similarly, the UCES must be able to store 4 Wh in each cycle, but it does not need to store this 250 times because it will discharge entirely in the next cycle. As a result, the capacity of UCES must be higher than 4 Wh. In addition to the sizing of the ESSs, both must be able to receive and produce 15 kW of power to cover the peak power of regenerated power in the regenerative phase.



As this paper aimed to reduce the total cost of the system, it would not be fair to only consider the earnings that the HESS provides; instead, the initial costs related to buying new equipment, such as BESs, UCESs, and DC/DC converters, must be included too. According to the sizing section and the fact that both ESSs must have a rated power of 15 kW, a BYD BATTERY-BOX PREMIUM BES [40], and a GEN 31-0900-12V-2T [41] UC modules are required. The battery and UC module constitute BES and UCES, respectively. The energy storage specifications are shown in Table 2.



Each energy storage is connected to the DC link through its exclusive bidirectional DC/DC converter. The price of the BES, UC module, and DC/DC converter are EUR 6000, 410, and 500, respectively. Finally, the initial investment of the system will be obtained as almost EUR 7410. Table 3 provides information regarding the total energy saving obtained by using the HESS. The number of daily cycles of the elevator was considered 250 times.



The payback was calculated by dividing the initial cost by annual profit so that the initial investment could be returned to the owners before the middle of the sixth year (as shown in Figure 11). The lifetime of each component can be obtained in Table 4 (The nominal life cycles of devices are driven from their datasheet).




7. Results


Figure 12 and Figure 13 show the voltage, current, SOC, electrical power of the UCES, and the BES in a complete 45-s elevator working cycle, respectively. Besides, Figure 14 compares the electrical power of the elevator motor, main grid, UCES, and BES during the cycle. As is shown in Figure 12, UCES’s import and export energy is equal and as a result, UCES does not receive energy from the main grid and it provides energy for extreme power peaks that happen in the dropping process. On the opposite point, BES’s receiving and sending points are different, as was completely discussed before. In this context, Figure 13 reveals that BES is charged at a rate of 15 kW in the dropping process in order to supply the common loads.



For both ESSs, the rate of voltage and current is proportional to the SOC and electric power. According to Figure 12, when the elevator operates in the motoring phase, the voltage and SOC of the UCES are reduced considerably, and in the steady-state phase, the slope of the reduction is lower. In other words, the UCES is discharged and acts parallel to the main grid to deliver power to the DC microgrid for peak-shaving. On the other hand, in the generating mode, these two values increase, which indicates that UCES is charged by the regenerative energy in the deceleration mode. In addition to these two mentioned states, the parameters remain constant in the stationary phase.



As electric power and current are proportional to each other, the changes of these values in comparison with the voltage and SOC occur in a shorter period. In the motoring mode, by discharging the UCES, the negative current and power values result in energy transfer from the DC link to the UCES.



Regarding BES behavior, as shown in Figure 13, like the UCES, the voltage is proportional to the SOC and the current is proportional to the electric power, such that in the motoring and steady-state phases, all of the above values are constant, while in the generating mode, voltage values and SOC of BES increase and currents and electrical power decreases, which indicates the BES charge caused by the regenerative energy.



Figure 14 illustrates that in the motoring mode (between 0 and 12 s), the main grid electrically supplies the elevator’s motor. The UCES operates parallel to the main network and discharges to help the peak shaving and the BES power does not participate in this section. This peak shaving is not a cost-effective issue in residential buildings; however, it is considered as one of the most important issues in industrial buildings, Nevertheless, in the braking mode (from 27 to 42 s), the elevator is in generating mode, which demonstrates that the BES is charging by receiving regenerative energy. Finally, the UCES is absorbing power from 38 to 42 s to compensate for the amount that it discharges during the lifting process (27 to 28 s). In the stationary phase, all the values are equal to zero.




8. Conclusions


In this paper, a hybrid energy storage system (HESS) including battery energy storage (BES) and ultracapacitor energy storage (UCES) has been proposed in order to use the regenerative energy from elevators to get closer to achieving a nearly zero energy building. The suggested method includes two main controlling parts, an elevator motor, and hybrid energy storage control systems. The indirect field-oriented control strategy for the elevator motor was used to take the advantage of decreasing the energy consumption of the system. Also, the special proposed control strategy of the hybrid energy storage system acted in such a way that the stored energy into the UCES and BES was used for the peak shaving of the building’s common loads, respectively. According to performed comprehensive economic analysis, the BES and UCES released almost 14.2 kWh and 1 kWh energy per day, respectively. Consequently, the HESS caused a cost reduction of about EUR 1400 in a year and the initial investment could be returned during the sixth year.
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	BES
	Battery Energy Storage



	FOC
	Field Oriented Control



	FES
	Flywheel Energy Storage



	HESS
	Hybrid Energy Storage System



	IFOC
	Indirect Field Oriented Control



	SCADA
	Supervisory Control and Data Acquisition



	SOC
	State of Charge



	UCES
	Ultracapacitor Energy Storage
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Figure 1. Main methods of using regenerative energy. (a) Waste on the resistor bank; (b) Send to the main grid; (c) Store in the energy storages. 
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Figure 2. Operating quadrants of the elevator motor. 
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Figure 3. Simulated speed and torque power of the elevator motor. 
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Figure 4. Comparison of power and energy densities of different energy storage technologies. 
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Figure 5. The overall configuration of the elevator is equipped with HESS and bidirectional converters. 
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Figure 6. The IFOC in the induction motor. 
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Figure 7. Three conventional control strategies cover different control situations [37]. (a) BES priority in discharging; (b) BES priority in charging; (c) BESS priority in both charging and discharging. 
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Figure 8. The proposed control strategy for HESS. 
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Figure 9. HESS control strategy. (a) BES Charging/Discharging; (b) UCES Charging/Discharging. 
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Figure 10. Braking chopper control strategy. 






Figure 10. Braking chopper control strategy.



[image: Energies 14 03259 g010]







[image: Energies 14 03259 g011 550] 





Figure 11. The total and annual earned profits. 
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Figure 12. UCES parameters in a complete 45-s elevator working cycle. 
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Figure 13. UCES parameters in complete 45-s elevator working cycle. 
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Figure 14. Elevator power supply provided by UCES, BES, and the main grid. 
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Table 1. The characteristics of the elevator’s motor.
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	Parameters
	Values
	Parameters
	Values





	Rated Power
	15 kW
	Friction Factor
	0.01 N·m·s



	Voltage
	380 V
	Stator Resistance
	0.087 Ω



	Number of Phases
	3
	Rotor Resistance
	0.228 Ω



	Frequency
	60 Hz
	Stator Inductance
	0.8 mH



	Number of Pole Pairs
	2
	Rotor Inductance
	0.8 mH



	Inertia
	1.662 Kg·m2
	Mutual Inductance
	34.7 mH
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Table 2. Specification of the ESSs.
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	Energy Storage

Type
	Nominal Voltage

(V)
	Maximum Power

(kW)
	Nominal Capacity

(Wh)





	BES
	51
	15.36
	15,400



	UCES
	7.2–16.2
	16.4
	18.2
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Table 3. The amount of daily stored energy and earning profits of each ESS.
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	Energy Storage Type
	Stored Energy by

the ESS (Wh)
	Annual Earning Profit

(EUR)





	BES
	14,223
	1297.7



	UCES
	1000
	91.3



	HESS
	15,223
	1389
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Table 4. Lifetime calculation based on the life cycle and the daily cycle of each ESS.
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	Energy Storage Type
	Life Cycles
	No. of Cycles

per Day
	Lifetime

(Years)





	BES
	5000
	1
	14



	UCES
	500,000
	65
	21



	DC/DC converter
	30 years
	70
	30
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