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Abstract

:

Nowadays, the Balancing Authority Area Control Error (ACE) Limit (BAAL) Standard has been adopted to replace the Control Performance Standard 2 (CPS2) in the North American power grid. According to the new standard’s mechanism, a new control logic, named “Triggered Monitoring and Graded Regulation” (TM-GR) is proposed. Its purpose is to improve wind power utilization, with good BAAL Standard compliance for load frequency control (LFC). With the TM logic, according to the real-time regulating ability of areas and forecasting results of wind power output, the triggering moments to give orders are found and a defined monitoring interval is set to track the succeeding fluctuation of Area Control Error (ACE). With the GR logic, based on whether or not over-limit frequency and over-limit ACE occur simultaneously, unit output is regulated in different grades. In cooperation with the existing control logic of Control Performance Standard 1 (CPS1), the proposed logic has a higher priority. From the test results, with the proposed control logic, the utilization of wind power output increases and, meanwhile, the area’s control performance meets the Standard BAL-001-2 requirements. The standard deviation of the frequency deviation is less than the target value, and the duration of over-limit ACE and over-limit frequency can both be restricted to be less than 30 min.
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1. Introduction


The control areas in an interconnected grid not only share the benefits of interconnection but share the responsibilities to maintain frequency stability by load frequency control (LFC). Control performance standards need to be set to monitor and assess areas’ control actions [1,2,3]. As for the areas, they would design an appropriate control logic based on their regulation characteristics and capability. The logic is used to reduce the operating cost under the precondition of meeting the standard requirements [4,5,6].



In respect of assessment on LFC performance, every power grid has its own standard, which was designed based on its operating environment [7,8,9]. In the American power grid, the North American Electric Reliability Company (NERC) has been doing much work on standards for decades, and keeps proposing new standards which apply to the new requirements and changes of environments [10]. Up to now, three standards have been designed by the NERC: the Control Performance Criteria (CPC) [11], the Control Performance Standard (CPS) [12], and the Standard BAL-001-2 [13]. CPC was officially implemented in the eastern grid of North America in 1973. However, because it lacked a defensible theoretical basis, it was replaced by the CPS containing the CPS1 and the CPS2 in 1988. Through years of operating practices and theoretical analysis, some of the sub-standard CPS2’s disadvantages had been found. In 2002, to replace the CPS2, the NERC put forward several requirements based on a new idea of the Balancing Authority Area Control Error (ACE) Limit (BAAL) [14]. The standard in which the limit of BAAL is used is named the BAAL Standard. The standard requirements can be described that the duration of over-limit Area Control Error (ACE) cannot be longer than 30 clock-minutes [13,15]. In 2005, Priority-based Control Engineering (PCE), whose work is to explore the science and technology of generation control, tested the new standard in some grids [16], such as the Eastern Interconnection (EI) and the Western Electricity Coordinating Council (WECC). During the test, PCE gathered much helpful feedback from operation and management entities. In 2013, the BAAL Standard was passed by the ballot pool of the NERC. In the “Reliability Standards for the Bulk Electric Systems of North America” of 2017 [17], the BAAL Standard and the CPS1 formed the officially adopted Standard BAL-001-2. Though the operation practices show that the BAAL Standard is very effective in enhancing reliability and improving frequency quality, there is little research on control logic on this new standard at present. Since the BAAL Standard aims to restrict the number of continuous clock-minutes of over-limit ACE, the past control logic [18,19], which was used formerly for the CPS and the CPC, cannot be followed. In [9], a real-time control logic of a hydroelectric-dominated utility based on new standard is put forward which minimizes the generation maneuvering. In [15], a methodology for incorporating the timing component into the regulation requirements calculation is proposed based on the BAAL Standard. The existing control logics for the new standard mainly concentrated on how to decrease the action times of generating units. They were not designed to deal with the integration of renewable energies into a power grid.



With the rapid development of renewable energy generation [20,21,22,23], the proportion of installed capacity of wind power in power grids has been increasing in recent years [24,25,26,27]. The global wind power industry installed 54.6 GW in 2016. At the end of 2016, the number of countries with more than 1000 MW installed capacity was 29 and the global total capacity was 486.8 GW [28]. Wind generation in the ENTSO-E network will increase in the next 10 years from 139 GW to between 197 and 255 GW [29]. However, the main problem faced at present is massive wind power curtailment [30,31]. Many factors influence wind energy curtailment, such as inaccurate wind forecasts, network congestion, and reliability requirements [32,33,34]. The Spanish Transmission System Operator (TSO) has curtailed wind power to give priority to scheduled energy and to improve grid stability [35]. The wind curtailment in China is mainly due to the lack of adjustment of planning, grid management, and related policies against the volatility of wind power [36,37]. The level of wind curtailment is determined under varying levels of offshore wind, system non-synchronous penetration (SNSP), and transmission constraints in Ireland [38,39]. Because of the random variation of wind power output, it is hard to make a daily generation schedule by forecasting the output fluctuation exactly [40,41]. To better represent the wind power uncertainty, various representations of wind power forecast uncertainty have been proposed, such as probability distributions [42,43], scenarios [44], intervals [45], and uncertainty sets [41]. Because of the randomness of wind speed, it is impossible to regulate wind turbines like conventional units [46,47]. So, wind turbines were arranged with no responsibilities on LFC in former times. However, as the installed capacity gets larger, some systems and methods are used to improve the precision of forecasting wind power output [48,49]. In [48], a novel hybrid methodology for forecasting is proposed, successfully combining three individual forecasting models using the adaptive neuro-fuzzy inference system (ANFIS). In [49], a forecasting model consisting of the Gaussian process with a novel composite covariance function for high-accuracy wind power forecasting is presented. With the effective forecasting technologies, some ideas and methods have been proposed to try to involve wind turbines in frequency regulation [50,51]. In addition, there is also some research on how to minimize the wind curtailment [52,53].



Although some useful control logics and strategies of a wind-area have been designed for LFC, most of the existing research is based on CPS, which has been replaced by the Standard BAL-001-2. As mentioned above, the BAAL Standard in BAL-001-2 sets new requirements for ACE and frequency control. Under the new conditions, there is a need to study how to make high efficient use of wind generation to maintain frequency stability. This paper proposes a new control called “Triggered Monitoring and Graded Regulation” (TM-GR), which takes control areas’ regulation capacity and the forecasting results of wind power output into consideration. In the TM logic, some triggering moments are defined to give orders and a monitoring interval is set to track ACE fluctuation. In the GR logic, based on whether or not the over-limit frequency and over-limit ACE occur during the same period, unit output is regulated to different degrees. Test results show that the proposed logic has the ability to reduce wind power curtailment and, meanwhile, to make frequency performance meet the standard requirement by managing ACEs.



Since the BAAL Standard requirement should be complied with in both normal and abnormal practical operation [17], the proposed control logic is always effective to improve wind power utilization whether or not some great disturbances or critical events on operation occur. The design concept of the BAAL Standard has much in common with the standards in other girds, such as the China and European grids. In the European grid, the Network Code sets some frequency quality requirements which propose acceptable ranges and limited time durations, just like the NERC has done [54,55]. Additionally, in the China grid, the feasibility of implementing the BAAL Standard has been discussed for years to design a new set of reliability standards [56,57]. Therefore, with the high penetration of renewable energies in almost all of these grids, the proposed logic may have extensive applicability and practical significance.



The rest of this paper is structured as follows. A deep analysis on the BAAL Standard is done in Section 2. With the analysis, the standard’s connotation and purpose are presented. The new control logic is proposed and how it can cooperate with the existing CPS1 logic is shown in Section 3. Section 4 presents simulation results, which include wind power utilization, performance of over-limit frequency and ACE, and regulation on ACE of the new logic. Section 5 shows the conclusion.




2. Analysis on the BAAL Standard


2.1. Description of the Standard


In CPS, the sub-standard CPS1 aims to maintain the frequency quality by restricting the standard deviation of frequency fluctuation over a year, and the sub-standard CPS2 aims to limit the occurrences of over-limit ACE in a month by using probabilistic methods [10,12]. Therefore, the two sub-standards focus on long-term frequency or ACE performance. Since a frequency performing too high or too low during a short duration would be harmful for the normal work of electric equipment and its stable operation, the BAAL Standard drafting team was concerned with short-term control performance. Maintaining short-term frequency quality and operational security is regarded as the basis for setting new requirements for areas’ control actions. The requirement can be described that clock-minute average of the reported ACE cannot exceed the clock-minute BAAL for more than 30 consecutive clock-minutes. It can be expressed as [13,16,17]:



When frequency deviation is positive,


   T  (     (   E  A C E    )    1 min   >    (   E  B A A L    )    1 min    )  ≤  T s    



(1)







When frequency deviation is negative,


   T  (     (   E  A C E    )    1 min   <    (   E  B A A L    )    1 min    )  ≤  T s    



(2)




where    T  (  )     is the consecutive clock-minutes;       (   E  A C E    )    1 min      is the clock-minute average of the reported ACE;     T s     is the limit for duration time, which is decided as 30 min; and     E  B A A L      is the BAAL, which can be expressed as:


    E  B A A L   = − 10  B i  ⋅      (  Δ  F  F T L    )   2    Δ F     



(3)




where    Δ  F  F T L      is the trigger frequency deviation limit, which is decided to be    3  ε 1    ;     ε 1     is a target value that has been obtained from the historical frequency data;    Δ F    is the actual frequency deviation; and     B i     is the frequency bias coefficient of a certain area.



In assessing an area’s control performance, a duration of over-limit ACE which is over 30 clock-minutes means the violation of the standard’s requirement. The area would be punished economically. The BAAL Standard sets four violation severity levels according to the duration of over-limit ACE [17], which are described in Table 1.




2.2. Interpretation of the Standard


2.2.1. Purpose of the Standard


From Equations (1) and (2), the formulation of the requirement in different cases of negative and positive frequency deviation is not same. However, the different requirements have a uniform purpose. The purpose would be derived as below, by taking the example of negative frequency deviation.



Combining Equations (2) and (3), the below equation can be obtained.


   T  {     (   E  A C E - i    )    1 min   <    [  − 10  B i  ⋅      (  Δ  F  F T L    )   2    Δ F    ]    1 min    }  ≤  T s    



(4)




where       (   E  A C E - i    )    1 min      is the clock-minute average of the ACE of area i.



If a grid is assumed to include m control areas, then


      (  Δ F  )    1 min   =     ∑  i = 1  m      (   E  A C E - i    )    1 min         ∑  i = 1  m   − 10  B i      .   



(5)







So, if every area meets the requirement shown as Equation (4), Equation (6) would be obtained according to Equation (5).


   T  [     (  Δ F  )    1 min  2  >    (  Δ  F  F T L    )   2   ]  ≤  T s    



(6)







Namely,


   T  (     |   (  Δ F  )   |    1 min   > Δ  F  F T L    )  ≤  T s  .   



(7)







In the case of positive frequency deviation, Equation (7) can still be obtained. Therefore, the purpose of the BAAL Standard is to restrict consecutive time of over-limit frequency, as Equation (7) shows.




2.2.2. Characteristics of the Standard


The standard’s requirements for ACE and frequency can be described in Figure 1. From the figure and the equations above, some characteristics can be found.




	
Dynamic BAAL related to frequency. BAAL changes with actual frequency deviation. A larger absolute value of frequency deviation brings a smaller BAAL for the ACE. When the ACE has a different sign with frequency deviation, it is beneficial for maintaining frequency quality. In this case, the size of the ACE would not be restricted. This philosophy fits the requirement of secure and economic operation.



	
Different requirements for different areas. Different requirements for ACEs mean different regulation responsibilities of areas.     B i     determines different areas’ BAALs at the same frequency deviation. From (3), an area with a smaller     B i     would be assigned a stricter requirement, because frequency is more sensitive to its ACE.



	
Permitting correlations between ACEs. If each area’s clock-minute average of reported ACE is within its BAAL, no matter whether or not there are correlations between ACEs, the clock-minute average of frequency deviation can be maintained within the range from    - Δ  F  F T L      to    Δ  F  F T L     . When the duration of each over-limit ACE is less than 30 min, the duration of over-limit frequency would not be more than 30 min. By contrast, in the CPS2 design, it is assumed that there is no correlation between different ACEs [12]. However, correlations indeed exist in an actual grid. So, the BAAL Standard is more practical than the CPS2 on this point.











3. Proposed Control Logic


3.1. Design Philosophy


As the utilization of renewable energies in the electrical power industry develops, taking use of wind power as much as possible on the premise of secure operation is a vital mission under the new environment of the grid. Therefore, for a wind-area, only regulating conventional units without restricting wind power under non-emergency situations can make the most of complementarity between wind power output and load demand. This action can improve the utilization of wind power and effectively deal with the effects of random load fluctuation on real power balance.



On the other hand, a frequency performing too low or too high for some time in duration can harm the equipment and components in the system [58,59]. For that reason, generator units traditionally have a protection function for abnormal frequency [60,61]. Abnormal frequency protection will be activated when the frequency continuously exceeds the specified safe limit for a short duration. For the sake of short-term security, the duration of over-limit frequency is restricted to be not over 30 min in the BAAL Standard requirements. When positive frequency deviation is continuously large for some time, it might threaten secure operation. If the duration time is close to 30 min, derating part of the wind power output should be considered to cooperate with the conventional units’ efforts to restore frequency quality in a timely manner.



The maximum duration time of over-limit ACE allowed in the BAAL Standard is 30 clock-minutes, which is a relatively long time. However, since the conventional units have a limited ability to adjust output and wind power output has strong uncertainty, the wind-area should monitor the real-time ACE fluctuation and available regulating ability continuously. Then, it should judge when to give a regulating order based on the forecasting results of wind power output. This action can avoid failing to bring the ACE to be below the BAAL within 30 min due to an insufficient regulation ability or a large power shortage, and can decrease the wind power curtailment. By this way, short-term operation security would be enhanced and wind power utilization would be increased.



Based on the above discussion, a control logic named “Triggered monitoring and Graded Regulation” (TM-GR) is proposed. With the TM logic, whether to give regulating orders is decided at the end of every clock-minute during every 30-min interval. The basis of a decision is the ACE size at that moment and the ACE performance before that moment. The moment when an order is given is called the “triggering moment”. After giving an order, a certain monitoring interval is arranged. During the interval, the ACE fluctuation would be monitored continuously and the next triggering moment may be found. With the GR logic, based on whether or not the over-limit frequency and the over-limit ACE occur during the same period, unit output is regulated in different grades. When only the ACE exceeds its BAAL continuously, the regulation is in grade one. When the ACE and the frequency exceed their limits simultaneously, the regulation is in grade two.




3.2. Triggered Monitoring


In the TM logic, the main work is to decide the triggering moment and the monitoring interval. A wind-area’s control performance on real power balance is affected by whether or not the triggering moment is decided reasonably. If the order is given too soon, regulation times and cost would increase and wind power curtailment would even happen. If the order is given too late, the restoration process of frequency quality may be influenced. Therefore, the triggering moment should be decided according to the area’s real-time regulating ability, together with the forecasting results of wind power output. It is the right time to give an order when the over-limit ACE performance is about to exceed the area’s ability to control it.



From Equation (3), the BAAL has the same sign as the actual frequency deviation. When the frequency deviation is negative, unit output should be increased to regulate over-limit ACE and vice versa. The time to restore the ACE is restricted according to the standard requirement. Therefore, when units need to decrease output, the area’s regulating ability mainly refers to the regulation rate. On the other hand, when the output should be increased, the regulation rate and the available generation capacity reflect the regulating ability. Therefore, the triggering moment in the TM logic should be decided according to both of them, in addition to the wind power forecast results. The reported ACE and BAAL would be calculated every clock-minute, as the BAAL Standard requirement says [17], so the end of every clock-minute during every 30-min interval is the moment to judge whether to give orders.



If the ACE has been exceeding its BAAL for     t m     clock-minutes, there would be left    30 −  t m     clock-minutes for the area to bring the ACE to be within the BAAL. Conventional units’ total regulation rate to increase and decrease output are respectively described as     v  u p      and     v  d o w n     . The maximum power generation to increase and decrease in    30 −  t m     can be respectively expressed as    Δ  P  u p −  t m       and    Δ  P  d o w n −  t m      :


   Δ  P  u p −  t m    =  v  u p   ⋅  (  30 −  t m   )  + Δ  P  w -  t m  - f o r     



(8)






   Δ  P  d o w n −  t m    =  v  d o w n   ⋅  (  30 −  t m   )  - Δ  P  w -  t m  - f o r     



(9)




where    Δ  P  w -  t m  - f o r      is the wind power output change after    30 −  t m    , which is forecasted at the end of     t m    .



If the frequency deviation is positive, Equation (9) can describe the area’s regulating ability    Δ  P  F T L −  t m     ( + )      . In the case of negative frequency deviation, the regulating ability    Δ  P  F T L −  t m     ( - )       should consider the available generation capacity in the future as well. They can be expressed as:


   Δ  P  F T L −  t m     ( + )    = Δ  P  d o w n −  t m      



(10)






   Δ  P  F T L −  t m     ( - )    = min  [   v  u p   ⋅  (  30 −  t m   )  , Δ  P  d -  t m     ]  + Δ  P  w -  t m  - f o r     



(11)




where    Δ  P  F T L −  t m     ( + )       and    Δ  P  F T L −  t m     ( - )       are both positive; and    Δ  P  d -  t m       is the available capacity during the time of    30 −  t m    .



If the area did not have an adequate regulating ability to deal with the severity of the over-limit ACE at the end of     t m    , it needs to give an order to adjust the conventional units’ output. This can avoid the ACE surpassing the controllable scope. In this situation,     t m     is regarded as the triggering moment. The situation can be expressed as:



When the frequency deviation is negative,


    E  A C E −  t m    <  E  B A A L −  t m    − η ⋅ Δ  P  F T L −  t m     ( - )      



(12)







When the frequency deviation is positive,


    E  A C E −  t m    >  E  B A A L −  t m    + η ⋅ Δ  P  F T L −  t m     ( + )      



(13)




where


    E  A C E −  t m    =   E ′   A C E −  t m    +  P  w -  t m      



(14)




where     E  A C E −  t m       is the reported ACE at the end of     t m    ;   η   is the margin coefficient, which can be decided to be less than 1;      E ′   A C E −  t m       is the raw ACE produced by the load demand and conventional units’ output at the end of     t m    ; and     P  w -  t m       is the wind power output.



The regulating order for conventional units can be expressed as:


   S = α ⋅  (   E  B A A L −  t m    −  E  A C E −  t m     )    



(15)




where   α   is the regulation coefficient, which can be decided to be about 1.



   S < 0    means decreasing the conventional units’ output, but the wind power would not be affected. In a word, the below equation can be regarded as the judgment to decide the triggering moment     t m    .



When the frequency deviation is negative,


   T  [     (   E  A C E    )    1 min   <    (   E  B A A L    )    1 min    ]  =  t m    &    E  A C E −  t m    <  E  B A A L −  t m    − η ⋅ Δ  P  F T L −  t m     ( - )    .   



(16)







When the frequency deviation is positive,


   T  [     (   E  A C E    )    1 min   >    (   E  B A A L    )    1 min    ]  =  t m    &    E  A C E −  t m    >  E  B A A L −  t m    + η ⋅ Δ  P  F T L −  t m     ( + )    .   



(17)







After giving an order at the moment of     t m    , a monitoring interval of     T m    , during which the ACE fluctuation would be tracked continuously, is set. The follow-up actions to be taken under different conditions are described in Table 2.



When the frequency deviation is negative,


   T  [     (   E  A C E    )    1 min   <    (   E  B A A L    )    1 min    ]  =  t m    &    E  A C E −  t m    <  E  B A A L −  t m    − Δ  P  F T L −  t m     ( - )    .   



(18)







When the frequency deviation is positive,


   T  [     (   E  A C E    )    1 min   >    (   E  B A A L    )    1 min    ]  =  t m    &    E  A C E −  t m    >  E  B A A L −  t m    + Δ  P  F T L −  t m     ( + )    .   



(19)







Condition 1 in Table 2 can be described as line 1 in Figure 2a,b. That means the order given at the moment of     t m     has played a much more active role in restoring the ACE and avoiding it exceeding the limit continuously. In this case, it should clear the primary orders to reduce the number of times of regulation and to maintain economic operation.



Condition 2 in Table 2 can be described as line 2 in Figure 2a,b. It means the order given at the moment of     t m     has played a certain active role in restoring the ACE to the controllable range in time and has succeeded in solving the problem of insufficient regulating ability. In this situation, it should also clear the primary orders. Then, it should continue counting the time of over-limit ACE to find the next triggering moment.



Condition 3 in Table 2 can be described as line 3 in Figure 2a,b. It means that the order given did not work or that other accidents occurred to make the ACE exceed the controllable range. In this case,     t m  +  T m     should be regarded as a new triggering moment. Then, a new order which is expressed as Equation (15) would be given. The ACE fluctuation during the next monitoring interval     T m     and the ACE size at the end of     t m  + 2  T m     would be checked to take the next actions according to Table 2.



Condition 4 in Table 2 can be described as line 4 in Figure 2a,b. That means the order failed to do any work. What is more, the severity of the over-limit ACE at the end of     t m  +  T m     has exceeded the controllable scope. The regulating rate or available generation capacity would be unable to bring the ACE back to the secure range. For the condition of line 4 in Figure 2a, some contingency reserve is needed to go into service. Regulation responsibilities would be assigned among all available regulation resources. In the case of line 4 in Figure 2b, a certain part of the wind turbines would be cut and, at the same time, conventional units would decrease their output as soon as possible. In the process of derating part of the output of the wind power, some constraints on the wind turbines should be taken into consideration, such as rated speed, generator torque, and tip speed ratio [62,63]. Meanwhile, the parameters, including the ramp-rate and the spinning reserve [64,65], which are set by the wind power plant’s operator, should be complied with as well in a practical grid. After giving a new order, as in condition 3, the ACE fluctuation during the next monitoring interval would be tracked continuously.



In a word, ACE fluctuations in Condition 1 or 2 would clear the primary orders. ACE fluctuations in Condition 3 or 4 would give a new order and repeat the control logic described above until Condition 1 or 2 occurs. In these four conditions, only Condition 4 with a positive frequency deviation gives the order to cut part of wind turbines. Thus, the proposed control logic is good for increasing the utilization rate of wind energy.



In addition, in order to ensure that the duration of over-limit ACE would not be over 30 clock-minutes, a certain risk time, which is decided to be 30 clock-minutes, is set. If the duration of the over-limit ACE has been equal to the defined risk time, some emergency control actions would be taken in the next minute, such as cutting interruptible load or starting wind power curtailment to decrease the ACE size.




3.3. Graded Regulation


In an interconnected grid, one ACE or some ACEs exceeding the defined limits may not result in over-limit frequency, since there is a complementary relationship between different areas’ imbalance power. However, to ensure the fairness that every area bears equal responsibility in maintaining the real power balance of the grid, the BAAL Standard requires that each area’s over-limit ACE should not last for too much time. So, at the end of every clock-minute, Equations (16) and (17) should be used to find the triggering moment. The order which is expressed as Equation (15) belongs to the regulation in grade one. When an area’s ACE and frequency continuously exceed their limits during the same period, this area is supposed to be mainly responsible for the bad frequency performance. Its over-limit ACE should be regulated to a larger degree in order to recover frequency to the secure range rapidly. The regulation would be in grade two and the order    S ′    can be expressed as:


    S ′  = α ⋅  (   E  B A A L −  t m    −  E  A C E −  t m     )  ⋅ β   



(20)




where   β   is the enhanced regulation coefficient, which is decided to be more than 1.




3.4. Cooperation with CPS1 Control Logic


In 2017, Standard BAL-001-2, which is comprised of the BAAL Standard and the CPS1, came into operation. The cooperation between the two sub-standards is very important for the stability and security of grid operation, especially after wind power grid integration in a large scale. This section mainly shows how the proposed “TM-GR” logic of the BAAL Standard works smoothly together with the existing CPS1 control logic.



The aim of CPS1 is to restrict the standard deviation of one-minute frequency deviation over one year, and this is beneficial to maintain long-term frequency quality. To achieve the control objective, the standard defines some requirements for the ACE. They can be expressed as:


   A V  G  1 year    [     (   E  A C E    )    1 min   ⋅ Δ  F  1 min    ]  ≤ - 10  B i  ⋅  ε 1    2    



(21)






    I  C P S 1 - year   =  {  2 -   A V  G  1 year    [     (   E  A C E    )    1 min   ⋅ Δ  F  1 min    ]    - 10  B i  ⋅  ε 1    2     }  ⋅ 100 %   



(22)




where    A V  G  1 year    (  )     is the average over one year; and     I  C P S 1 - year      is the assessment index over one year. When     I  C P S 1 - year      is larger than 100%, the area performance is considered to meet the requirement.



Though CPS1 concerns the frequency performance over one year, the usual control logic used is the two-layer control scheme. The bottom layer is the main control, called the Real-time Control, and the top layer is the feedback control, called the Long-Term Control [66,67]. In the bottom layer, the time unit for observation is one minute. When       (   E  A C E    )    1 min   ⋅ Δ  F  1 min      in Equation (21) is larger than the predefined threshold, the order to control the ACE would be given. The predefined threshold which determines the control tightness is decided in the top layer according to the progressive measurement of CPS1 performance. If the measurement is rather better, there is room to raise the control threshold for unit control relaxation. Otherwise, the control threshold should be set lower for more control actions. From the above, the area’s one-minute performance is the basis of dynamic control in the two-layer control logic.



According to Equations (1)–(3), the requirement of the BAAL Standard can be expressed as:


   T  [     (   E  A C E    )    1 min   ⋅ Δ  F  1 min   > - 10  B i  ⋅    (  3  ε 1   )   2   ]  ≤  T s    



(23)







By contrasting Equation (21) with (23), CPS1 is found to be homologous to the BAAL Standard. Both of them take use of the measurement of       (   E  A C E    )    1 min   ⋅ Δ  F  1 min      to assess an area’s control performance. CPS1 compares it with       (  3  ε 1   )   2    , while the BAAL Standard has     ε 1    2     as a reference. CPS1 concerns the fluctuation of its size over one year, while the BAAL Standard pays attention to the continuous time of exceeding the limit. CPS1 rules the spatial distribution characteristics of frequency deviation, and the BAAL Standard defines its continuous distribution. The BAAL Standard has the function of helping CPS1 maintain frequency quality on a short time scale. Though the two standards have different concerns, their control logics do not contradict each other. Control actions which aim to meet the BAAL Standard requirement would not hinder the improvement of the area’s CPS1 measurement. Similarly, the actions to promote CPS1 compliance would not go against the BAAL Standard requirement.



Figure 3 shows the cooperation between the proposed “TM-GR” logic and the existing CPS1 control logic mentioned in [66]. From the perspective of operation security, short-term security is the precondition for maintaining long-term frequency quality. Thus, the BAAL Standard has higher priority than CPS1 in control logic. Under normal conditions, unless triggering moments are found, the BAAL logic will not give orders and control actions will only be managed by the CPS1 logic. Once the ACE performance meets Equation (16) or Equation (17), the short-term operation security is threatened. In this case, the BAAL logic’s orders are given and a subsequent regulating process will be done according to Table 2. Since these orders aim to reduce the ACE’s size, it has the function to improve CPS1 measurement. So, when the BAAL logic’s orders are in action, the CPS1 logic’s orders are shielded.





4. Simulation Test


4.1. Test Conditions


A two-area power grid modified from the IEEE 30-bus test system is used throughout all the tests [68,69]. There are three wind turbines and three conventional thermal units in area 1. There are five conventional thermal units in area 2. The one-month wind power data and load data come from a wind-area in the Northeast China grid [70]. The test parameters are shown in Table 3. The CPS logic and the Standard BAL-001-2 logic are tested under the same situation. The test results contain wind power utilization, frequency performance, ACE performance, and the occurrences of over-limit frequency and ACE. In the CPS logic, the CPS1&CPS2 two-layer control logic is used [66]. In the Standard BAL-001-2 logic, the proposed TM-GR logic is cooperated with the CPS1 two-layer logic.




4.2. Test Results


4.2.1. Wind Power Utilization


The wind power utilization with the two logics is shown in Figure 4. It can be seen that, with the CPS logic, the wind power utilization amount in area 1 is less at every moment. In contrast, the utilization curve with the BAL-001-2 logic gets closer to the output curve. The main reason is that the CPS2 two-layer control logic does not distinguish between conventional units and wind turbines. To meet the CPS1&CPS2 requirement, area 1 decreases the conventional unit output and performs wind power curtailment at the same time. This will cause some unnecessary generation maneuvering and fail to take advantage of complementarity between the wind power output and the load demand. A monthly wind power curtailment rate can be defined to describe the curtailment amount. The rate is calculated by dividing the integral of the difference between the monthly utilization curve and the output curve by the integral of the monthly output curve. The monthly rates with the two logics are shown in Table 4.



Figure 5 shows the distribution of days in different ranges of daily wind power utilization rate. The daily rate is calculated by dividing the integral of the daily utilization curve by the integral of the daily output curve. With the CPS logic, 24 days are distributed in the range from 50% to 85%. In contrast, with the BAl-001-2 logic, the range from 90% to 100% has 29 days. The average daily utilization rate is shown in Table 4. According to the two figures and one table, the wind-area with the CPS1&CPS2 logic is discovered to fail to make full use of wind power. This performance goes against the objective of the development of renewable energy sources. The proposed TM-GR logic does well in improving the utilization of wind power.




4.2.2. Over-Limit Frequency and Over-Limit ACE


Some test results with the two logics are shown in Table 4. The monthly standard deviation of the frequency deviation with the two logics are both less than the target value     ε 1     shown in Table 3. Thus, both the logics are capable of regulating areas’ actions to meet the CPS1 requirement to maintain long-term frequency quality. However, with the CPS1&CPS2 logic, there are three occurrences when over-limit frequency lasts for more than 30 min. This supports the theoretical proposition that the CPS1&CPS2 logic cannot maintain short-term frequency quality. With the BAL-001-2 logic, there are no occurrences when the frequency exceeds the limit for over 30 min. This shows that the proposed TM-GR logic is able to meet the BAAL Standard requirement.



Figure 6 shows the three occurrences when over-limit frequency deviation lasts for over 30 min with the CPS1&CPS2 logic. Additionally, the frequency deviation performance with the BAL-001-2 logic during the same period is shown in this figure as well. The horizontal axis “x: y: z” represents the time of “day: hour: minute” in the test. As shown in Figure 6a, the frequency deviation with the CPS1&CPS2 logic remains below −3ε1 from “day6: hour20: minute10” to “day6: hour20: minute43”. With the Bal-001-2 logic, it only takes about four minutes to restore the frequency to the secure range.



Frequency deviation is due to real power imbalance. The ACE is calculated by the difference between the load demand and all units’ output, so it can reflect the value of real power imbalance. Figure 7 shows the output of different units in two areas with the CPS1&CPS2 logic and the BAL-001-2 logic. The case that the two areas’ ACEs with the CPS1&CPS2 logic remain below or above their own limits during the same period causes the conditions shown in Figure 6. The limits for their ACEs are calculated based on the CPS2 requirement [10]. Figure 8 shows the fluctuations of the two areas’ ACEs with the CPS1&CPS2 logic from “day25: hour5” to “day25: hour13”. During this interval, the case described above occurs four times. Not every case will lead to the consecutive over-limit frequency, because the total ACE size may not be large enough. The CPS2 logic ignores the correlations between ACEs [10,66], so it cannot avoid the case that the two ACEs exceed their limits simultaneously. What is more, the CPS2 logic is not designed to monitor ACE fluctuation all the time. The ACE size is restricted at only 90% of the test period [10], and this can result in the occurrence of a consecutively over-limit ACE.



With the BAL-001-2 logic, the distribution of occurrences of different continuous minutes that the over-limit ACE and the over-limit frequency last for is shown in Figure 9. The longest time that the two ACEs remain out of their limits is, respectively, 21 min and 23 min. The longest duration that the over-limit frequency lasts for is 16 min. Thus, the areas’ control performance is considered to meet the Standard BAL-001-2 requirement and the short-time operation security can be maintained as well. These good results are mainly due to the management and regulation of the proposed TM-GR logic.




4.2.3. Regulation on ACE of the BAL-001-2 Logic


The ACE fluctuation of area 2 with the BAL-001-2 logic over some time is shown in Figure 10. When there are no disturbances, the orders to regulate the ACE are given by the CPS1 two-layer logic. To decrease the number of regulation orders and reduce the operation cost, the threshold is often set as a large value, which is decided in the top layer [66]. At the moment of about “day13: hour15: minute25”, the ACE began to decline, which may be caused by a disturbance. After “day13: hour15: minute31”, the ACE rebounded significantly. That moment was supposed to be the triggering moment of the TM-GR logic. From Table 3, the monitoring interval was set to be 3 min. Thus, at “day13: hour15: minute34”, the ACE measurement was checked based on Equations (16) and (18) again. According to the check result, a new order was given to continue to restore the ACE. After “day13: hour15: minute36”, the ACE did not exceed the BAAL any more. The duration of the over-limit ACE was discovered to be 6 clock-minutes, which meets the BAAL Standard requirement.



From Table 4 and Figure 9 and Figure 10, we can conclude that the proposed TM-GR control logic can coordinate with the CPS1 logic well. By using the coordinated logic, long-term frequency quality can be maintained and the duration of over-limit ACE can be restricted to be less than 30 min.






5. Conclusions


This paper proposes a new control logic, named TM-GR, of wind-area on the new BAAL Standard. Its purpose is to increase the wind power utilization amount, on the premise of maintaining operation security, by taking full advantage of the complementarity between wind power output and load demand. According to an area’s real-time regulating ability and the forecasting results of wind power output, the proposed TM-GR logic sets some triggering moments and monitoring intervals for regulations on ACE. Two different grades of orders to regulate are given based on whether or not the ACE and frequency continuously exceed their limits during the same interval. Only when the frequency deviation is large continuously in the positive direction, which threatens the operation security, a part of the wind turbines will be cut, together with the conventional units’ efforts, to restore frequency quality in a timely manner.



The test results indicate that the proposed logic can give orders to areas at the right triggering moments. The orders can restrict the ACE fluctuation to the controllable range. What is more, the logic can cooperate well with the existing CPS1 logic and has a higher priority than it. The two logics compose the BAL-001-2 logic, which can restrict the duration of over-limit frequency to be less than 30 min and, meanwhile, maintain long-term frequency quality. More significantly, with the proposed BAL-001-2 logic instead of the existing CPS1&CPS2 logic, the wind power curtailment amount will decrease. Thus, the proposed logic is beneficial for reducing the use of fossil energy and the emission of pollutants and would be more popular in practice.
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Figure 1. Requirement for Area Control Error (ACE) in the BAAL Standard. 
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Figure 2. Different ACE fluctuations after the triggering moment: (a) negative frequency deviation; (b) positive frequency deviation. 
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Figure 3. Framework of the cooperation between the Triggered Monitoring and Graded Regulation (TM-GR) logic and the Control Performance Standard 1 (CPS1) control logic. 
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Figure 4. Wind power utilization with the two logics. 
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Figure 5. Distribution of days in different ranges of daily wind power utilization rate with the two logics. 
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Figure 6. Three conditions of frequency deviation fluctuation with the CPS1&CPS2 logic and the BAL-001-2 logic: (a) condition 1; (b) condition 2; (c) condition 3. 
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Figure 7. Output of different generation units in two areas with two logics: (a) the CPS1&CPS2 logic; (b) the BAL-001-2 logic. 






Figure 7. Output of different generation units in two areas with two logics: (a) the CPS1&CPS2 logic; (b) the BAL-001-2 logic.



[image: Energies 11 00121 g007]







[image: Energies 11 00121 g008 550] 





Figure 8. Two ACEs’ fluctuations during some time with the CPS1&CPS2 logic: (a) area 1; (b) area 2. 
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Figure 9. Occurrences of over-limit frequency and over-limit ACE for different continuous minutes. 
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Figure 10. ACE fluctuation of area 2 over some time with the BAL-001-2 control logic. 
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Table 1. Violation severity level of the Balancing Authority Area Control Error (ACE) Limit (BAAL) Standard.
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	Violation Level
	Description





	Low
	Duration of over-limit ACE is between 30 min and 45 min



	Moderate
	Duration of over-limit ACE is between 45 min and 60 min



	High
	Duration of over-limit ACE is between 60 min and 75 min



	Severe
	Duration of over-limit ACE is larger than 75 min
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Table 2. Control actions under different conditions.
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	Condition Number
	Description of Different Conditions
	Control Actions





	1
	The ACE doses not exceed the BAAL any more.
	Clear orders.



	2
	Equation (12) or Equation (13) is not met at the end of     t m  +  T m    . (    t m     is replaced by     t m  +  T m    )
	Clear orders and continue monitoring ACE.



	3
	Equation (16) or Equation (17) is met at the end of     t m  +  T m    . (    t m     is replaced by     t m  +  T m    )
	Regard     t m  +  T m     as a new triggering moment to give orders.



	4
	Equation (18) or Equation (19) is met at the end of     t m  +  T m    . (    t m     is replaced by     t m  +  T m    )
	Regard     t m  +  T m     as a new triggering moment to give orders. Start contingency reserve or cut wind turbines.
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Table 3. Control actions under different conditions.






Table 3. Control actions under different conditions.





	Parameter
	Description
	Value





	Scheduled frequency
	    F s    
	50 (Hz)



	Target standard deviation of one-minute average frequency deviation
	    ε 1    
	0.031 (Hz)



	Target standard deviation of ten-minute average frequency deviation
	    ε  10     
	0.0098 (Hz)



	Frequency bias coefficients of two areas
	    B 1    ,     B 2    
	−150, −200 (MW/0.1 Hz)



	Total installed capacity of conventional units in two areas
	    P  c - 1     ,     P  c - 2     
	2500, 3500 (MW)



	Total installed capacity of wind power in area 1
	    P  w - 1     
	500 (MW)



	Monitoring interval
	    T m    
	3 (min)



	Margin coefficient
	  η  
	0.9



	Regulating rate of conventional units in area 1
	    v  u p - 1     ,     v  d o w n - 1     
	4% (      P  c - 1    /  min     )



	Regulating rate of conventional units in area 2
	    v  u p - 2     ,     v  d o w n - 2     
	3% (      P  c - 2    /  min     )



	Regulation coefficient, Enhanced regulation coefficient
	  α  ,   β  
	0.95, 1.2
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Table 4. Control actions under different conditions.






Table 4. Control actions under different conditions.





	Type of Control Logic
	Monthly Wind Power Curtailment Rate
	Average Daily Wind Power Utilization Rate
	Number of Times of over-Limit Frequency for over 30 Consecutive Minutes
	Monthly Standard Deviation of Frequency Deviation





	CPS1&CPS2
	19.6%
	21.8%
	3
	0.021 (Hz)



	BAL-001-2
	6.3%
	7.4%
	0
	0.028 (Hz)
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