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Abstract

:

In order to efficiently use energy storage resources while meeting the power grid primary frequency modulation requirements, an adaptive droop coefficient and SOC balance-based primary frequency modulation control strategy for energy storage is proposed. Taking the SOC of energy storage battery as the control quantity, the depth of energy storage output is adaptively adjusted to prevent the saturation or exhaustion of energy storage SOC. The balanced control strategy is introduced to realize the rational utilization of resources and the fast balance of SOC in the process of primary frequency modulation of energy storage battery under different charge states. Then, four evaluation indexes are proposed to evaluate the effect of primary frequency modulation and SOC maintenance. Taking a regional power grid as an example, a simulation analysis is carried out under step load disturbance and continuous load disturbance. According to the simulation results, the proposed control strategy is effective in power system frequency regulation and battery SOC maintenance.
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1. Introduction


In recent years, new energy power generation has developed rapidly. By the end of 2019, the total installed capacity of wind power in China reached 210 GW, and the total installed photovoltaic capacity reached 204 GW [1]. Especially in many provinces of the “three northern regions”, the proportion of wind power installed in the provincial power grid reached more than 40%. However, the wind turbine itself is decoupled from the frequency of the power system, and the replacement of traditional units by high-proportion wind power will lead to the weakening of system inertia and the reduction in primary frequency modulation capacity [2]. In addition, the randomness and volatility of new energy generation become more prominent when it is connected to the grid on a large scale, which will bring greater power disturbance to the power grid [3,4,5,6]. This suggests that under such dual pressure, there is an urgent need to make up for the lack of primary frequency modulation capacity in the traditional way with the help of new frequency modulation means.



In recent years, electrochemical energy storage has been widely used in the field of power grid auxiliary frequency modulation because of its advantages, such as rapid action and flexible control. At present, the total number of global megawatt electrochemical energy storage and frequency modulation projects has reached more than 160 [7,8], but the installed capacity is only 2457 MW. Comparatively speaking, the energy storage capacity only accounts for a very small part of the power grid capacity, so how to use the energy storage with limited capacity to safely and continuously assist the primary frequency modulation puts forward higher requirements for the scientific and efficient control strategy. It is worth noting that scholars at home and abroad have carried out a series of research work in the field of energy storage control strategy [9].



Reference [10] puts forward a droop control strategy for energy storage battery participating in power grid frequency regulation. By adjusting the output of the energy storage battery according to a fixed sagging coefficient, the power can be adjusted quickly and has a better frequency modulation effect. In reference [11], an energy storage battery based on virtual droop control is reported to solve the power grid frequency stability, and the steady-state effect of the droop control strategy is verified. However, the proposed control strategies do not take into account the changes and limitations of the dynamic characteristics of the system, the frequency modulation requirements, and the SOC of the energy storage battery. The maintenance of energy storage SOC is the key to the efficient utilization of its electricity [12]. Some studies have taken into account the problem of SOC management in the process of energy storage participating in FM. In reference [13], the control strategy of energy storage white adaptive frequency modulation and self-recovery is expounded by using the smoothing characteristic of logistic regression function. Although the SOC of energy storage battery is considered in reference [14], the regulation strategy of fixed power output participating in power grid frequency is still adopted. Reference [15] provides an adaptive control strategy for energy storage. When the electric vehicle is connected to the grid to charge, on the premise of meeting the charging needs of users, the frequency adjustment service can be provided flexibly for the power grid according to the power status and SOC status. Unfortunately, its research content is mainly aimed at the decentralized energy storage battery for electric vehicle charging needs, but how to give full play to its auxiliary grid frequency modulation performance according to the SOC characteristics of centralized energy storage battery remains a significant challenge.



In order to ensure the effect of frequency modulation while ensuring the state of energy storage SOC and maintaining the long-term stable output of energy storage, an adaptive primary frequency modulation control strategy considering SOC feedback of energy storage battery is proposed in this paper. Taking the SOC of the energy storage battery as the control quantity, the adaptive output law of the energy storage unit is designed, the output adjustment of the energy storage unit under different frequency deviation and SOC interval is optimized, and the balanced control strategy is introduced to realize the rational utilization of resources and the fast balance of SOC in the primary frequency modulation process of the energy storage battery under different charge states. Finally, taking the regional power grid as an example, the effectiveness of the proposed control strategy is verified by simulation under the condition of step load disturbance and continuous load disturbance.




2. Primary Frequency Modulation Control Mode of Regional Power Grid with Energy Storage


Virtual droop control and virtual inertial control are classical control strategies applied to energy storage and frequency modulation [16]. The virtual inertial control can quickly restrain the initial frequency change rate but has no effect on the steady-state deviation; the virtual droop control can improve the steady-state deviation but has no effect on the initial frequency difference change rate. Therefore, in practical application, we can combine the characteristics of the two by determining the appropriate timing of control to achieve complementary advantages.



In this paper, the virtual droop control is used as the main control of the battery energy storage to participate in the primary frequency modulation. As long as the frequency deviation appears, the energy storage battery can change its output under the virtual droop control and automatically respond to the frequency change of the system. Its control function runs through the whole process of primary frequency modulation. As a supplementary control of droop control, virtual inertial control only acts at the initial time of frequency change, restrains the speed of frequency deterioration, and increases the inertia of the system. The timing of its control can be expressed by Equation (1).


  Δ  P  inert   =     Δ f < 0 ,     −  M B    d Δ f   d t     ,     d Δ f   d t   ≤ 0     0   ,     d Δ f   d t   > 0         Δ f > 0 ,     −  M B    d Δ f   d t     ,     d Δ f   d t   ≥ 0     0   ,     d Δ f   d t   < 0          



(1)




where Δf represents the frequency deviation of the power network, MB represents the virtual inertia coefficient, and dΔf/dt represents the frequency change rate.



As a result, an energy storage primary frequency modulation droop control strategy based on inertial response is constructed, and the reference output power expression of the energy storage unit is shown in Equation (2).


  Δ  P B  = − (  K B  Δ f +  M B    d Δ f   d t   )  



(2)




where KB represents the droop control coefficient, Δf represents grid frequency deviation, MB represents the virtual inertia coefficient, and dΔf/dt represents the frequency change rate.



Figure 1 shows the flow chart of the integrated control mode adopted in this paper. As an inertial response link, virtual inertial control plays a role in the frequency deterioration stage and is removed in the recovery phase. The energy storage unit always provides power support for the system through droop control until the frequency is restored to the specified dead partition of the grid frequency.




3. Primary Frequency Modulation Control Strategy of Energy Storage


At present, in the traditional droop control based on virtual inertia, the fixed unit power value Kmax is usually used to participate in the primary frequency modulation. As the current energy storage capacity is still very limited, compared with the large power grid, with the long-term use of Kmax to charge and discharge the power grid, in the process of frequent operation, it is easy to cause the battery to be in the state of overcharge and overdischarge for a long time [17].



In addition, the large-capacity energy storage system is usually composed of multiple energy storage units. Due to the influence of battery manufacturing technology and initial electricity in each energy storage unit, there is a problem of imbalance of SOC in the energy storage unit. In the actual process of participating in frequency modulation, each energy storage unit adopts a unified droop control mode for charge and discharge. Then, the energy storage unit with lower SOC in discharge mode or higher SOC in charging mode will withdraw from the frequency modulation process ahead of time, and the remaining energy storage unit must be forced to overcharge and overdischarge, which will shorten the service life of some energy storage units in the system [18].



Based on this, we propose a SOC feedback-based improved droop control strategy, which adaptively adjusts the power coefficient of the droop control unit and introduces an equalization factor to coordinate and optimize the power output of each energy storage unit so as to improve the overall performance of the energy storage system participating in the frequency modulation of the power system.



3.1. BESS Adaptive Droop Coefficient Setting


In order to prevent the greater impact on the power grid frequency caused by the saturation or exhaustion of the energy storage SOC, we adopt the method of adaptively adjusting the virtual droop control coefficient KB according to the real-time state of the energy storage SOC, establish a piecewise function with the energy storage battery SOC as the independent variable and the droop control coefficient KB as the dependent variable, and design the adaptive output law of energy storage charge and discharge.



As shown in Figure 2, the battery power is divided into seven SOC intervals, and the adaptive dynamic adjustment is carried out in each interval. The optimization of the unit regulation power coefficient of the droop control of the energy storage unit is more detailed and targeted, and the specific ways are as follows.



(1) QSOC(t)∈[0%, QSOC,min] or [QSOC,max,100%]



In terms of battery life, deep charge and discharge will accelerate the decline of battery performance of the energy storage unit. Therefore, in actual operation, the energy storage SOC is usually required to be kept within a reasonable range, that is, the following:


  Δ  P B  = − (  K B  Δ f +  M B    d Δ f   d t   )  



(3)







When the BMS of the energy storage unit detects that the real-time value of the battery’s SOC QSOC(t) has crossed the reasonable range, that is, QSOC(t) > QSOC,max or QSOC(t) < QSOC,min (this article is set as the battery forbidden interval), the energy storage stops output to avoid affecting its own battery life. Usually, take QSOC,max = 0.9, and QSOC,min = 0.1 [19,20].



(2) QSOC(t)∈[QSOC,low-, QSOC,high-]



In this range, the energy storage capacity is relatively sufficient. The expected value of 50% of the battery SOC is within this range, and the energy storage unit has sufficient bi-directional frequency modulation ability to cope with the increase or decrease in frequency. Whether charging or discharging, the energy storage unit uses the maximum droop control unit to adjust the power coefficient Kmax.


     K B  =      K  ch   =  K  max        K  disch   =  K  max           ,  Q  SOC   ( t ) ∈ [  Q   SOC , low - ,       Q   SOC , high -      ]    



(4)







(3) QSOC(t)∈[QSOC,min, QSOC,low-]



In this range, the energy storage unit has sufficient charging capacity and insufficient discharge capacity. Thus, in the charging mode, the energy storage unit adjusts the power coefficient Kmax with the maximum unit to output.


   K B  =  K  ch   =  K  max     ,  Q  SOC   ( t ) ∈ [  Q   SOC , min ,       Q   SOC , low -      )  



(5)







In the discharge mode, the unit regulation power coefficient KB is adaptively adjusted according to the SOC of the energy storage battery, and the specific value can be determined by Equations (6) and (7).



When QSOC(t)∈[QSOC,min, QSOC,low+], we have the following:


   K B  =  K  disch   =  1 2   K  max     1 −      Q  SOC   ( t ) −  Q   SOC , low +       Q   SOC , min    −  Q   SOC , low +           



(6)







When QSOC(t)∈(QSOC,low+, QSOC,low-),


   K B  =  K  disch   =  1 2   K  max     1 −      Q  SOC   ( t ) −  Q   SOC , low  -      Q   SOC , low +    −  Q   SOC , low  -          



(7)







(4) QSOC(t)∈(QSOC,high-, QSOC,max]



In this range, the energy storage unit has sufficient discharge capacity and insufficient charging capacity. So, in the charging mode, the KB needs to be adaptively adjusted, and its values are shown in Equations (8) and (9).



When QSOC(t)∈[QSOC,high+, QSOC,max], then we have the following:


   K B  =  K  ch   =  1 2   K  max     1 −      Q  SOC   ( t ) −  Q   SOC , high +       Q   SOC , max    −  Q   SOC , high +           



(8)







When QSOC(t)∈(QSOC,high-, QSOC, high+), then we have the following:


   K B  =  K  ch   =  1 2   K  max     1 +      Q  SOC   ( t ) −  Q   SOC , high +       Q   SOC , high -    −  Q   SOC , high +           



(9)







In the discharging mode, the energy storage unit adjusts the power coefficient Kmax in the largest unit for output.


     K B     =  K  disch   =  K  max          ,  Q  SOC   ( t ) ∈ (  Q   SOC , high - ,       Q   SOC , max      )     



(10)








3.2. BESS Internal Unit SOC Balance


In addition, in response to the problem of SOC imbalance in the charge and discharge process of the energy storage unit participating in the primary frequency modulation in the system, we introduce the equalization factor H on the basis of the adaptive optimization of the power coefficient KB of the droop control unit, amplify the difference between the SOC of each unit, adjust the output rate of the battery in different states, change the power responsibility of each unit in the primary frequency modulation, and realize the fast equalization control of the SOC of the energy storage unit.



The equilibrium factor H is added to the droop control in a multiplicative relationship, namely, as follows:


  − (  M B    d Δ f   d t   +  K B  Δ f ⋅ H ) = Δ  P B   



(11)







The equilibrium factor H is expressed as follows:


      H =  e  [  k  SOC   (  Q  SOC        , i    n  −  Q   SOC ,         ave    n  ) ]   , Δ  P B  > 0     H =  e  [ −  k  SOC   (  Q  SOC        , i    n  −  Q   SOC ,         ave    n  ) ]   , Δ  P B  < 0      



(12)




where QSOC,i represents the SOC value of each energy storage; QSOC,ave represents the average state of charge of all energy storage units participating in a frequency modulation in the system; n represents the secondary power; and kSOC represents the state-of-charge adjustment coefficient, which is used to control the equalization speed.



According to Equation (12), under the discharge condition, for the energy storage unit with higher SOC, the equalization factor H is larger, which accelerates the discharge speed of the energy storage battery and releases more electricity. For the energy storage unit with lower SOC, the equilibrium factor H is smaller, which can decelerate and release less electricity. Under the charging condition, the effect is reversed. In addition, in order to maintain the stability of the system, the KB under the secondary modification of the equilibrium factor cannot exceed its upper and lower limits.



The equalization factor plays a positive role in many aspects; for example, it reasonably allocates the frequency modulation demand of the energy storage unit participating in the primary frequency modulation, effectively prevents some energy storage unit from withdrawing frequency modulation ahead of time due to the lack of SOC state, increases the frequency modulation pressure to the remaining energy storage unit, effectively suppresses the overcharge and overdischarge of part of the energy storage, and promotes the self-recovery stage of the energy storage battery, which realizes the SOC equilibrium of each energy storage unit in the battery energy storage system, thereby improving the utilization efficiency of the energy storage system.




3.3. BESS Primary Frequency Modulation Integrated Control Strategy


Based on the above analysis, on the basis of the determined control mode, combined with the adaptive droop force law and the balanced control among the units, a comprehensive adaptive control strategy for energy storage to participate in the primary frequency modulation of the power grid is formed. The control block diagram is shown in Figure 3.



The operation process is as follows:




	(1)

	
First of all, the frequency detection device configured by each unit in the energy storage system monitors and detects the power grid frequency. When the frequency deviation Δf is generated, it is further judged whether to cross the frequency regulation dead partition. If the frequency falls beyond the dead partition, the primary FM function is activated; otherwise, each unit locks the function.




	(2)

	
When |Δf| > 0.033 Hz, each energy storage unit is prepared to output power according to the preset control mode: based on the droop control of the inertia response link. At the same time, a comprehensive study is made on the operation state of the power grid and the SOC state of its own battery. The virtual inertia coefficient MB is determined, the KB is adaptively adjusted, and the output depth is optimized for the first time.




	(3)

	
At the system level, the energy storage power station receives the real-time value of each unit BMS uploaded to SOC, calculates the system QSOC,ave, sends it to each unit, judges the equalization link and calculates the equalization factor by each unit, and modifies the droop control coefficient twice so as to realize the reasonable division of the primary frequency modulation responsibility of each unit.




	(4)

	
The energy storage unit outputs power according to the optimized control strategy and judges the change of the power grid frequency until the frequency enters the primary frequency modulation dead partition; thus, the control and optimization process ends.











4. Energy Storage Frequency Modulation Evaluation Index


In order to quantitatively evaluate the frequency modulation effect and SOC equalization effect of the proposed strategy, the following evaluation indicators are proposed.



(1) Maximum frequency deviation |Δfmax|: for step load disturbance, corresponding to the maximum frequency deviation after the disturbance, the smaller the |Δfmax|, the better the frequency modulation effect.



(2) Frequency deterioration rate Vm: for step load disturbance, it reflects the resistance effect of the system to the sudden change of load. The smaller the Vm, the stronger the resistance effect of the system to the sudden change of load, and the better the frequency stability.


   V m  =     Δ  f  max       Δ t   =     Δ  f  max        t m  −  t 0     



(13)




where tm represents the time corresponding to the maximum frequency deviation, and t0 represents the time when the load disturbance occurs.



(3) Frequency offset degree Rms(f): for continuous load disturbance, it reflects the degree to which the system frequency deviates from the standard frequency.


  R m s ( f ) =    1 n    ∑  i = 1  n     (  f i  −  f N  )  2       



(14)







(4) SOC offset Rms(QSOC): reflects the degree to which SOC deviates from the standard SOC.


  R m s (  Q  SOC   ) =    1 n    ∑  i = 1  n     (  Q  SOC , i   −  Q   SOC , N    )  2       



(15)




where fi and QSOC,i represent the frequency and charge state corresponding to the sampling point i, respectively; fN represents the standard frequency of 50 Hz; QSOC,N represents the standard SOC, which is 0.5; and n represents the total number of sampling points. The smaller the frequency offset and SOC offset is, the better the frequency or SOC deviation is, and the better the FM effect or SOC maintenance effect is.




5. Calculation Example Analysis


5.1. Calculation Example Conditions


This paper studies a regional power grid, and its primary frequency modulation Matlab/Simulink simulation model is shown in Figure 4. The unit capacity of the power grid is 100 MW, the maximum load is 80 MW, there are two energy storage sub-units, and their energy storage capacity is 1 MW/0.25 MWh. The parameters are standardized with the rated frequency and the rated capacity of the unit as the reference value. The maximum unit regulating power Kmax of energy storage is 12, and the unit regulating power KG of the unit is 20. TG, TCH, TRH and FHP are the governor time constant, steam turbine time constant, reheater time constant and reheater gain, respectively. The values of 0.08 s, 0.3 s, 10 s and 0.5 th M and D are the grid inertia time constant and load damping coefficient, respectively. The unit values are 10 and 1, respectively.




5.2. Analysis of Typical Working Conditions


Under two typical working conditions, the frequency modulation effects of several different control strategies, such as no energy storage, fixed K method, variable K method and this method, are simulated and analyzed.



5.2.1. Working Condition 1: Step Load Disturbance


The system is initially stable, the step load disturbance with amplitude of 0.06 pu is added at 10 s, the secondary frequency modulation is not operated, and the simulation time is 150 s. The frequency response and average SOC change curves under several strategies are shown in Figure 5, and the relevant FM indicators are shown in Table 1.



Comprehensively, in Figure 5a,b, in the initial stage of step disturbance access, the corresponding frequencies of the four frequency modulation modes all decrease rapidly, and the frequency deviation in the case of no energy storage is obviously higher than that of several control modes with energy storage, indicating that the introduction of energy storage can effectively improve the effect of the frequency response. The frequency response effect of the fixed K method is the best, but the SOC of the energy storage itself is not taken into account. At 134 s, the energy storage reaches the lower limit of energy and cannot continue to modulate frequency; its sudden withdrawal leads to the frequency falling at a larger rate. The SOC maintenance effect of the variable droop coefficient method is the best, but the suppression effect on the frequency change is poor, and the transient frequency drop is larger. This method comprehensively considers the primary frequency modulation requirements of the system and the need to maintain the SOC of the energy storage itself, and plays an effective role in restraining the frequency failure in the initial stage. With the recovery of the frequency of the system, the energy storage enters its own charged state, which makes its own SOC at a high level. According to Table 1, the frequency deterioration rate of this method is obviously lower than that of other energy storage methods.



In this paper, the comprehensive control method of equilibrium factor is introduced, and the SOC changes of the fixed K method and variable K method without an equilibrium factor are shown in Figure 6.



In the aspect of QSOC change, in the energy storage system with equilibrium factor, the energy storage unit with higher level of QSOC has more output, and the charge state decreases rapidly. The energy storage unit whose QSOC is at a lower level has less output, and the charge state decreases slowly. The two tend to be consistent gradually, which not only effectively maintains the SOC level of the energy storage unit in the low charge state, but also avoids the completion of the discharge ahead of time, withdraws from the frequency modulation, resulting in a sudden drop in frequency, or causes the excess output of the residual energy storage, which affects the energy storage life and gives full play to the working efficiency of the energy storage unit in good condition.




5.2.2. Working Condition 2: Continuous Load Disturbance


In order to verify the superiority of this method under continuous load disturbance, 5 min continuous load disturbance is added to the system, and the load disturbance curve is shown in Figure 7.



From the frequency response curve of Figure 8a and the frequency index data of each method in Table 2, it can be seen that the amplitude of frequency fluctuation of primary frequency modulation with energy storage is much smaller than that without energy storage under continuous load disturbance. Comparing the simulation curves of the three methods with energy storage, we observe that because the unit adjusting power is only 0.5Kmax near the QSOC = 0.5, the frequency deviation of the variable K method is the biggest, which cannot give full play to the primary frequency modulation ability of energy storage, cannot effectively cope with the demand of frequency adjustment, and its flexibility is not good. If the same effect as the other two methods is to be achieved, the capacity configuration needs to be increased. The primary frequency modulation effect of the fixed K method is better, and the frequency deviation can be limited to a small range. In this paper, the frequency modulation effect of the control method is the best, and the designed adaptive droop control output law can make the energy storage unit give full play to the primary frequency modulation ability. In addition, the existence of the virtual inertial control link reduces the change rate of frequency deviation, which makes the frequency suppression effect of this method the best.



According to the SOC change curve of each energy storage unit in Figure 8b and the SOC index data in Table 2, under the condition of continuous load disturbance, each unit in the fixed K method is always assumed to have the same FM responsibility, and the inconsistent SOC of each unit is not improved, which is not conducive to the maximum use of the overall capacity of the energy storage system. In the variable K method, due to the inconsistent initial state of the energy storage unit, the power output of each energy storage unit is carried out according to the values of different optimization curves in the case of charging and discharge. Although the power adjustment of energy storage units in different states is realized to a certain extent, the effect is not obvious, due to the slow change of SOC, and the consistent control of SOC is not achieved until the end of the adjustment cycle. In this paper, the control method SOC has the best maintenance effect. In the process of frequency regulation, the SOC of each energy storage unit tends to be consistent under the action of equilibrium control, and gradually approaches the reference value of 0.5. As a result, the two energy storage units in the energy storage system have sufficient bi-directional regulation ability.






6. Conclusions


This paper proposes a comprehensive adaptive control strategy for primary frequency modulation of energy storage based on SOC feedback. Specifically, combining the performance advantages of virtual inertia control and droop control, an energy storage primary frequency modulation integrated droop control strategy based on inertia response is constructed. Then, the adaptive output law and balanced control link of the energy storage battery are designed to realize the adaptive adjustment of the output at the level of the energy storage unit and the secondary correction of power coordination at the level of the energy storage system. Finally, the simulation results show that the proposed control strategy can effectively improve the frequency stability and take into account the effect of battery SOC maintenance under different disturbance conditions, such as step and continuous disturbance. In addition, it finely adjusts the output of the energy storage unit, and reasonably coordinates the frequency modulation power of each energy storage unit to achieve SOC equalization control and improve the utilization efficiency of the energy storage system.
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Figure 1. Process of control model. 
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Figure 2. Schematic of energy storage battery SOC partition. 
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Figure 3. Primary frequency modulation comprehensive adaptive control strategy of BESS. 
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Figure 4. Schematic diagram of primary frequency modulation simulation model. 
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Figure 5. Response curve of frequency and SOC: (a) frequency response curve; (b) average SOC change curve. 
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Figure 6. SOC changes with and without equilibrium. 
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Figure 7. The 5 min load disturbance curve. 
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Figure 8. Case 2: response curve of frequency and SOC: (a) frequency response curve; (b) average SOC change curve. 
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Table 1. Case 1: indicator statistics of frequency regulation.






Table 1. Case 1: indicator statistics of frequency regulation.





	
Indicators

	
FM Method




	
No Energy Storage

	
Variable K Method

	
Fixed K Method

	
Method of This Study






	
|Δfmax|/10−3

	
5.248

	
2.737

	
1.356

	
1.534




	
Vm/10−3

	
4.006

	
2.607

	
1.067

	
0.410
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Table 2. Case 2: indicator statistics of frequency regulation.
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Method

	
Frequency Index Rms(f)/10−4

	
SOC Indicator




	
Rms(QSOC)1

	
Rms(QSOC)2






	
No energy storage

	
14.567

	
\

	
\




	
Variable K method

	
5.678

	
0.0392

	
0.0463




	
Fixed K method

	
3.119

	
0.0450

	
0.0556




	
Method of this paper

	
2.950

	
0.0220

	
0.0260
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