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Abstract


This paper deals with the energy management of a hybrid power system, which consists of a photovoltaic (PV) system, diesel generators, battery, and ultracapacitor for a mobile hospital. The proposed power system can supply energy to shelter hospitals for better treatment of patients in remote states, particularly in the event of a pandemic situation such as Coronavirus Disease 2019 (COVID-19). For this reason, a hybrid power system in which a diesel generator is used with a photovoltaic energy source for reliable availability of power supply. Moreover, battery and ultracapacitor are also integrated to obtain a hybrid power generation and storage system to ensure the smooth operation of mobile hospitals irrespective of weather conditions. A boost converter is used with PV panels to operate them in either maximum power tracking mode or power curtailment mode. The battery is connected to a bidirectional reversible DC-DC converter for direct-current (DC) bus voltage regulation and state of charge control. The ultracapacitor is associated with the battery to compensate for the peak power. The diesel generator is connected in parallel with the photovoltaic generator, battery, and ultracapacitor to continuously provide the power required by the load. The integrated operation of all generation sources and storage systems is complex for shelter hospitals. Therefore, an efficient energy management algorithm is developed to manage the continuous energy flow between different elements of the hybrid power system and mobile hospital load through the control of the power converters. Finally, validation results are presented to show the effectiveness of the proposed energy management algorithm for the hybrid power system.
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1. Introduction


In remote areas and particularly in the sub-Saharan territories, the low population distribution causes difficulties in ensuring on-site health coverage in emergency cases requiring medical evacuation, such as the Coronavirus Disease 2019 (COVID-19) pandemic [1,2]. Therefore, mobile hospitals are needed to be built or deployed in the desert and remote areas. These hospitals include different medical treatment and diagnostic equipment, which are essentially required in medical emergency [3]. The smooth operation of these medical devices requires a continuous power supply from diesel generators, which result in high fuel costs and preventive maintenance [4,5].



In remote areas with high solar potential, the combination of a diesel generator (DG) with photovoltaic (PV) generators offers better energy services in terms of reduced operating costs and achievement of gradual transition from fossil to renewable sources [6,7]. In case of low demand, excess energy from PV generators needs to be stored using energy storage systems. However, some medical devices may require high peak power, and batteries suffer from a short life span due to suddenly high energy requirements (5–10 years) and low dynamic behavior [8]. However, peak power demand can be supported by ultracapacitors due to their high power density capability [9,10]. The management of all these generation sources and storage systems presents a major challenge in determining the relationship between energy production and consumption in a mobile hospital. In this context, there are few research studies in the literature that address this problem [11]. The profile of electrical energy consumption is illustrated in an isolated hotel where its consumption is pre-determined according to the number of clients or visits during the year [12]. On the other hand, the authors in [13] have proposed a model for distributing the energy produced between different departments of a hospital while minimizing the energy cost. In the same context, the resiliency of a hospital is studied in [14] by optimizing the sizing of its generation sources. The hospital is powered by renewable energy and a conventional generation source. The techno-economic potential of hybrid power generation systems is studied for refugee camps and rural areas [15,16]. Nonetheless, all these studies do not consider a mobile hospital, which is needed in the case of medical emergencies.



For medical emergencies, the reliability of a hybrid power generation system for mobile hospitals is also important. In this regard, the mean time between failure (MTBF) of different generators, converters, and wirings plays a vital role in determining reliability for continuous energy supply to critical applications like mobile hospitals [17]. In case of DG failure, the main backup source has been lost for mobile hospitals. Hence, MTBF of DG must be incorporated at the planning and sizing stages of hybrid power generation systems for mobile hospitals [18,19]. Moreover, an inverter source can also be added as a redundant power supply on each floor to ensure a reliable power supply for mobile hospitals.



The integration of different production and storage systems for mobile hospitals requires an efficient energy management strategy. Many papers have proposed microgrid applications that are designed for autonomous operation, where the main control objective is to know how to manage the energy flow between the different loads of the system. In the microgrid framework, various control strategies have been proposed in the literature. A frequency-based power-sharing method is presented in [20] to mitigate the effect of weather or sea state variations on the integrated onboard ship microgrid. A hybrid energy storage system (HESS) based on ultracapacitor and battery is developed such that high power and short-term fluctuations are handled by the battery and ultracapacitor. Proportional integral derivative (PID) and proportional derivative (PD) based control methods are introduced in [21] for the smooth operation of hybrid power generation under steady-state and dynamic operating conditions, respectively. In [22], the power balance control is achieved for a multi-source microgrid hybrid system to meet the DC load power demand while ensuring DC bus voltage stabilization. In the same context, Ref. [23] proposes a coupling structure of the DG on the DC bus side to slow down the power dynamics produced by the DG and ensure the efficiency and profitability of the system by operating the DG around its rated power. A voltage and frequency control strategy is developed in [24] for a renewable power generation system. An inverter interfaced energy storage system is connected with an AC bus instead of a conventional generator to regulate system frequency.



Most of the energy management techniques presented above require the DG to remain operational most of the time for avoiding transition regimes of operating modes. In [25,26], a transition control strategy between the connected and disconnected modes of the grid was proposed for a three-phase voltage source based on the calculation of reference powers and a virtual impedance control strategy to achieve efficient power distribution in the hybrid energy storage elements, where the battery provides steady-state power and supports only transient power fluctuations.



This paper proposes a new energy flow supervision for a PV-diesel-HESS microgrid that efficiently manages the operation of generation and storage systems in different operating modes. For PV system management, it is connected with a boost converter to operate in either maximum power tracking mode or power curtailment (Off-MPPT) mode. The battery is connected to a bidirectional DC-DC converter, which regulates the DC bus voltage and controls the state of charge (SOC) of the battery. The ultracapacitor is also included with the batteries to compensate for peak power demand. The diesel generator is connected in parallel with the PV generator, battery, and ultracapacitor to provide the insufficient power required by the load. For the efficient operation of all these generation sources and storage systems, an energy management algorithm is developed to manage the energy flow between the sources and load through effective control of power converters.




2. Power Sizing of Mobile Hospital


Table 1 presents a list of medical and non-medical equipment with their estimated daily energy needs according to their power consumption priority. In hybrid power system designing, the proper sizing of each source is important. It must be efficiently determined such that the continuous power supply is ensured for smooth energy availability at a lower cost. The sizing depends on both the location-dependent meteorological characteristics and the required load demand. A typical daily load profile of a mobile hospital is shown in Figure 1.



The hybrid power system is presented in Figure 2. It is composed of a photovoltaic generator as a renewable energy source, battery, ultracapacitor, diesel generator as a source of emergency energy, and power electronics converters as elements of electric power exchange of energy flow in the system. PV generator is connected with a boost converter. However, the battery and ultracapacitor are connected to bidirectional DC-DC converters. The diesel generator is connected in parallel with the DC bus through a bidirectional inverter while it is directly connected with the AC load.



During the design, the sizing of the power appears as an important aspect. It must be done in such a way as to ensure a continuous power supply while ensuring energy availability at a lower cost. The sizing depends on both the meteorological characteristics depending on the location and the required load demand. However, this paper focuses only on proposing energy management and control structure for the hybrid power system of a mobile hospital.




3. Hybrid System Structure


3.1. PV Generator


PV cells are made of pure Silicon with other added chemical elements to enhance their efficiency [27,28]. PV cells are normally connected in either parallel or series connections to create PV modules of operating voltage suitable for electrical applications. PV modules are used to absorb solar energy for converting into DC electrical energy, which can be either directly fed to loads or stored in battery [29,30]. Hence, the desired electric power rating of the PV module can be obtained using the required number of PV cells. The PV cell can be modeled in an equivalent electrical circuit, which is shown in Figure 3 [31,32]. Using Kirchhoff’s law, the PV current is determined as:


   I  p v   =  I  p h   −  I d  −  I p   



(1)







The characteristic equation of current and voltage is provided by Equation (2) for a PV module with   N s   PV cells connected in series and   N p   PV cells connected in parallel.


   I  P V   =  N p   I  p h   −  N p   I 0    e     V  P V   +  R  s G   I    N s  a  V T      − 1  −    V  P V   +  R  s G    I  P V     R  p G     



(2)




where    R  s G   =    N s   R s    N p     and    R  p G   =    N s   R p    N p    .   I  p v    and   V  p v    are current (A) and voltage (V) of a PV module, respectively.   I  p h    is the photo current (A) and   I O   is saturation current.   R  s G    and   R  p G    are resistances ( Ω ) of series and parallel cells, respectively.




3.2. Battery


Different equivalent electric models for battery exist in the literature [32,33,34,35]. In this paper, the equivalent electrical model of battery is presented in Figure 4. The battery model consists of an ideal battery as a voltage source   E o  , an internal leakage resistance   R  b a t   , polarization resistance   R p  , and polarization capacitance   C p   [34,35]. The output voltage of battery is modeled as:


         V  b a t   =  E 0  −  (  R  b a t   ×  I  b a t   )  − V  c p  ,        V ˙   c p  = −  1   R p   C p    V  c p  +  1  C p    I  b a t   .        



(3)







The battery SOC is determined using the following relationship:


  S O  C  b a t   =  S O  C 0  −  ∫  0  t    Q d   Q  b a t     d t  × 100 %  



(4)




where   S O  C  b a t     and   S O  C 0    are the actual and initial SOCs of the battery in (  A h  ), respectively.   Q d   is its used quantity of charge and   Q  b a t    is its total capacity.




3.3. Ultracapacitor


The equivalent electrical model of ultracapacitor, as shown in Figure 5, is composed of equivalent serial resistance (  R  e s   ), equivalent parallel resistance (  R  e p   ), and capacitor (  C  u c   ) [36,37]. The SOC of ultracapacitor is expressed as a function of the voltage at the terminals of the ultracapacitors using the following relation:


  S O  C  u c   =   V  u c    V  n o m − u c     



(5)




where   V  n o m − u c    is the load nominal voltage.




3.4. Diesel Generator


Diesel generator is composed of a diesel engine, a synchronous generator, and the excitation system as shown in Figure 6 [38,39]. The control of a diesel engine governor is illustrated in Figure 7. The DG torque model is given as,


   T  m e c   = φ  ( s )   e  ( − s  τ 1  )    



(6)






    d Ω   d t   =  1  J T    (  T  m e c   −  T e  −  D T  Ω )   



(7)






  φ  ( s )  =   k a   ( 1 + s  τ 2  )   C  



(8)




where   φ ( s )   is the fuel flow.





4. Power Management of Hybrid System


4.1. PV Generator Control


PV generator is connected to the DC bus through a boost converter as shown in Figure 8. The boost converter is used to operate the PV generator in MPPT or off-MPPT modes. The MPPT of PV generator is achieved using Perturb and Observe algorithm which is presented in Figure 9a. The control algorithm for power curtailment of PV generator is illustrated by Figure 9b. The DC-DC boost converter can be modeled by the following relationship:


        d  i L    d t   =  1 L    V  p v   −  ( 1 + d )   V  d c            d  V  p v     d t   =  1  C  p v      i  p v   −  i L        



(9)







In terms of MPPT, the Perturb and Observe (P&O) method is widely adopted due to its effectiveness and simplest implementation [40,41,42]. This method only requires voltage and current measurements of PV generators to extract maximum power from it. With perturbation in the input voltage, the power output of the PV generator is observed to determine the next control action for the boost converter. This process continues until maximum power is extracted from PV generator.



If electrical power increases, the perturbation should continue in the same direction. Otherwise, the perturbation direction will be inverse.




4.2. DC Bus Control


Figure 10 shows that the battery and ultracapacitor are connected to bidirectional DC-DC converters. A frequency separation controller is used for efficient power management between battery and ultracapacitor storage systems. Both of these energy storage systems have two operating modes; charging and discharging. The bidirectional DC-DC converter of the battery can be modeled by:


    d  i  b a t     d t   =  1 L    α  b a t    V  d c   −  V  b a t     



(10)







Bidirectional DC-DC converter of the ultracapacitor can be modeled by:


    d  i  u c     d t   =  1 L    α  u c    V  d c   −  V  u c     



(11)







To regulate the DC bus voltage by the frequency separation technique, the storage elements should provide currents equal to the common current   I L  .



The DC bus voltage is coordinately controlled by the battery and ultracapacitor sources. The DC bus voltage Vdc is compared with the reference DC bus voltage   V d  c  r e f    . The difference represents the input of the proportional-integration (PI) controller, which provides the current reference   I  r e f   .



Figure 10b presents the concept of the frequency separation scheme. After the low-pass filter (LPF) of the current reference, the high-frequency component of the DC bus is passed to the ultracapacitor and the low-frequency component goes to the battery controller. In this way, the battery current reference (  I  L b a t − r e f   ) can be obtained and the reference current of the ultracapacitor (  I  L u c − r e f   ) is obtained by the difference between the two currents (  I  L − r e f   ) and (  I  L b a t − r e f   ).




4.3. AC Bus Control


Two operating modes, grid-connected and off-grid, are explained in the following subsections.



4.3.1. Grid-Disconnected Mode (Off-Grid)


In this mode, the DG is disconnected from the AC bus. The purpose of this mode is to control the inverter to provide a regulated AC voltage based on the dq-frame technique. For this, the voltage across the filter capacitor should be regulated for which the voltage reference contains nonzero frequencies. This method provides good control performance and protects against overloads and short circuits [43,44,45].



This type of technique is shown in Figure 11, where   L f  ,   R f  , and   C f   represent the inductor, internal resistance of the inductor, and capacitor of the LC filter, respectively.   V  d c    represents the regulated voltage. The regulated voltage across the capacitor is the voltage supplied to the three-phase load. The switching method is based on pulse width modulation. The differential equations describing the dynamics of the inverter are modeled as follows:


   V  i n v , a b c   = m  V  d c   =  R f   I  L , a b c   +  L f    d  I  L , a b c     d t   +  V  a b c    



(12)






   I  L , a b c   =  C f    d  V  a b c     d t   +  I  L o a d , a b c    



(13)






       V d       V q      =  1  C S         ( C w )   V q        −  ( C w )   V d   ) ]       +  1  C S         I  L d   −  I  L o a d − d          I  L q   −  I  L o a d − q         



(14)






       I  L d        I  L q       =  1   L f  S +  R f          V  i d   −  V d         V  i q   −  V q       +  1   L f  S +  R f          (  L f  w )   I  L q         −  (  L f  w )   I  L d         



(15)




where   V  i n v , a b c    is three phase inverter output voltage, m is the three-phase control signal,   V  a b c    is the three phase filter capacitor output voltage, and   I  L o a d , a b c    is the three phase load output current.




4.3.2. Grid-Connected Mode


In this mode, the diesel generator is connected to the AC bus and the DC bus voltage is connected to the AC bus via a bidirectional inverter with an LC filter. Thus, the diesel generator can operate in parallel with the inverter by synchronizing the output voltages. A phase-locked loop (PLL) is used to estimate the angular frequency of AC voltage in the control system.



The power inverter control is based on the voltage orientation control (VOC), which is illustrated in Figure 12 and Figure 13. It uses the instantaneous powers (active and reactive) and the output voltage of the diesel generator [46,47]. The voltage across the LC-filter is given by:


   V  a n   =  L f    d  i  L f     d t   +  R f   i  L f   +  V  c f    



(16)







In a diesel generator connected mode, the    V  c f   = 0  


   V  a n   +  V  D G , a   =  L f    d  i  L f     d t   +  R f   i  L f    



(17)






   I  L o a d , a b c   =  I  D G , a b c   +  I f   



(18)







The conventional convergence of a mathematical model of a stationary coordinate system with the synchronous rotary two-phase coordinate system (dq) is presented according to the following equations:


       V D  =  L f    d  I D    d t   +  R f   I D  −  L f  w  I Q  +  E D         V Q  =  L f    d  I Q    d t   +  R f   I Q  +  L f  w  I D  +  E Q       



(19)






       L f    d  I D    d t   +  R f   I D  =   K p  +   K i  s   ×  (  I  d − r e f   −  I D  )         L f    d  I Q    d t   +  R f   I Q  =   K p  +   K i  s   ×  (  I  q − r e f   −  I Q  )       



(20)







Using (19) and (20), the final expression is given by:


       V  d − r e f   =   K p  +   K i  s   ×  (  I  d − r e f   −  I D  )  −  L f  w  I Q  +  E D         V  q − r e f   =   K p  +   K i  s   ×  (  I  q − r e f   −  I Q  )  +  L f  w  I D  +  E Q       



(21)










5. Power Management Strategy


Power management and sharing in the electrical system are developed according to the state of charge and discharge of the battery storage system. In this case, the ultracapacitor state of charge is kept between 97.4% and 98.4%. The proposed power management strategy of the battery is illustrated by Figure 14, while Figure 15 illustrates the ultracapacitor level balancing algorithm.



The proposed power management strategy contains seven operating modes as presented in Table 2.



5.1. Diesel Engine Disconnected Mode (DEDM)


This mode is activated when battery SOC is greater than 25% (  S o  c  b a t   > 25 %  ). In this case, the PV generator operates either in MPPT mode or in Off-MPPT (Power Curtailment). Therefore, it has two sub-modes: power curtailment mode (PCM) and MPPT mode (MPPTM).



5.1.1. Power Curtailment Mode (PCM)


This operating mode is selected when the power of the photovoltaic generator meets the total load demand and the two storage elements are fully charged i.e., (  S o  c  b a t   ≥ 90 %  ), The PV power must be limited to a reference value lower than   P  m p p    (Maximum PowerPoint). The control algorithm enabling PCM is illustrated by Figure 9b.




5.1.2. Maximum Power Point Tracking Mode (MPPTM)


This mode is activated when the state of charge of the battery is less than the maximum permissible state (  25 % ≤ S o  c  b a t   < 90 %  ). In this case, the PV generator operates in MPPT mode to extract the maximum amount of electrical energy depending on the climate conditions. The storage elements have the possibility of absorbing or compensating to keep the DC bus around its value of reference   V d  c  r e f   = 700   V, the diesel generator is stopped, and all loads are connected.





5.2. Diesel Engine Connected Mode (DECM)


This mode is selected when the state of charge of the battery pack is equal to 25%. In this case, the diesel generator operates at its nominal power in parallel with the PV in MPPT mode and charges the storage elements up to 90%.




5.3. First Priority Load Mode (FPLM)


When the Diesel generator is operating alone and the state of charge of the batteries and the ultracapacitor is insufficient and continues to charge (weak climatic conditions) below 10%, the system will be unable to satisfy the main load (load P1). In this case, the load must be disconnected to allow the hybrid storage device to charge.




5.4. Second Priority Load Mode (SPLM)


If the state of charge of the hybrid storage is between 10% and 15% (  10 % ≤ S o  c  b a t   < 15 %  ), the load with the second priority (load P2) will be disconnected and only the load with the priority (load P1) will remain connected.




5.5. Third Priority Load Mode (TPLM)


This mode is activated when the operation of the diesel generator is connected and when the state of charge of the batteries is below 25% but remains above 15%. To avoid an additional discharge of the batteries, the supervision algorithm will disconnect the load with the lowest priority (P3).





6. Results and Discussion


To validate the proposed power management strategy, the following system and mode parameters are adopted: Table 3 provides parameters of PV generator and Table 4 summarizes DC system parameters. AC source parameters are given in Table 5. The controller parameters for both grid-connected and off-grid modes of the hybrid power system are provided in Table 6. The solar irradiance profile is shown by Figure 16.



DC bus voltage, as shown in Figure 17, is clearly following its reference (700 V). For regulation of the DC bus voltage   V d c  , the inverter intervenes by absorbing the surplus current to inject it into the storage sources and discharge the ultracapacitor until   V d c   = 700 V. In steady-state, the voltage across the DC bus remains constant due to fast dynamic voltage regulator that maintains it at its reference value (  V d  c  r e f     = 700 V). Few disturbances have been observed in DC bus voltage at t = 10 s, 20 s, and 25 s with change in operating modes, which are happened due to sudden changes in PV power generation and load requirements.



Figure 18 and Figure 19 show the DC power and current outputs of PV generator, battery storage, and ultracapacitor following proposed power management strategy under sudden changes in irradiance and load profiles. The ultracapacitor is rapidly balancing power demand mismatch at balancing at t = 10 s, 20 s, and 25 s. It should be noted that the DC sources quickly meet system requirements in terms of power demand in both DC and AC buses. Different operating modes of the system start with the MPPT mode at 0.10 s.



When    P  P V   >  P  L o a d    , PV generator supplies the required power to load and the power surplus will be stored in both battery and ultracapacitor.



With low PV power output and increase in load demand (G = 700 W/m2, P = 25 kW), DG intervenes and the DECM mode is activated at t = 10 s to ensure continuous power supply to the load while also charging the battery. At instant t = 25 s, the storage system is sufficiently charged and the requested load demand is satisfied which leads to the switch to the PCM mode. DG is also disconnected from the hybrid power system, as combination of PV and hybrid storage systems are enough to meet the load demand. At instant t = 40 s and after a slight disturbance, the MPPT mode is activated again and the battery begins recharging. Figure 20 and Figure 21 present the current profiles of load and DG, respectively. Load is increased between t = 10 s to 25 s, DG connects to the system to meet the load demand during this period because DC power generation and storage systems are unable to meet this increasing demand.



Figure 22 illustrates the two operating modes of DG disconnection and connection with the system. The specified mode appears between t = 10 s and 25 s when active power demand is requested and it cannot be met by only DC power generation and storage systems (   P  L o a d   <  P  d c    ). In this case, DG connects and supplies to the load in the connected mode.



Figure 23 illustrates the case where the inverter and DG are connected with disturbances due to synchronization of the two voltage sources in the two operating modes. Due to the DG starting, voltage is provided by the inverter (disconnected mode) until t = 13 s when the DG stabilizes.



Battery and ultracapacitor SOC levels are given in Figure 24 and Figure 25, respectively. Initial SOC of battery is set at 60%. Hence PV generator operates in MPPT mode and the battery is continuously charging. It is charging a little faster when DG is also providing power. The ultracapacitor is also balancing real-time energy fluctuations like when DG is connected to the system and later disconnected from it.




7. Conclusions


In this paper, a hybrid system (PV generator–batteries–ultracapacitor and diesel generator) has been proposed for providing continuous power supply to a mobile hospital to ensure better treatment of patients in a remote area, particularly in the event of a pandemic situation such as COVID-19. In this context, an effective power management strategy was proposed to improve the hybrid power system supplying efficiency and optimizing energy consumption. The DC bus of the hybrid system is controlled by a battery and an ultracapacitor. The AC bus is controlled using two different methods: dq-frame and voltage oriented control, and their selection is determined based on the grid connectivity. The DC bus was regulated using a frequency separation controller, in which both battery and ultracapacitor can operate in charging and discharging modes. The AC bus dq-frame and voltage-oriented-based controls have proven their effectiveness in terms of dynamic power management to meet load requirements of shelter hospital.
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Figure 1. Typical load profile of a mobile hospital. 
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Figure 2. Parallel hybrid power generation system structure for a mobile hospital. 
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Figure 3. Electric circuit model of PV cell. 






Figure 3. Electric circuit model of PV cell.



[image: Electronics 11 00390 g003]







[image: Electronics 11 00390 g004] 





Figure 4. Electric model of battery. 
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Figure 5. Electric model of ultracapacitor. 
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Figure 6. Schematic diagram of a diesel generator. 
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Figure 7. Schematic diagram of diesel engine governor. 
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Figure 8. Boost converter for PV generator with both control modes. 
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Figure 9. (a) Perturb and Observe-based MPPT, (b) Off-MPPT mode (power curtailment). 
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Figure 10. (a) Bidirectional DC-DC converters for hybrid storage system, (b) Frequency separation scheme of hybrid storage system. 
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Figure 11. dq-frame control method for AC bus. 
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Figure 12. Functional diagram of voltage-oriented control approach. 
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Figure 13. Inverter control approaches for both grid-connected and disconnected modes. 
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Figure 14. Power management flowchart for the battery storage system. 
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Figure 15. Flowchart of ultracapacitor level balancing algorithm. 
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Figure 16. Irradiance profile. 
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Figure 17. DC bus voltage. 
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Figure 18. Power output profiles: PV (blue), battery (green), and ultracapacitor (red). 
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Figure 19. Current profiles: PV (red), battery (blue), and ultracapacitor (green). 
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Figure 20. Load current. 
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Figure 21. Diesel generator current profile. 
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Figure 22. Active power required by AC power load (blue), and diesel generator active power output (red). 
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Figure 23. AC output voltage profile. 
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Figure 24. Battery SOC. 
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Figure 25. Ultracapacitor SOC. 
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Table 1. Electricity consumption devices in a mobile hospital.
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Basic Equipment






	
Equipment

	
Power (W)

	
Hours Used per Day (h)

	
Energy per Day (Wh/Day)

	
First Priority

	
Second Priority

	
Third Priority




	
Lights (fluorescent)

	
11

	
8

	
88

	
x

	

	




	
Mobile phone charger

	
5–20

	
8

	
40–160

	

	

	
x




	
Ceiling fan (DC, AC)

	
30–100

	
8

	
300–800

	

	

	
x




	
Water pump

	
100

	
6

	
600

	
x

	

	




	
Computer

	
15–200

	
4.5

	
67.5–900

	

	
x

	




	
Portable electrical heater

	
1000–1500

	
2

	
2000–3000

	

	

	
x




	
Radio

	
2–30

	
8

	
16–240

	

	

	
x




	
Printer (ink, laser)

	
65–1000

	
2

	
130–2000

	

	
x

	




	
Small waste autoclave

	
600–6000

	
1

	
600–6000

	

	

	
x




	
Medical Equipment




	
Sterilizer (steam)

	
500–1560

	
2

	
1000–3200

	

	

	
x




	
Suction

	
24

	
10

	
240

	

	
x

	




	
Pulse Oximetry

	
24

	
3

	
72

	
x

	

	




	
Reverse-osmosis Water purifier

	
260-570

	
7

	
1820–2590

	
x

	

	




	
X-ray machine (dental)

	
200

	
1

	
200

	
x

	

	




	
X-ray machine (portable and fixed)

	
300–2000

	
2

	
600–4000

	
x

	

	




	
Mechanical ventilator

	
608

	
3

	
1824

	

	
x

	




	
Ultrasound scanner

	
75

	
2–3

	
150–225

	
x

	

	




	
Electrocardiogram (ECG)

	
50–80

	
1

	
50–80

	

	
x

	




	
Nebulizer

	
180

	
3–5

	
540–900

	

	

	
x




	
Laboratory Equipment




	
Vaccine refrigerator (165 L)

	
40–500

	
4

	
160–2000

	
x

	

	




	
Microscopes

	
30

	
2

	
60

	

	
x

	




	
Centrifuge

	
600

	
1.5

	
900

	

	
x

	




	
Spectrophotometer

	
63

	
1

	
63

	

	

	




	
Blood chemistry analyzer

	
45

	
2

	
90

	
x

	

	




	
Hematology Analyzer

	
230

	
2

	
460

	

	
x

	




	
Arterial blood gas (ABG) analyzer

	
250

	
0.5

	
125

	
x

	

	











 





Table 2. Power management operating modes.
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Different Operating Modes




	
Stage

	
State of Hybrid Storage (%)

	
PCM

	
MPPTM

	
DEDM

	
DECM

	
FPLM

	
SPLM

	
TPLM






	
1

	
   S O  C  b a t   ≥ 90 %   

	
1

	
0

	
1

	
0

	
1

	
1

	
1




	
2

	
   25 % ≤ S O  C  b a t   < 90 %   

	
0

	
1

	
1

	
0

	
1

	
1

	
1




	
3

	
   15 % ≤ S O  C  b a t   < 25 %   

	
0

	
1

	
0

	
1

	
1

	
1

	
0




	
4

	
   10 % ≤ S O  C  b a t   < 15 %   

	
0

	
1

	
0

	
1

	
1

	
0

	
0




	
5

	
   S O  C  b a t   < 10 %   

	
0

	
1

	
0

	
1

	
0

	
0

	
0











 





Table 3. PV generator parameters.
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	PV Generator Reference
	DC Converter





	BPSolar SX3190
	  L  p v   : 5 mH



	  N s  : 16,   N p  : 6
	  C  p v   : 5 µF



	  P n  : 260.43
	










 





Table 4. DC system parameters.
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	Lead-Acid Battery
	DC Converter
	Ultracapacitor
	DC Converter
	DC Bus





	250 V, 40 Ah,   τ  b a t    = 1.5 s
	  L  b a t    = 4 mH
	5 F,   R  u c    = 8.9 m Ω ,   V  u c    = 215 V
	  L  u c    = 5 mH
	  V d  c  r e f     = 700 V,   C  b u s    = 2 mF










 





Table 5. AC source parameters.
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	Diesel Engine Parameters
	Filter Parameters





	  P n   = 20 kW,   w n   = 1500 rpm,   τ 1   = 0.01 s,   τ 2   = 0.02 s, K = 40, Torque limits [0 1.1]
	  R f   = 2.66  Ω ,   L f   = 47 mH,   C f   = 100 µF,   T s   = 5   ×  10  − 5    ,   f s   = 5 kHz










 





Table 6. Connection mode control parameters.






Table 6. Connection mode control parameters.





	Disconnected Mode
	Connected Mode





	PLL:   K p   = 0.2325,   K i   = 5.254
	PLL:   K p   = 0.1114,   K i   = 3.3416



	Filter:   K p   = 1.200,   K i   = 300.251
	Filter:   K p   = 1.1000,   K i   = 136.7273
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