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Abstract

:

Medium voltage DC (MVDC) networks are attracting more attention amid increased renewables penetration. The reliability of these DC systems is critical, especially following grid contingencies to maintain critical loads supply and provide ancillary services, such as black-start. This paper proposes an innovative energy management system (EMS) to maintain reliable MVDC network operation under prolonged AC grid contingencies. Similar EMS designs in literature tend to focus on limited operating modes and fall short of covering comprehensive elongated blackout considerations. The proposed EMS in this paper aims to preserve the distribution network functionality of the impacted MVDC system through maintaining a constant DC bus voltage, maximizing critical load supply duration, and maintaining the MVDC system black-start readiness. These objectives are achieved through controlling generation units between Maximum Power Point Tracking (MPPT) and Voltage Regulation (VR) modes, and implementing a smart load shedding and restoration algorithm based on network parameters feedback, such as storage State of Change (SoC) and available resources. Practical design considerations for MVDC network participation in AC network black start, and the following grid synchronization steps are presented and tested as part of the EMS. The proposed system is validated through simulations and scaled lab setup experimental scenarios.
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1. Introduction


The share of electricity generation from renewable energy sources (RES) is soaring on a global scale due to their maturing technology and rapidly falling costs. Bloomberg predicts wind and solar energy to contribute to 50% of the world electricity generation by 2050. Batteries are also expected to have an increasingly important role to minimize the RES intermittency impact [1]. Medium and utility scale RES grid integration has traditionally been performed using high voltage AC (HVAC) or DC (HVDC) systems. Technology selection depends on several techno-economic factors, such as network stability and transmission distance [2].



An increasingly attractive trend is emerging to establish intermediate collecting medium voltage DC (MVDC) distribution networks that integrate the output from various renewables, such as PV and offshore wind farms [3,4,5]. Key industrial manufacturers are proposing the use of MVDC solutions in distribution networks, such as the MVDC Plus technology from Siemens [6]. A recent paper from ABB also highlights some implemented MVDC projects in various fields, such as marine applications, distribution networks, and RES collection grids [7]. A recent example of such implementation in 2018 is for MVDC converters connecting distributed generation and load centers in the UK [7]. Another example for MVDC applications is the Angle-DC project, which aims to convert distribution MVAC lines operation to MVDC to increase power transfer limit and improve controllability [8,9].



When isolated from the grid under network contingency, distribution systems with local generation can be considered as independent electrical entities that require their own energy management system (EMS) to maintain stable DC bus voltage for load supply reliability and ancillary services provision. Several MVDC system topologies can be practically implemented, depending on the number of resources, grid interface points, etc. Figure 1 shows a generic high-level block diagram of an MVDC distribution system, composed of multiple RES sources (e.g., solar or wind), storage and loads, and interfaced to AC grid through a centralized voltage source converter (VSC) and a three-phase transformer, in addition to the utility grid synchronization static transfer switch (STS) at the point of common coupling (PCC), which is closed under normal operating conditions and open under network contingencies.



1.1. Problem Definition


When a DC distribution system (Figure 1) is disconnected from the AC network because of a grid-side blackout and/or an interfacing converter fault, the MVDC distribution system must swiftly respond to maintain its stable operation. First, to maintain critical loads supply reliability, and second, to be black-start and synchronization ready when receiving the restoration signal command from the network operator. The timescale for such network contingencies can range from short-term that is tackled within moments, to long-term that is resolved in hours, or in worst cases, up to days, as happened in the Japan earthquake in 2011 [10]. The existence of autonomous small-scale systems in Japan, such as the Roppongi Hills microgrid, helped preserve critical load supply during three days of blackout [11].



This associated uncertainty to such events makes it necessary to implement a robust energy management system (EMS) that maintains the system operation while achieving the required power balance between available generation/storage assets and load requirements. The following case illustrates the issue further during AC system blackout: if the combined RES output in Figure 1 exceeds the load requirements, while the storage (battery) is fully charged, then the DC link voltage will increase proportionally to the excess power based on the conventional DC power Equation (1).


  Δ  P  D C   =   (  V  D  C  n e w    2  −  V  D  C  n o m i n a l    2  )    Z  L o a d      



(1)




where,    V  D C      n o m i n a l     and    V  D C      n e w     represent the DC bus voltage before and after the excess power violation, respectively.   Δ  P  D C     is the excess power at the DC bus (equal to zero under normal power balance conditions), and    Z  L o a d     represents the combined loads at the DC bus. Under excess power conditions, the DC voltage can be restored to its rated value by either:




	(a)

	
Connecting dump loads at the DC bus to absorb the excess power [12]: this approach requires installing expensive variable controllable loads that track the power output from the RES to attain voltage stability, making it a complex and expensive option.




	(b)

	
Controlling the RES output to match the DC link voltage requirements [13,14,15]. This approach requires shifting the RES operating mode between maximum power point tracking (MPPT) and voltage regulation (VR) based on the network conditions, in addition to achieving adequate power sharing in case of multiple operating RES units.









On the other hand, undervoltage can also occur at the DC bus if no sufficient power is available from RES or storage in cases of prolonged contingencies and limited supply, represented by negative   Δ  P  D C     in Equation (1). Maintaining the DC link voltage balance in this case requires prioritized load shedding. This partial load shedding should be proportional to the power shortage to maintain a constant DC voltage.




1.2. EMS Design State-of-the-Art


The defined objectives and case studies by each research paper in literature typically dictate the EMS functionalities and complexity. Research works in this area tend to approach EMS designs in one of the following ways:




	(a)

	
Designing the EMS with technical/economic objectives, assuming the existence of continuous grid-connection to supply/absorb any shortage/surplus power [16,17].




	(b)

	
Designing the isolated EMS for batteries state of charge (SoC) optimization and lifecycle extension, without considering the described special operating cases [18].




	(c)

	
Designing the system with RES mode shift between MPPT and VR taken into consideration, but without accounting to load shedding under light supply conditions [14].




	(d)

	
Considering the load shedding requirement in the design for the whole load as a bulk, without taking load prioritizing into account to prolong critical loads supply [19].









The work presented in [20] considers a DC network with a similar configuration to that in Figure 1. The paper proposes a master-slave droop control for DC voltage stabilization in grid-connected DC networks to balance the load supply contribution between the grid-connected VSC and the battery storage system. Being grid-connected, the DC EMS does not consider RES mode shift to preserve the DC bus voltage. On the other hand, the authors of [21] have expanded the droop application in isolated DC networks into a pseudo droop control mode, which resembles the RES mode-shifting between MPPT and VR through controlling the solar PV converter based on DC link voltage feedback in oversupply periods. Load shedding is briefly addressed as a DC voltage-stabilizing requirement under low supply conditions, but with limited implementation details or recommendations. Similarly, the authors in [14] have developed an optimal VR scheme with a proposal of an adaptive droop EMS for isolated DC distribution systems, but without considering undersupply constraints. In [22], a model predictive control (MPC) based EMS for a DC distribution system consisting of multiple resources has been presented. The paper considers the system design under normal operating conditions with load and weather forecast to achieve system power balance and stabilize DC voltage. The RES mode shift (termed as power curtailment mode) and load shedding are acknowledged in the paper but excluded from its scope. In [16], the EMS was designed to achieve autonomous DC distribution system operation under most conditions but grid-connection was used to cover any shortage or surplus from the DC network. Similarly, the work presented in [23] considers the autonomous operation mode for a DC distribution system, but without the abovementioned power imbalance considerations. On the other hand, the EMS presented in [24] implements both RES mode shift and load shedding, but with the latter considered in a single step without prioritization. The authors in [25] have presented a new unified controller for a simplified PV/BESS network that smooths control mode transitions between MPPT and VR, yet with no considered load prioritization. Conversely, the work presented in [19] does not take RES mode shifting into account, and resorts to proposing the use of dump loads instead. Another consideration in [15,24] is the limitation of battery charge/discharge power through using dual loop Proportional-Integral (PI) with inner current control. Considering this limit is important to comply with storage protection requirements.



On the other hand, network design planning can also contribute to mitigating EMS operational uncertainties. For instance, the intermittent nature of solar and wind power favors the consideration of robust weather forecasts and stochastic system optimization design techniques. Techno-economic considerations for initial network assets and storage system sizing is covered in [26,27]. Multi-objective optimization techniques are also proposed in literature to minimize both short-term uncertainties (e.g., RES intermittency and load variations) and long-term uncertainties (e.g., falling storage costs) in planning for hybrid systems design and operation [28].



Collectively, the EMS design for autonomous DC distribution system operation should include different modes in the RES controllers that allow mode switching, considers load prioritization and the physical system limits. Finally, in case the DC distribution system is to be used for AC network restoration following a blackout, then considerations of black-start sequence should also be taken into account in the overall EMS design. For instance, the EMS battery SoC design limits should be accordingly adjusted to guarantee providing the energy required for the initial AC assets energization.




1.3. Paper Scope and Contributions


A research gap is identified in literature for a comprehensive EMS for DC distribution networks that considers different main operating modes under an elongated AC network contingency scenario. The proposed EMS in this paper aims to preserve the distribution network functionality of the impacted MVDC system through maintaining a constant DC bus voltage, maximizing critical load supply duration, and maintaining the MVDC system black-start readiness. The contributions are summarized as follows:




	(a)

	
New innovative EMS that achieves a robust isolated DC distribution system operation with elongated critical load supply period with the ability to implement power sharing between multiple RES units under oversupply condition or maximum battery power limit violation.




	(b)

	
The inclusion of black-start and power synchronizing functionalities within the EMS to participate in AC network restoration through the central interfacing converter.









The paper is structured as follows: Section 2 introduces the proposed EMS system design. Section 3 then details the different EMS operating modes and control recommendations. The EMS operation is validated in Section 4 through different simulation and experimental case studies, and the manuscript is finally concluded in Section 5.





2. Proposed Energy Management System


The proposed EMS in this work aims to guarantee an extended supply reliability to the isolated MVDC network while maintaining its black-start readiness in a post AC network contingency scenario. In each time step, the EMS first verifies whether the network is grid-connected. If so, normal operation persists with the grid-interface converter in Figure 1 operating in grid-following control mode. RES units simultaneously operate in MPPT mode and the battery operates according to its design objectives, such as energy trading or ancillary services provision [29,30].



If a grid-isolation is detected, then the central converter is disconnected and the MVDC system swiftly shifts to operate in islanded mode under the proposed DC energy management system. From Figure 1, the battery DC–DC converter assumes control of the DC voltage and the RES units operate in MPPT or VR modes based on the existing power-balance conditions. Equation (2) presents the main power-balance equation that should always be satisfied to properly operate the standalone MVDC distributed network using the designed EMS.


   P  R E S   =  P  L o a d   +  P  B a t     ∀    V  D C m i n   ≤  V  D C   ≤  V  D C m a x    



(2)




where,    P  R E S     is the collective RES power output,    P  L o a d     is the total connected load power and    P  B a t     is the charge/discharge storage power,    V  D C m i n     and    V  D C m a x     are the DC bus voltage permissible limits.



The proposed EMS is designed to accommodate single large-scale or multiple RES units. The former case shifts the operation of that unit between MPPT and VR, while the latter scenario also achieves power-sharing between the different RES units under VR mode. Smart load clustering, shedding, and restoration is embedded into the EMS design to prolong critical load supplies (e.g., hospitals) during low RES units generation periods.



The EMS design also considers maintaining a minimum storage state of charge (  S o  C  m i n   )   that is sufficient to energize the network’s AC side assets and supply AC auxiliary loads to ensure its black-start readiness to energize the network AC assets and parts of the immediate connected AC grid based on the network configuration in the targeted area. After that, the EMS synchronization path ensures that the created AC island voltage is synchronized to the extended active grid voltage prior to their connection.



The storage SoC is an important control parameter that is used as a primary decision variable for several EMS operating modes, and thus acquiring accurate estimates of this parameter is essential for proper EMS operation. Several SoC estimation techniques exist in literature such as voltage, impedance or adaptive techniques as discussed in [31]. Mathematically, the SoC of a battery is defined as the ratio of its current capacity Q(t) to its nominal rated capacity    Q n    as illustrated by Equation (3).


  S o C  ( t )  =   Q  ( t )     Q n     



(3)







The following section explains the different MVDC network operating modes under the proposed EMS design, where Figure 2 shows a high-level flowchart for the proposed energy management system operation.




3. Proposed EMS Operating Modes


During the MVDC system isolated operation following a grid contingency, the network operates between MPPT and VR modes with load shedding and restoration paths within EMS design as detailed in Section 3.1 and Section 3.2. When the grid restoration signal is received, the black-start and grid synchronization modes of the EMS are activated as explained in Section 3.3. The thresholds defined in Figure 2 are recommended to be designed with small SoC tolerance in both directions to avoid scattered mode switching that may result from RES output intermittency and sudden load variations.



3.1. Maximum Power Point Tracking Modes


The available RES unit operates in MPPT mode when their maximum instantaneous output is not sufficient to cause an over-voltage to the DC bus. For instance, if    P  R E S   >  P  L o a d    , and the storage unit can still be charged (i.e.,   S o C < S o  C  m a x    ), then the surplus RES power is used to charge the battery. Likewise, RES units should still operate in MPPT mode if    P  R E S   <  P  L o a d    , with the battery operating in its discharge mode to satisfy Equation (2).



3.1.1. Load Shedding Path


If the combined RES output power is consistently below a power cutoff point (   P  c u t o f f   )   that is defined based on network-specific environmental resources availability and critical load requirements, then the RES units still operate in MPPT mode to extract the maximum power output and the EMS shifts to load shedding operation path.



Once the load shedding path is activated, the remaining load power is supplied by the battery in discharge mode. In this case, clustering the load into different prioritized categories becomes important to maximize the most critical load supply duration. A simplified isolated MVDC network is described here for illustration, where a single offshore wind farm is connected as the power generation source.



If the local wind speed is expected to be below the operating cutoff point for the next x hours, then the local storage should be able to maintain the critical load supply based on its current SoC. The local loads in this case are segmented into n clusters based on their criticality level, while SoC is segmented into  m  levels between   S o  C  m i n     a n d   S o  C  m a x    , where   m = n + 1  . The least critical cluster is disconnected in load shedding path when the SoC falls below the highest segment lower threshold at   m − 1  , thus elongating the supply period for the remaining load.



If the same condition persists until the SoC reaches   m − 2  , then the second least-critical load cluster is disconnected. If the weather forecast used to predict the wind farm output has underestimated the plant disconnection period and the SoC eventually falls below the   m − n   level (i.e.,   S o  C  m i n   )  , then the last resort in this case is for the most critical load to also be temporarily disconnected until the plant generation is restored. Figure 2 demonstrates the load shedding logic for a three load clusters case (  n = 3  ) within the load shedding EMS path. Whereas, Equation (4) illustrates the generic load clustering into n clusters, and Equation (5) mathematically summarizes the load shedding path requirement for each cluster.


   P  L o a d   =  S  L 1    P  L 1   +  S  L 2    P  L 2   + ⋯ +  S  L n    P  L n    



(4)






   S  L  i  s h e d     =  {      1 : S o C ≥  B i        0 : S o C <  B i          ∀    P  R E S   <  P  c u t o f f    



(5)




where,    S  L i     is the ith load cluster switch, with  i  ranging from 1 to n, and    B i    is the lower SoC threshold for the corresponding sector. The lowest SoC sector threshold occurs at    B  m i n   =  B 1  =  B  m − n    , and the highest SoC sector threshold occurs at    B n  =  B  m − 1    .




3.1.2. Load Restoration Path


The proposed EMS design only considers load restoration possibility once consistent and sufficient RES power output is accumulated to avoid continuous shedding/restoration modes switching. Based on their availability, weather forecasts (i.e., wind speed, solar irradiance, and temperature) can be additionally used to support the decision-making logic as an adaptive co-factor to load restoration sequence and thresholds definition for increased EMS reliability. If load shedding exists in the network, then battery charging is prioritized, and restoration of the next load cluster is only allowed once the battery is charged to its restoration threshold level. Progressive load reconnection is then carried out as the storage SoC evolves through the defined sectors. Equation (6) summarizes the load restoration path requirements, whereas Figure 2 highlights the path execution within the EMS context.


   S  L  i  r e s t o r a t i o n     =  {      1 : S o C ≥  B i        0 : S o C <  B i          ∀    P  R E S   >  P  L o a d s h e d   +  P  B a t m a x    



(6)




where,    P  L o a d s h e d     is the partial connected load at the considered instant/segment, and i is defined similarly to Equation (5). During this process, the RES units operate in MPPT mode if the required conditions are met, and in VR mode otherwise as explained in the following subsection.





3.2. Voltage Regulation Operating Mode


This mode is activated in one of two cases, either if    P  R E S   >  P  L o a d     and the battery is fully charged, or if the battery is charging at its maximum power    P  b a t m a x     and the charging current is limited by its protective control, which is when    P  R E S   >  P  L o a d   +    P  b a t m a x    . In either of these cases, the surplus    P  R E S     can cause an overvoltage at the DC bus, and thus shifting the RES units operating mode to VR becomes essential to maintain constant DC bus voltage. Consequently, the battery DC-DC converter control design should consider the overcurrent protection, which can be implemented in many ways, such as dual-loop PI control as illustrated on a high-level in Figure 3.



It should be noted that operation within VR mode is also possible in the load restoration path if the following condition is met:    P  R E S   >  P  L o a d S h e d   +  P  b a t m a x    . This can be considered as a design choice, and is prioritized here compared to direct connection of the shed load before the SoC climbs back to the next segment threshold to avoid scattered mode switching operation (see Figure 2).



Shifting the RES operation mode from MPPT to VR and vice versa for a single RES unit requires shifting the MPPT converter operation point to a new level that stabilizes the DC bus voltage. For instance, if a single PV unit operates in the network, then the DC-DC converter duty ratio D is shifted to a new equilibrium. This can be done using several techniques, such as modified perturb and observe (P&O) [15] or modified voltage reference signal through a switched PI controller [24]. However, power sharing should be considered for multiple RES units. Here, a power sharing technique inspired from droop control is proposed.



When parallel RES units operate in the isolated MVDC network presented in Figure 1 and a switch to VR mode is required, then different possibilities exist to achieve this requirement, such as shifting the operating point of the largest units only to achieve VR. However, a normalized distribution between the different units is preferred in this case to minimize the impact of large RES unit output intermittency. An analogous principle similar to AC networks droop is considered here. The power reference set-point    P  r e f V  R i      of the ith RES unit operating in VR mode is set proportionally to its standard test conditions (STC) rating    P  S T C    . This is mathematically illustrated in Equation (7) for k RES units, thus achieving collaborative, proportional power sharing instead of violent set-point variation of a single unit, where    P  L o a d     refers to the connected load at that instant.


   P  r e f V  R i    =  {         P  S T  C i        ∑   i = 1  k   P  S T  C i      (  P  L o a d   +  P  B a t m a x   ) : S o C < S o  C  m a x            P  S T  C i        ∑   i = 1  k   P  S T  C i       P  L o a d                                         : S o C = S o  C  m a x          



(7)







To account for possible power mismatches, a supervisory DC bus voltage control is embedded to avoid oversupply and the consequent voltage rise. Namely, if a unit is not able to achieve its new power set-point from Equation (6) due to output shortage, then the EMS instructs the other RES units with higher output availability to increase their power participation for DC bus voltage stabilization. Simultaneously, the power reference is decreased for the units with low output to maintain power balance until environmental conditions allow for proportional sharing again. This is done through imposing converter set-point changes that correspond to DC voltage variations at each generation node through a dynamic EMS power-sharing module.



Figure 4 illustrates the proposed EMS power sharing principle for a simplified case with two RES units. The objective here is to push the VR error to zero for all units through combining the DC VR and the dynamic reference power set-point from Equation (6) to adjust the converter pulse width modulation (PWM) compared to that of MPPT operation. The internal RES controller design depends on the RES type (e.g., solar or wind).




3.3. Black-Start/AC Synchronization Modes


Different network segments may be operated in isolation following large-scale elongated network contingency. Once the issue is alleviated, these segments can be gradually grouped and even used to black-start neighboring areas [32]. In case the investigated MVDC distribution network is required to participate in such black-start scenario upon receiving a request from the utility operator, then it should be ready to energize its AC grid-interfacing assets.



VSCs are interfaced to the grid through three-phase transformer units. Energizing a transformer can result in significant inrush current magnitudes, which can be several time the transformer rated current [33]. VSCs overcurrent capability is far more limited than synchronous generators that have classically been used for transformer energization. Thus, special care should be given when using converters for this task. A transformer inrush current is proportional to its core flux. Flux saturation can thus lead to very high magnetizing (inrush) current. A transformer core flux can be estimated as the integral of winding voltage.



Below, the flux behavior in a transformer core is briefly discussed based on an equivalent single-phase transformer model as in Figure 5, where R1,2 and L1,2 represent the primary and secondary side winding resistance and leakage inductance, respectively,    R m    and    L  s a t     are the core equivalent resistance and saturation inductance, respectively and    i m    is the magnetizing current.    L  s a t     is variable in nature and is estimated from the flux-magnetizing current slope, resulting in a very low inductance value in saturation region, and consequently very high magnetizing current.



Assuming negligible    L 1    and very high    R m    values for simplification, and considering that the secondary side is open-circuit during energization, the core flux  ϕ  can be estimated as in Equation (8) from [34], where    ϕ r    is the residual core flux following previous de-energization, and  α  is the voltage angle at the energization instant.


  ϕ ≈   −  L  s a t    V p  cos  (  ω t + α  )       R 1 2  +    (  ω  L  s a t    )   2      +  (   ϕ r  +    L  s a t    V p  cos  ( α )       R 1 2  +    (  ω  L  s a t    )   2       )   e  −    R 1     L  s a t     t    



(8)







The first term in Equation (8) represents the oscillatory steady state, unsaturated, flux value. For the considered single-phase transformer model, it can be observed that random energizing, for instance at  α  = 0, would result in a maximum flux value during the first cycle that creates a high magnitude inrush current that can well-exceed the power electronic converter rating. Equivalent observations apply to three-phase transformers with variations that depend on the used topology. This example illustrates the necessity of investigating alternative options for VSC based transformer energization within the proposed EMS design. In this case, soft transformer voltage ramping is used as detailed below.



Collectively, the EMS design takes into account the outlined black-start and grid synchronization requirements by adopting the following steps:




	(a)

	
Always maintaining a minimum battery SoC during isolated MVDC operation, where   S o  C  m i n     definition should be set based on network planning and contracted capacity with the utility.




	(b)

	
Applying modified grid-forming control to the interface converter with ramping voltage reference    V  A C r e f     between 0 and 1 pu between time   t = 0   and    T  r a m p     to gradually energize the connected network’s AC transformer and avoid inrush current flow. Equation (9) defines the ramping AC voltage    V  A C B S     requirement. The ramping time    T  r a m p     is set in accordance with transformer parameters, such as the residual flux and damping time constant to avoid saturation at lower ramping times.


   |   V  A C B S    |  =  {       t   T  r a m p      |   V  g r i d    |  : t <  T  r a m p          |   V  g r i d    |              : t >  T  r a m p          



(9)








	(c)

	
Matching the AC voltage magnitude, frequency, and phase to the neighboring energized AC network before synchronizing both areas. A common synchronizing requirement from IEEE is summarized in [35]. For further protection, an additional switch is added    S  E n a b l e     that is monitored and manually set to 1 when synchronization conditions are achieved before closing the STS as defined in Equation (10).


  S T  S  c l o s e   =  {  1   ⇔        |   V  g r i d    |  −  δ V  ≤  |   V  P C C    |  ≤  |   V  g r i d    |  +  δ  V          f  g r i d   −  δ f  ≤  f  d s   ≤  f  g r i d   +  δ  f          θ  g r i d   −  δ  θ   ≤  θ  d s   ≤  θ  g r i d   +  δ  θ           &    S  E n a b l e   = 1  



(10)




where    δ  V , f , θ     indicate the grid-code defined reconnection margin for voltage magnitude, frequency, and phase angle, respectively, and the   d s   subscript denotes the MVDC distribution system.









Figure 6 summarizes the high-level EMS control for this operating mode, which is activated when    S  g r i d   = 1   from Figure 2. Initially, the ramping voltage reference is applied from 0 to 1 pu in    T  r a m p     and the converter operates in grid-forming mode. The voltage is measured before and after the grid connection point. A phase-locked-loop (PLL) is used to extract the frequency and phase angles. The latter is matched between both voltages by applying a gradual shift the digital    V  A C r e f     signal. When synchronization conditions are satisfied and    S  E n a b l e     is manually changed to 1, then the STS switch closes and the converter shifts to the grid-following PQ operating mode.



A mode switch from grid forming to grid-following is advisable only if the synchronized network is strong enough to sustain reliable PLL reference. Alternatively, more robust grid-forming modes can also be implemented to provide simultaneous grid-support and PQ reference tracking as explained in [36,37].





4. Proposed EMS Design Verification: Case Studies


This section presents two case studies with results illustrating the EMS robustness under different operating conditions and scenarios using simulated models and a scaled experimental laboratory setup. The first case study is simulation-based using MATLAB/Simulink, and is designed to test different EMS operating stages with two solar PV resources and DC switched loads to test the power-sharing VR functionality, soft transformer start with auxiliary AC loads supply, in addition to grid synchronization. The second case study is experimental using a scaled down laboratory setup, and it aims to verify the proposed EMS operation in its main modes using relevant hardware configuration. Table 1 summarizes the tests and their objectives.



All of the used converters in the simulation study are assumed here to have ideal components and are built in MATLAB/Simulink using average model assumptions. In practice, conventional DC–DC converters, for instance, such as boost type have limited gain due to their switching losses and parasitic elements at higher duty ratios. Different topologies are presented in literature to maximize the gain, such as cascading different stages or using isolated converters, and the topology selection depends on the required gain, efficiency and application requirements. Detailed consideration of such topologies can be found in [38,39,40].



In both simulation and experimental tests, the perturb and observe (P&O) MPPT technique is used for PV DC–DC converters, with a modified duty ratio perturbation logic to achieve VR under shifted operation mode. The solar PV systems are simulated using the single-diode model. Dual loop PI is used for the battery (Figure 3), and the control structure in Figure 5 is used for the AC system black-start/synchronization tests. For the experimental DC–AC converter control, dual-loop direct-quadrature (dq) control is used. The outer loop in grid-forming mode generates dq current references through digitally synthesized, scaled, 50 Hz siunsoid reference tracking using PI controllers, whereas in grid-following mode, the current references are generated from PQ reference tracking. Sinusoid pulse width modulation (SPWM) is implemented to drive the controller (see Figure 6).



The simulated three-phase   Δ / Y   transformer is based on the default parameters of MATLAB/Simulink saturable model, scaled to the system rating. Detailed converter control design is beyond the scope of this work, and comprehensive reviews are selected for further reading on solar [41,42] and wind [43] converters control. Finally, it should be noted that the EMS can operate with different device-level controllers as it mainly operates as a secondary level control structure, adding more user design flexibility.



4.1. Case Study 1: EMS Test with Multiple RES Units (Power Sharing)


The test network in this case study is composed of two parallel-operated PV farms, interfaced to the DC bus through boost DC-DC converters, and the battery is interfaced to the DC bus through a bidirectional boost converter. The connected loads are divided into three priority clusters (n = 3) and controlled through separate switches SL1 to SL3. The SoC thresholds (m = 4) are selected to be at 100%, 70%, 50%, and 20%, where the latter is assumed the minimum network requirement to guarantee a successful black-start in case of zero RES output at that instant to support auxiliary AC loads. The AC system interfacing is performed using a two-level three-phase voltage source converter via a three-phase transformer. Figure 7 shows the configuration used for the EMS simulated tests. From the three parallel-connected DC–DC converters in isolated mode, the battery bidirectional converter is responsible for maintaining DC bus voltage, and its charge/discharge operation depends on the power balance defined in Equation (2) to maintain reliable connected load supply. Similarly, the two uni-directional PV converters operate either in MPPT or VR mode based on the set of constraints defined in Figure 2. In VR mode, the control of both converters is modified to achieve proportional, droop like, power sharing as described in Figure 4.



Key simulated system parameters are summarized in Table 2. The designed ratings and parameters are selected to reflect a medium-power network with a generation capacity exceeding local loads for power export under grid-connected conditions. This is to verify MPPT-VR transitions during the MVDC distribution network isolated operation when excess power cannot be exported to the grid.



4.1.1. RES Mode Shift and Power Sharing Test


In this simulated scenario, load-shedding conditions are not met and thus the proposed EMS operates in the main path from Figure 2. Initially, the irradiance is set to   600   W /  m 2   . In this case, both PV systems operate in MPPT and collectively output 12 MW, while the total connected load is 6 MW, and thus the battery is charged with the excess 6 MW. The irradiance is then increased to   700   W /  m 2    with    P  R E S   = 14   MW   and the MPPT mode persists since the condition    P  R E S   <  P  L o a d   +  P  b a t m a x     is still satisfied. However, when the irradiance is increased to 800   W /  m 2   , then the PV output becomes at the MPPT-VR modes barrier as it approaches 15 MW. More evidently, an irradiance of   900   W /  m 2    would have resulted in    P  R E S     around 18 MW if MPPT persisted. Figure 8a demonstrates these results through averaged simulations and illustrates that in this case VR mode forces the power sharing functionality to adjust both PV operating points according to Equation (6), forcing PV1 and PV2 to collectively operate around 15 MW. This shift requires modifying the operating point on the PV curve. Figure 8a illustrates this shift between t = 3 to 5 s in the voltage and current for PV1. That is, irradiance increments in solar PV mainly increases the power through current increments with minimal voltage impact, whereas the voltage between t = 3 to 5 s is noticeably decreased to counter current increment thus drifting away from the maximum power to achieve VR and maintain constant DC voltage.




4.1.2. Load Shedding/Restoration Test


For this test, the battery SoC is initially set slightly above 50%, with the irradiance set to zero to simulate a case when the least critical load cluster is already disconnected because SoC < 70% with insufficient RES output. The total connected load at the beginning of the simulation is thus 4 MW, fully supplied by the battery, and the proposed EMS operates following the load shedding path. At t = 1, SoC falls below 50%, and the second load cluster is disconnected to prolong the supply period of the most critical load cluster. On the other hand, the PV systems are switched on at t = 2 with an irradiance pump from 0 to   700   W /  m 2   . The collective output power from PV1 and PV2 is initially used to charge the battery until it exceeds its maximum power then the rest will be supplied to the total connected load (Figure 8b). The shedding load cluster can be reconnected through the load restoration path once the battery SoC exceeds 50% again. This sequence is recommended to accelerate the battery SoC buildup.



The least critical load cluster can only be reconnected once SoC exceeds 70%. Figure 8b illustrates the results of this test, where it can be observed that the DC bus voltage is maintained nearly constant during this process. Clearly, the used timescales here are exaggerated to cover different modes and do not necessarily reflect actual ramping times for similarly rated assets.




4.1.3. Black-Start/Transformer Energization


The black-start route in Figure 2 is subject to receiving a restoration signal from the network operator, and the existence of a minimal SoC in the battery storage. When both conditions are satisfied, a successful black-start participation is feasible by the proposed EMS. The test presented in this section first demonstrates the issue of using hard transformer energization and its negative interactions with the proposed EMS, and then illustrates the soft transformer startup as a feasible solution. The PV systems are operated at low irradiance that is selected to be just above the cutoff power for this design    (  100    W  /  m 2     around    2    MW   )    to avoid falling into the shedding/restoration path. This relatively low power is also selected to better visualize the battery and DC bus voltage interactions with AC side during black-start. Simultaneously, the load is fully connected (normal operating path, Figure 2) and the battery supplies 4 MW of the total 6 MW demand. As illustrated in Figure 9a, the black-start signal is received from utility at t = 2, and the converter is energized with a 1 pu voltage instantly, which is simultaneously applied at the transformer and the AC auxiliary load terminals (see Figure 7). In Figure 9a, the converter current control is disconnected, to demonstrate the unrestricted sourced inrush current through the converter while operating in AC voltage control mode.



Very high current pulses in kilo-amperes are generated at the saturated transformer cores, resulting in violent DC link voltage and battery power variations to generate/absorb this inrush power. On the other hand, energizing the same transformer through soft start with    T  r a m p   = 10   s   according to Equation (9) resulted in a smooth operation as illustrated in Figure 9b. In this case, the gradual voltage buildup effectively eliminates inrush current, stabilizes the DC link voltage, and only consumes small additional battery power to supply the 0.5 MW auxiliary AC load as compared to Figure 9a, demonstrating clear advantages for the soft transformer start selection within the proposed EMS design.




4.1.4. Grid Synchronization Test


After transformer energization, the voltage at the PCC needs to be synchronized with the utility grid before closing the breakers to avoid causing short circuits. This requires matching the voltage magnitude, frequency, and phase as explained in Section 3.3. This test expands on that and illustrates the process in both directions, starting from grid disconnection to grid reconnection. Figure 10 shows the result for phase A of the synchronizing MVDC distribution system (DS) and grid voltages. At t = 0.05 s, a fault occurs causing the DS to instantly shift from grid-following to grid-forming control. To showcase the resynchronization process, a gradual 90 degrees phase shift is first introduced between both voltages, and at t = 0.2 s, the grid voltage is restored (contingency resolved). However, the DS converter still operates in grid-forming mode due to the existing 90 degrees phase shift. The DS voltage reference is then similarly adjusted to eliminate phase error   Δ θ   (see Figure 6) using a PLL output matching technique with PI compensators. Around t = 0.265 s, the synchronization requirements are satisfied again, the synchronization switch is closed and the DS converter seamlessly shifts back to grid-following control mode.





4.2. Case Study 2: Proposed EMS Experimental Verification


The proposed EMS functionalities are experimentally verified using a scaled down microgrid lab setup. The setup consists of a flexible and controllable grid, load, and battery emulators from CINERGIA, and a TerraSAS PV emulator. The network unidirectional and bidirectional DC–DC boost converters, and the three-phase DC–AC converter are controlled through a dedicated dSPACE SCALEXIO interface fully developed by the authors. Figure 11a illustrates the setup layout block diagram.



The setup is similar to that used for the simulated case study 1, with the difference being the existence of a single PV source emulator and no grid interface transformer, thus presenting complimentary test scenarios to those presented in simulation. Figure 11b shows the physical setup and controller connections.



The conducted tests aimed at experimentally verifying the RES mode shift in response to load changes vs. an operation case without active EMS in the isolated network operation mode, in addition to the grid synchronization functionalities. Experimental test parameters are summarized in Table 3.



4.2.1. Proposed EMS Experimental Voltage Regulation Test


The simulated analogous test verified the proposed EMS operation against irradiance variations and to achieve power sharing, whereas the tests performed here expand on different scenarios that include low loading conditions to cover more operating possibilities within the manuscript span. First, the issue of operating the network with no active EMS under this mode is experimentally illustrated. Namely, the PV is initially operating in MPPT mode with a 3.6 kW output, against a 2 kW connected DC load with the surplus power used to charge the battery. PBatma is defined around 2.2 kW, with Vbat = 450 V. Figure 12 illustrates the results of this test. At t = 2 s, the rated load is reduced to 1 kW and back to 2 kW at t = 7.25 s. Between these two points, the PV remains operating at MPPT, the excess power is fed to the battery until PBatmax is reached. The surplus power can only then be forced into the load as in Equation (11), increasing its voltage and consumption, and risking damaging it.


   P  s u r p l u s   =  (     V  D  C  n e w    2  −  V  D  C  n o m i n a l    2     Z  L o a d      )  = (  P  M P P T   −  P  B a t m a x   −  P  L o a d r a t e d   −  P  L o s s e s   )  



(11)




where,    P  L o a d r a t e d     is the rated load power and    P  L o s s e s     are the system power losses.



On the other hand, when the proposed EMS is activated, then the rated load shift from 2 kW to 1 kW is met with a shift in RES operating mode, as illustrated in Figure 12c,d, to preserve DC bus voltage by adjusting the PV emulator set-point with lower voltage and slightly higher current, effectively reducing the PV output from 3.6 kW to 3 kW. Similarly, the PV operating point is shifted again to MPPT when the rated load power is stepped back to 2 kW.




4.2.2. Grid Synchronization Test


The experimental setup is also used to verify the grid synchronization sequence of the proposed EMS by matching the converter voltage parameters to the grid voltage. Similar to the simulated case, the DC bus current is fed by the battery through its bidirectional boost converter, and the three-phase converter is operated in grid-forming mode as illustrated in Figure 13. In this scenario, an AC load is connected to demonstrate the proposed EMS adaptability to different isolated systems. The AC load is fed by the converter output current (   I  i n v   )  , and once the voltage waveforms are matched, the synchronization signal is issued at the grid-connection point, and the converter control mode immediately shifts to grid-following operation. The AC current transients in Figure 13a are a result of operating point shift in grid-following mode to test the controller robustness. The AC load is initially 3 kW, and in grid-following mode, the new reference points were set to    P  r e f   = 1.5    kW   and     Q  r e f   = 2   kVAR  , with the shortage immediately supplied by the grid, and the battery current reduced because of the grid taking over part of the AC load supply. Conversely, the network disconnection is also tested for the same set-points in Figure 13b, with the distribution system converter immediately shifting its operation back to grid-forming mode and supplying the load demand. Collectively, the test illustrates the synchronization technique effectiveness based on Figure 6, and the control robustness in shifting between different modes with minimal load supply disruptions.






5. Conclusions


This paper proposed a new energy management system for MVDC networks with black-start capabilities to preserve the operation of an isolated MVDC network in a post-elongated contingency scenario, and to maintain its black-start readiness. The proposed EMS is comprehensively designed to cover various operating paths to achieve these targets. The issue of power oversupply and overvoltage violations in isolated systems is addressed through proposing mode shifts in RES set-points to participate in voltage regulation (VR) when required instead of continuously operating in MPPT. A power sharing strategy has been proposed to proportionally distribute the power between different RES units in VR mode. The proposed EMS design is agnostic to the generation source type and can operate different assets such as wind turbines and solar PV. Moreover, an innovative partial load shedding and restoration strategy with load prioritizing and clustering have been presented to overcome undersupply conditions and prolong the supply duration of critical load assets. Minimum battery SoC requirements are presented to support black-start readiness. Soft transformer energization was compared to hard energization and is shown to be more reliable in eliminating inrush currents that could jeopardize system operation during black-start. Grid synchronization strategy and design considerations are also presented. Simulation and experimental results have confirmed all aforementioned points with performance evaluations and practical design recommendations. The EMS design operates on a secondary control level, allowing for more flexibility on the primary level control of different devices based on the application requirements (e.g., PI, sliding mode, model predictive control, etc.).



Possible improvements to the EMS design can be to integrate load and weather forecasting with artificial intelligence to increase the decisions reliability on the load clustering and SoC thresholds definition. Moreover, distributed storage units coordination and SoC management can be an interesting research path to improve the EMS design in larger networks.
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Figure 1. High-level block diagram for a generic MVDC distribution network and its AC grid interface. 
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Figure 2. Detailed energy management system (EMS) design flowchart with multiple operating modes. 
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Figure 3. Battery DC–DC converter control with inner overcurrent protection. 
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Figure 4. Multiple renewable energy sources (RES) units power sharing control in the EMS VR mode. 
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Figure 5. Electrical model for a single-phase transformer. 
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Figure 6. High-level EMS control design for AC black-start and synchronization operating modes. 
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Figure 7. Test network used for case study 1 with key parameters. 
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Figure 8. Simulation results for the isolated MVDC Distribution System (DC Side): (a) MPPT–VR–MPPT mode shift to maintain constant DC link voltage, (b) load shedding and restoration sequence illustration. 
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Figure 9. Simulation results for the EMS black-start sequence (AC Side): (a): hard transformer energization, (b): soft transformer energization (voltage ramping). 
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Figure 10. Grid disconnection/re-synchronization sequence. 
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Figure 11. Experimental microgrid verification setup: (a) layout block diagram, (b) physical setup. 
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Figure 12. Experimental MPPT–VR–MPPT mode shift validation for the designed EMS: (a) excess PV generation without implemented EMS with overvoltage violation, (b) MPPT operation of the hardware PV emulator, (c) MPPT–VR–MPPT mode shift with the EMS enabled to maintain DC link voltage, (d) PV operating point shift of the hardware PV emulator. 
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Figure 13. Experimental grid synchronization test for the designed EMS. (a): grid connection; (b): grid disconnection. 
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Table 1. EMS design verification tests.
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	Test
	Objective





	RES mode shift
	Verifying MPPT-VR mode shift for DC bus voltage stabilization under variable environmental and loading conditions.



	RES Power Sharing (multiple units)
	Verifying power sharing functionality between multiple units in EMS VR mode.



	Load shedding/restoration sequence
	Verifying load clustering, shedding, and restoration sequence under variable RES output conditions.



	Black-start and transformer energization
	Verifying the MVDC network capability to energize the AC network after receiving black-start signal from utility with RES and storage contribution.



	Grid synchronization sequence
	Verifying the grid disconnection and restoration sequence for PCC synchronization.
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Table 2. Simulated System Parameters.
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	Parameter (unit)
	Value
	Parameter (unit)
	Value





	PV1—PV2 Rating (MW)
	8–12
	PLoad DC Per Cluster (MW)
	2 (n = 3, total 6 MW)



	PV1 and PV2 open-circuit Voltage (kV)
	1.5
	AC Auxiliary Load (MW)
	0.5



	VDC (kV)
	20
	SoC Thresholds (m = n + 1)
	20%, 50%, 70%, 100%



	Vbat (kV)
	5
	Line Converter Voltage (kV)
	11



	Battery Capacity (MWh)
	40
	PCC Line Voltage (kV)
	33



	Pbatmax (MW)
	9
	Transformer Rating (MVA)
	25



	System frequency (Hz)
	50
	Soft Energization Tramp (s)
	10
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Table 3. Experimental proposed EMS test parameters.






Table 3. Experimental proposed EMS test parameters.





	
Voltage Regulation Test

	
Grid Synchronization Test




	
Parameter (unit)

	
Value

	
Parameter (unit)

	
Value






	
Maximum PV Power (kW)

	
3.6

	
PCC Line Voltage (V)

	
346




	
DC Bus Voltage (V)

	
650 *

	
DC Bus Voltage (V)

	
780




	
Nominal Load Power (kW)

	
2.0

	
Nominal Load Power (kW)

	
3.0




	
Pbatmax (kW)

	
2.2

	
Pbatmax (kW)

	
5.0




	
Vbat (V)

	
450

	
Converter Pref (kW), Qref (kVAR)

	
1.5, 2.0




	
Disturbance Load Power (kW)

	
1.0

	
System Frequency (Hz)

	
50








* System parameters were varied for both tests because the setup DC bus voltage is reduced in VR test to allow for a sufficient overvoltage headroom for the DC bus capacitor, which is rated at 800 V.
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