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Abstract

:

Frequency stability is an important factor for the safety and stability of the power system operation. In a traditional power system, the operation stability is ensured by the inertia response, primary frequency modulation, and secondary frequency modulation. In recent years, in order to achieve the goal of carbon neutralization and carbon peaking, China has made great efforts in new energy development. With large-scale new energy connected to the power grid, the proportion of traditional conventional synchronous units has gradually declined. At the same time, a large number of power electronic devices have been used in the power grid, which led to the capability decline of the inertia response and primary frequency modulation. For example, the East China Power Grid has experienced a sharp frequency drop in such an environment. In order to solve the above problems, the operation principle and control mode of various new energy resources are analyzed in this paper. Moreover, the process and principle of power grid frequency response are studied and the evaluation index of frequency response capability is proposed. The research results can quantitatively evaluate the system inertia response and primary frequency modulation level and provides a judgment tool for dispatching operators and system planners.
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1. Introduction


Frequency stability is an important factor to ensure the safety and stability of the power system operation. That is, under a larger disturbance, there is a power imbalance between the power supply side and load side and the frequency stability can still be maintained. The frequency response of the power system mainly includes inertia response, primary frequency modulation, and secondary frequency modulation. At the initial stage of frequency recovery, the frequency response depends on the inertia of the power system, which includes the inertia of the rotating machinery of the generator and motor and has the advantages of fast response, high reliability, and strong anti-interference ability. At the middle stage of frequency recovery, the frequency response depends on primary frequency modulation which can eliminate the influence of small disturbances and ensure frequency stability by inertia response and primary frequency modulation.



It is expected that in the future, the power system will be based on renewable energy systems, distributed generations, and power electronics [1]. For example, in Europe, there will be 323 GW and 192 GW of wind and photovoltaic energy installed in 2030, which will cover up to 30% and 18% of the power demand [2]. In China, the government supports clean energy development through laws, regulations, finances, and taxation [3,4]. By the end of April 2022, the installed capacity of new energy is about 700 million kiloWatts, accounting for 29% of the total installed capacity of power generation in China.



With the large-scale new energy resources and DC connected to a power grid, the proportion of traditional conventional synchronous units has gradually declined, and a large number of power electronic devices have been used in the power grid, resulting in the weakening of the inertia response and primary frequency modulation capability [5,6,7,8,9,10], so it is necessary to study and establish quantitative evaluation indexes of system-level frequency response capability to guarantee the stability of power grid frequency. References [11,12] analyze the virtual moment of inertia of wind power plants and propose the virtual inertia estimation method and active power control strategy of wind farms [11,12]. Reference [13] sums up the importance of power system inertia for power system stability and determines the inertia contribution from different power consumer groups [13]. The above references only analyze the equipment-level calculation methods of inertia, lacking the system-level calculation methods. Reference [14] proposes a new network virtual inertia method to evaluate the power oscillation and analyzes the network virtual inertia of power systems with a high penetration rate of renewable energy generation, however, the reference focuses on theoretical analysis, which cannot better guide the actual power grid dispatching operation [14]. For the primary frequency modulation index, reference [15] analyzes the primary frequency modulation from the static point of view, which is reflected in the relationship curve between the power of the prime mover and its speed  δ  to describe the primary frequency modulation capability, but this method only considers the static characteristics of primary frequency modulation, and does not consider the dead band link [15]. Reference [16] uses the CPS index to measure the overall operating performance of the power grid, but the CPS index is used to evaluate the control effect of AGC (Automatic Generation Control), and there is no single index to evaluate the primary frequency regulation capability of the power grid [16]. There are also some references to improve the control strategy of equipment-level primary frequency modulation, for example, reference [17] combines PI control with internal model control [17], reference [18] improves the primary frequency modulation of energy storage [18], reference [19] proposes a control strategy for large-scale doubly fed induction generators participating in system primary frequency regulation [19], but these methods all lack the system-level calculation methods. Aiming at the problems caused by large-scale renewable energy grid connection, reference [20] proposes to adopt the SWOT analysis method, which constructs 24 internal and external evaluation factors and eight improvement strategies, evaluate the prospect of operation safety of China’s new energy power system, but the SWOT analysis method cannot quantitatively evaluate the factors, and cannot objectively compare the priority between factors [20].



Compared with the above references, the quantitative evaluation indexes of frequency response capability proposed in this paper have the following advantages:



	(1)

	
Based on the actual operation of a regional power grid in China, the paper takes full account of the operation characteristics of data acquisition equipment and dispatching system in the State Grid Corporation of China, to propose indexes that are closer to the actual operation, can be directly arranged in the dispatching system to guide the dispatch operation.




	(2)

	
The paper analyzes the operation principle and control mode of various new energy units and studies the process and principle of grid frequency response.




	(3)

	
Through formula derivation, the paper proposes to use the equivalent system energy to seek the equivalent inertia time constant of the system    H  t o t     and the equivalent calculation of the inertia value  T , which provides a simple and effective quantitative evaluation index of the system-level inertia index for dispatching operators.




	(4)

	
The paper considers the dead band and the maximum amplitude limitation of load adjustment and so on, and analyzes the frequency domain and time domain operation characteristics of all types of units, proposes to use Paseval’s theorem to establish the dynamic index of primary frequency modulation which can quantitatively evaluate the primary frequency regulation level of the power system in real-time.




	(5)

	
The paper uses the actual operation data of the regional power grid in China to calculate the inertia response index and primary frequency modulation index, which proves the feasibility of this method to guide the power grid dispatching operation.








2. China’s Current Situation of New Energy Resources Development and Frequency Response Problem


At present, the power supply structure, power grid structure, and load structure of China’s power system have undergone significant changes. By the end of April 2022, the installed capacity of new energy resources is about 700 million kiloWatts, accounting for 29% of the total installed capacity of power generation in China. The installed capacity of wind power and photovoltaic are the largest in the world. China’s power system has become a large-scale AC/DC interconnected power system and it is estimated that 90% of the power will be used after power conversion in the future in China.



It can be seen from Figure 1 that the proportion of new energy installed capacity in China is growing at an average annual rate of 2.5%, reaching 26% by the end of 2021, which has profoundly changed the operating characteristics of traditional power systems. Over the years, a large number of power electronic devices have been used in the power grid which shows the characteristics of a high proportion of power electronic equipment, in addition, due to the existence of heat and power units in northern China, the power system operation is more complex in winter, it’s necessary to use distributed dispatch of integrated electricity-heat systems to control [21,22], which has led to the weakening of the inertia response and primary frequency modulation capability. For example, the Jinsu DC bipolar lockout accident occurred in East China Power Grid on 19 September 2015. Before the accident, the system load was 138 GW, the system frequency was 49.97 Hz, and the Jinsu DC power was 4.9 GW. There was a large power shortage in East China Power Grid after the accident. As a result, the system frequency dropped to 49.56 Hz at the lowest level after 12 s and recovered to 50 Hz after about 240 s by ACE (Area Control Erroraction) and emergency dispatching. By post-analysis, the accident was mainly due to the inertia response of the system being reduced, and the primary frequency regulation was not as good as expected. It is expected that multi-infeed DC and large-scale grid connection of new energy resources will lead to insufficient frequency response capability of the power system in China, so an evaluation index adapted to the system frequency response level for the safe operation of the power system is very necessary [23].




3. System Frequency Response Evaluation Index


In a power system, the governors and automatic frequency regulators are utilized to regulate the power output of generators and keep the balance between power generation and load side. Thus, the frequency of the power grid is close to the rated value under normal operation is ensured. When an accident occurs, such as big power loss, power system separation, and line tripping, the active power balance of the system is destroyed, and the system frequency drops or rises. The power system will be restored to a new balance by inertia response, primary frequency modulation, or secondary frequency modulation [24]. As shown in Figure 2, the time period from    t 0    to    t 1    is the system inertia response, from    t d    to    t s    is the primary frequency modulation, and after    t s    is the secondary frequency modulation.



3.1. Inertia Response Evaluation


Compared with primary frequency modulation, the inertia response is a short-time impulse power support, to delay the change of system frequency in a short time.



This paper analyzes the principle of system inertia response characteristics and the inertia response principles of various new energy resources, and the normal operating system becomes a rotating system. Then, taking the equivalent calculated inertia value and the equivalent inertia time constant as the evaluation indexes of the inertia response evaluation system is proposed, and two indicators’ calculation formulas are derived.



3.1.1. The Equivalence Inertia of the New Energy Resources


The Inertia Response of the Synchronous Generators


Most of the traditional thermal power and hydropower plants are synchronous generators, which have a fast inertia response and high reliability. The inertia time constant of synchronous generators usually falls within the range of 2–9 s, which depends on the size, rated power, and type of machines [25].



A single synchronous rotor kinetic energy    E  k g     calculation formula:


   E  k g   =  1 2   J g   w r 2  =  1  2  p g     J g   w c 2   



(1)




where,    J g    is the inertia of the generator,    p g    is the pole number of the generator,    w r    is the mechanical angular velocity,    w c    is the synchronous electrical angular velocity.




The Inertia Response of the Wind Turbine Generators


Wind turbine generators are different from synchronous generators, which use the real-time disconnection of power electronic switching devices to control. The switching frequency of wind turbine generators’ switching devices is generally in kilohertz, which is much faster than the dynamics of wind turbine rotor components in time scale, and its control logic is independent of the frequency change in the system. When in case of disturbance and fault, the wind turbine generators will give priority to protecting the units themselves. Then, the wind turbines added a virtual inertial control module to make full use of the dynamic energies [26,27].



The rotor kinetic energy of a single wind turbine generator    E  k w     calculation formula:


   E  k w   =  1  2  p 2     J  v w    w w 2   



(2)




where    J  v w     is the virtual inertia of the wind turbine generator,    w w    is the mechanical angular velocity of the wind turbine generator.




The Inertia Response of the Photovoltaic Power Stations


Photovoltaic power generation devices do not have any rotating parts that can be used as energy buffers to provide inertia to the system, which requires other forms of energy to provide inertia, such as batteries or supercapacitors [18,28].



	
Supercapacitor






In the process of system disturbance, the supercapacitor can quickly adjust the power variation of the system by absorbing or releasing active power. If the available energy of the supercapacitor is equal to the rotational kinetic energy of the synchronous generator at the rated speed, and its remaining margin is similar to the difference between the rotational kinetic energy at the maximum speed and at a rated speed of the synchronous generator, then the supercapacitor can be equivalent to a synchronous generator [29,30].


   ρ c  =    Q N  −   ∫  C d  u c        Q N    =    Q r     Q N     



(3)






   E c  =   ∫  C  u c     d  u c  =   ∫   u c      Q c  d  (  1 −  ρ c   )   



(4)






    ∫   J c      w c  d  w c  =   ∫   u c      Q c  d  (  1 −  ρ c   )  =   ∫     u c   Q c  d  (  1 −  ρ c   )     w c  d  w c        w c  d  w c   



(5)




where    Q N    is the rated charge capacity of the supercapacitor,    Q r    is the residual charge after discharge,  C  is the capacitance of the supercapacitor,    u c    is the real-time voltage of the supercapacitor,    E c    is the energy stored in the supercapacitor.



It can take supercapacitor energy storage to equate to synchronous generator rotor energy storage, then the energy stored in the supercapacitor is equivalent to the energy of the equivalent synchronous machine. Then the equivalent moment of inertia of the supercapacitor can be expressed as:


   J c  =    u c   Q c  d  (  1 −  ρ c   )     w c  d  w c    = −  J g       W c  d  ρ c   /   ρ  c 0         2  E k  d  w c   /   w c      ≈ −  J g     W c   k x    2  E k     



(6)






  k =    (    Δ  ρ c   /   ρ  c 0      )   /   (    Δ  w c   /   w 0     )     



(7)




where    J g    is the inertia of the synchronous generator,    ρ  c 0     is the initial charge capacity of the supercapacitor,  k  is the ratio of charge state change rate of the supercapacitor to generator speed change rate,   Δ  w c    is the equivalent rotational angular velocity variation,    w 0    is the initial angular velocity,   Δ  ρ c    is the charge variation of the supercapacitor,    W c    is the energy stored in a supercapacitor,    E k    is rotor kinetic energy of the equivalent generator.



	b.

	
Battery







The battery is different from the supercapacitor, frequent charging and discharging will cause battery performance degradation, and the cost of a large-scale battery is high, Therefore, it is applicable to the compensation device used as the compensation capacitor for energy storage [31]. The expression of battery is similar to a capacitor, which can be expressed as:


   ρ b  =   (  Q N  −   ∫   i b     d t )    Q N    =    Q r     Q N     



(8)






   E b  =   ∫   i b   u b     d t =   ∫   u b      Q b  d  (  1 −  ρ b   )   



(9)






    ∫   J b      w b  d  w b  =   ∫   u b      Q b  d  (  1 −  ρ b   )  =   ∫     u b   Q b  d  (  1 −  ρ b   )     w b  d  w b        w b  d  w b   



(10)




where,    i b    is the battery current,    Q N    is the rated charge capacity of the storage battery,    Q r    is the battery residual charge,    u b    is the battery voltage.


   J b  =    u b   Q b  d  (  1 −  ρ b   )     w b  d  w b    = −  J g       W b  d  ρ b   /   ρ  b 0         2  E k  d  w b   /   w b      ≈ −  J g     W b   k b    2  E k     



(11)






  k =    (    Δ  ρ b   /   ρ  b 0      )   /   (    Δ  w b   /   w 0     )     



(12)




where    ρ  b 0     is the initial charge capacity of the battery;    k b    is the ratio of the charge state change rate of the battery to the generator speed change rate;   Δ  ρ b    is the charge change of the battery;    W b    is the energy stored in the battery.





3.1.2. The Equivalent Inertia Time Constant of the System


According to the above formula derivation, it is proved that the power system with a new energy grid connected can be equivalent to a rotating system, then the expression of the equivalent calculated inertia value  T  of the system can be derived from the rolling equation.


  T =  W k  =  ∑   E k    =   Δ P ×  f n    2 ( d  f a  / d t )    



(13)




where   Δ P   is the system power disturbance,    f n    is the rated frequency,   d  f a  / d t   is the system frequency change rate. The equivalent calculated inertia value can be calculated by   Δ P   hand   d  f a  / d t  .



The equivalent inertia time constant of the system can represent the inertia response level of the system. The equivalent system energy    ∑   E k      is the sum of the kinetic energies of the synchronous generator, wind turbine, and the equivalent kinetic energy of the photovoltaic system and other components.



The expression of system inertia time constant    H  t o t     is:


   H  t o t   =    ∑   E k       ∑ S    =     ∑  i = 1  n    E  k g i   +   ∑  l = 1  m    E  k w l   +   ∑  h = 1  q    E  k c h   +   ∑  y = 1  z    E  k b y               ∑  i = 1  n    S  k g i   +   ∑  l = 1  m    S  k w l   +   ∑  h = 1  q    S  k c h   +   ∑  y = 1  z    S  k b y              



(14)




where    E  k g     is the rotor kinetic energy of synchronous generators,    E  k w     is the kinetic energy of wind turbines,    E  k c     is the equivalent kinetic energy of supercapacitors,    E  k b     is the equivalent kinetic energy of the batteries,    ∑ S    is the total rated capacity of the power supply.


   H  t o t   =  T   ∑ S    =    ∑   E k       ∑ S     



(15)







It shows that the equivalent inertia time constant of the system    H  t o t     can be obtained by an equivalent calculation of the inertia value  T .





3.2. The Primary Frequency Modulation Evaluation


Primary frequency modulation is one of the dynamic means to ensure the balance of active power in the power grid, mainly for the short-term random load. In the past, the primary frequency regulation capability is described by the equivalent regulation rate under static concept and frequency characteristic coefficient of load. However, this description method cannot reflect the influence of the type of generators and the dynamic characteristics of inertia time constant.



The key parameters include the dead band of frequency modulation, the speed inequality, retardation rate, the maximum amplitude limitation of load adjustment, the time requirements of response behavior, and so on, which can affect the primary frequency regulation performance, the most important parameters are frequency modulation dead band and speed inequality [32].



3.2.1. The Dead Band of Frequency Modulation


Figure 3 shows the characteristics of the dead band of frequency modulation, setting the time domain input signal   Δ f ( t )  , and time domain output as   Δ P ( t )   [17].


  Δ P ( t ) = − sgn ( Δ f ( t ) )  1   δ i     [   |  Δ f ( t )  |  − d  ]  ε (  |  Δ f ( t )  |  − d ) + sgn ( Δ f ( t ) )  1   δ i     [   |  Δ f ( t )  |  − ( d +  δ i   L i  )  ]  ε (  |  Δ f ( t )  |  − ( d +  δ i   L i  ) )  



(16)




where  d  is the dead band of frequency modulation,    L i    is the maximum limiting of primary frequency response. Derive the formula to the frequency domain, set the time domain input signal as   Δ f ( s )  , time domain output as   Δ P  ( s )   , and the transfer function as   H  ( s )   .


  Δ P ( s ) = H ( s ) Δ f ( s )  



(17)








3.2.2. The Mathematical Model of Primary Frequency Modulation


Figure 4 shows the mathematical model of primary frequency regulation with m generators running in parallel. Firstly, the change in system load causes the change in system frequency, the control system collects frequency variation   Δ f   from the real-time data acquisition system, which is inputted to the control system as an input signal. Secondly, because the secondary frequency modulation is not considered (R = 0), so the signal is directly entered into the dead zone control link, if the signal exceeds the maximum limiting of primary frequency response, the system will get preliminary power variation from the output of dead zone control link. Thirdly, the preliminary power variation is entered into the transfer function link which includes the integral link, differential link, amplification factor, etc., the system will get the output variation of each unit. Fourthly, the sum of the output variation of each unit    P  T ∑     add load change   Δ  P L    are entered into the load response link, then the system frequency variation is obtained. With the cycle control carried out continuously, the power system can maintain frequency stability.



Where,  R  is the setting value of secondary frequency modulation,    α i    is the ratio of the installed capacity of the ith unit to the installed capacity of the power system,    δ i    is the inequality rate of the ith unit,    G i  ( s )   is the transfer function of the ith unit,  β  is the frequency characteristic coefficient of load,   Δ  P L    is the per unit value of grid load change,   Δ f   is per unit value of frequency change,    T  a i     is the rotor time constant of the ith turbine. The weighted average of the rotor time constant of each turbine in the power grid is the inertia time constant    T  a ∑     of the power grid.




3.2.3. The Primary Frequency Modulation Index


In fact, the primary frequency regulation of the actual power network is a dynamic and random process, and the power grid cycle is a random variable that changed with time and has different frequency components. The paper uses Paseval’s theorem [33] to define the dynamic index of primary frequency modulation as the ratio of energy of frequency variation    W  Δ f     to energy of power variation    W  Δ p    .


   R  P F C A   =    W  Δ p      W  Δ f     =      ∫  − ∞   + ∞    Δ P   ( t )  2  d t         ∫  − ∞   + ∞    Δ f   ( t )  2  d t      =      ∫  − ∞   + ∞       |  Δ P ( s )  |   2  d s         ∫  − ∞   + ∞       |  Δ f ( s )  |   2  d s       



(18)







According to the above, the relationship between the system frequency variation and the power variation in the frequency domain is as follows:


  Δ f ( s ) =   − Δ  P L  ( s )     ∑  i = 1  M    H i  ( s )    α i     δ i     G i  ( s ) +  T  a Σ   s + β      



(19)







Take Formula (19) into Formula (18) for derivation:


   R  P F C A   =      ∫  − ∞   + ∞       |  Δ  P L  ( s )  |   2  d s         ∫  − ∞   + ∞       |    Δ  P L  ( s )     ∑  i = 1  M    H i  ( s )    α i     δ i     G i  ( s ) +  T  a Σ   s + β      |   2  d s       



(20)







Formula (20) describes the dynamic characteristics of the primary frequency modulation with the dead zone  d  of the frequency modulation, the inertia time constant    T  a i    , the unequal rate of speed    δ i   , and the dynamic delay    G i  ( j w )   in the process of primary frequency modulation. It shows that when the frequency deviation caused by load disturbance is within the dead zone, the primary frequency regulation of the generator will not act, and the frequency change will be prevented by the effect of load frequency regulation. When inertial regulation is at the initial stage of primary frequency modulation, the system uses the energy stored in the rotor and loads electromagnetic fields to prevent frequency changes.



For a defined grid, the inertia time constant    T  a i    , the proportion of each unit    α i   , the unequal rate of speed    δ i   , the dead zone  d  is known, and the dynamic delay    G i  ( j w )  , the frequency characteristic coefficient  β  can be obtained by parameter identification and load modeling, respectively, and   Δ  P L  ( s )   can be obtained by load characteristic modeling, such as decomposing the load in the whole time domain and frequency domain by Fourier decomposition method, then dividing the load into periodic components and random components [34].


  Δ P ( t ) = P ( t −  t 0  ) = a + D ( t −  t 0  ) + W ( t −  t 0  ) + L ( t −  t 0  ) + H ( t −  t 0  )  



(21)




where,   a + D ( t )   is the daily cycle component of the load,   W ( t )   is the week cycle component of the load,   L ( t )   is the low-frequency component, which can reflect meteorological factors,   H ( t )   is the high-frequency component, which can reflect random load factors.



So far, the primary frequency regulation index formula of a certain power grid can be obtained.






4. Case Analysis


In order to prove the feasibility of the system frequency response evaluation system, the actual operation data of a regional power grid in China are used to carry on the analysis and verification.



The system frequency and frequency change rate data of the regional power grid in China are collected through the PMU system (Phasor Measurement Unit) and SCADA (Supervisory Control and Data Acquisition) system. through which, the system frequency dynamic characteristics and determine the system inertia response and primary frequency modulation capability are analyzed.



4.1. The Inertia Response Index Calculation


The condition of the regional power grid before the testing:



The grid power generation output is about 55 million kiloWatts. The new energy power generation output accounts for 20.29% of the total power generation output. The transmission power of the ultra HVDC system in the regional power grid is shown in Table 1, and the power between the power supply and load side is in balance.



Then the low-frequency disturbance is tested and about 1.01 million kiloWatts of power supply is cut off. The frequency and frequency change rate data curves collected by the PMU system and SCADA system are shown in Figure 5 and Figure 6.



It can be seen from Figure 5 and Figure 6 that the initial value of the grid frequency is 50.07 Hz, the corresponding time is 14.42 s, the minimum value of the frequency is 49.9 Hz, and the corresponding time is 20.28 s. The frequency takes about 6 s to drop from the initial value to the minimum value. The maximum frequency change is 0.17 Hz, and the extreme value of the frequency change rate is 0.09 Hz/s.



The equivalent inertia curve of a regional power grid is shown in Figure 7 by formula calculation.



Next, the curve data of the system inertia supporting phase are found, and the average value as the result of system inertia evaluation is calculated. Then the equivalent calculated inertia value of the regional power grid which is 665,000 MW·s and the equivalent inertia time constant of the system is 14 s are achieved.




4.2. The Dynamic Index of System Primary Frequency Modulation


According to the dynamic evaluation index of primary frequency modulation of the power system established above, the actual operation data of the regional power grid is taken as an example to verify.



As shown in Table 2, the paper selects the operation data of the power grid at different total power generation output and different proportion of new energy and calculate the primary frequency modulation index of the system under different operating conditions by the calculation formula proposed previously.



By analyzing the data in Table 2, the following conclusions can be drawn:



(1) The system index is mainly related to the regional load level, synchronous generator output, new energy output, and ultra-high voltage direct current (UHVDC) power transmission, and there is a nonlinear relationship between the system index and them. (2) Among all the influencing factors, the largest one is the output of a synchronous generator, and the next one is the load level, such as No. 3 and No. 4 operation data. Although the load level of No. 4 operation data is higher, the output of the synchronous generator of No. 4 operation data is smaller, then the index of No. 4 operation data is smaller. However, the increase in load level alleviates the reduction of the index. (3) The transmission power of UHVDC will affect the power supply size in the region, if only consider the disturbance causing the inertia response and primary frequency modulation action and the new energy output is fixed, the larger the UHVDC transmission capacity is, the greater the synchronous machine output is, then the better the index is, and the stronger the disturbance resistance is.



The main reason for the above phenomena is that in China, there is no requirements for new energy primary frequency modulation in the past, thus the primary frequency regulation capacity of the new energy that has been put into operation is insufficient. In recent years, the proportion of new energy output has increased year by year and large-scale new energy generators have been connected to the power grid. Now the proportion of the maximum output of new energy in the regional power grid has reached 50% and the operating characteristics of the power grid have changed. It is very important to put forward specific requirements for new energy primary frequency modulation capability.



Thus in 2018, the China National Energy Administration issued industry standards “Technical specification for power grid and source coordination” (DL/T1870-2018), and in 2021, the Chinese government issued national standards “Guide for technology and test on primary frequency control of grid-connected power resource” (GB/T40595-2021), which has projected clear requirements for primary frequency regulation of grid-connected power resource. However, the primary frequency regulation capacity of the new energy that has been put into operation is insufficient that needs time for technical transformation. At the same time, compared with thermal power units, new energy generators have the lower anti-interference capability, such as low voltage ride through capability and high voltage ride through capability, and are more susceptible to system disturbance. These will result in new energy generations’ trip-off, which may seriously cause the local inrush flow and frequency fluctuation. What is worse, with the faulted power grids getting worse, international blackouts will occur.



As a result, the primary frequency modulation index in the regional power grid is affected by the proportion of new energy power generation and the output of synchronous generators.





5. Summary


This paper analyzes the development status and problems of new power energy in China and the operation principles and control modes of traditional synchronous units, wind power, photovoltaic, etc., are also analyzed. The process and principle of power grid frequency response propose the evaluation index of frequency response capability is studied including the inertia response indicator and primary frequency modulation dynamic indicator. To verify the feasibility of the method, this paper utilizes the actual power grid operation data through the PMU and SCADA system of a regional power grid in China and the evaluation index of frequency response capability of the regional power grid under different operating conditions is calculated. The reason why the dynamic index of primary frequency modulation is related to the output of synchronous machines and the proportion of new energy output is analyzed. In addition, this paper points out that the region’s power grid needs to carry out the transformation of the primary frequency regulation system of new energy units as soon as possible according to the requirements of the national standard. Otherwise, after more DC and new energy units are connected to the power grid in the future, it is easy to cause fault expansion, which will affect social production and life and cause economic losses. Next, we will continue to conduct research on the index of system frequency response capability and carry out the application in different regional power grids.
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Figure 1. The proportion of installed capacity of new energy in China over the years. 
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Figure 2. Schematic Diagram of System Frequency Response Process. 






Figure 2. Schematic Diagram of System Frequency Response Process.



[image: Energies 15 09423 g002]







[image: Energies 15 09423 g003 550] 





Figure 3. The characteristics of the dead band of frequency modulation. 
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Figure 4. The mathematical model of primary frequency regulation with m generators running in parallel. 
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Figure 5. The frequency change curve of low-frequency disturbance test system. 
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Figure 6. The frequency change rate curve of low-frequency disturbance test system. 
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Figure 7. The equivalent calculation inertia value curve. 
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Table 1. The transmission power of Ultra HVDC System in the regional power grid.
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	Ultra HVDC System
	Transmission Power

(MW)
	Rated Capacity

(MW)





	No.1 Ultra HVDC System
	0 (Planned maintenance)
	6500



	No.2 Ultra HVDC System
	850
	3000



	No.3 Ultra HVDC System
	−350
	750
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Table 2. The primary frequency modulation index at different operating conditions.
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	Operating Data Number
	UHVDC Power

Transmission (MW)
	Load

(MW)
	Total Power Generation Output

(MW)
	The Proportion of New Energy Output (%)
	The Output of New Energies

(MW)
	The Output of Synchronous Generators (MW)
	The Primary Frequency Modulation Index





	1
	8750
	53,250
	62,000
	13
	8060
	53,940
	1.553 × 106



	2
	8750
	54,250
	63,000
	14
	8820
	54,180
	1.582 × 106



	3
	8750
	51,250
	60,000
	21
	12,600
	47,400
	1.432 × 106



	4
	8750
	52,750
	61,500
	33
	7995
	41,205
	1.378 × 106



	5
	8250
	45,250
	53,500
	34
	18,190
	35,310
	1.144 × 106



	6
	8250
	43,750
	52,000
	41
	21,320
	30,680
	1.089 × 106
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