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Abstract

:

The frequency support capacity of power loads is essential for maintaining active power symmetry and balance between the generation and demand sides of power systems. As the proportion of renewable energy sources and power electronic equipment increases, the inertia on the power generation side decreases, highlighting the growing importance of frequency support on the load side. As it is generally believed that the active power balance of power systems determines the frequency stability, few studies have considered the effect of voltage variation on the frequency response dynamics. It is important to note that the node voltage keeps fluctuating throughout the frequency dynamic process, which affects the active power of loads and should not be neglected. Based on the aforementioned rationales, this paper endeavors to investigate the modeling of power load frequency response and analyze its support capability considering the voltage variation effect. This paper initially establishes the small-signal model of dynamic load under frequency dynamics, derives the transfer function relating active power to system frequency deviation, and subsequently develops its frequency response model. Subsequently, commencing with the ZIP model of static load, the power fluctuation of load nodes is derived from the influence of preceding nodes, and the frequency response model of the static load is formulated and its frequency support capacity is scrutinized. Based on this foundation, a comprehensive aggregation model of the complex load is constructed, and its frequency support capability is assessed using actual data. Finally, the proposed model and analysis results are validated through simulation, confirming their correctness and effectiveness.
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1. Introduction


The symmetry between the generation and load sides of power systems plays a crucial role in determining the balance and stability of the overall system [1]. The power load comprises both dynamic and static loads, with their frequency support capabilities playing a pivotal role in maintaining the active power symmetry of power systems [2]. Due to the increasing share of renewable energy and the widespread use of large-scale power electronic equipment, the inertia level in new power systems is on a declining trend, posing a serious threat to their safe operations [3,4,5,6,7]. In comparison with traditional power systems, there has been a gradual decrease in inertia on the generation side and an increase on the load side [8]. Further research is needed to explore the system’s frequency support capabilities within the context of decreasing inertia levels [9]. However, in comparison to traditional synchronous systems, this new system encounters two significant challenges [10,11]. Firstly, there is a pronounced fluctuation and intermittency in the output of renewable energy sources. Secondly, a significant number of wind power and photovoltaic systems, which lack rotational inertia, are replacing synchronous generators [12]. As a result, the frequency stability of the new power system is severely compromised. In comparison to the conventional power system, the frequency response capability of the load side should not be overlooked [13,14]. Therefore, it is crucial to investigate the frequency response capability and response principles of the power load to ensure the symmetry and stability of modern power systems [15,16].



Within the framework of load, two frequently used models are the static load model and the dynamic model. The static load model encompasses the constant impedance, constant current, and constant power load (ZIP) model [17]. Previous research has predominantly focused on investigating the correlation between load frequency and active power, with limited attention given to the impact of voltage fluctuation on frequency response dynamics. It is important to acknowledge that the node voltage undergoes fluctuations throughout the dynamic frequency process, thereby influencing the active power of the load and should not be disregarded.



In [18], in order to determine the parameters of the load model, a time-varying comprehensive load model was established. However, this paper does not focus on the relationship between system frequency and load response and does not focus on the coupling relationship between frequency, voltage, and power. In [19], derived from the fifth-order model of the induction motor, the equivalent conduction function of frequency and active power is constructed, which represents the load model’s dynamic characteristics. However, this paper assumes that the terminal voltage of the induction machine is constant and does not consider that the voltage change also affects the frequency response of the induction machine load. It is very important to construct a comprehensive mathematical model for the load system frequency response, considering voltage variation. The static load model mainly reflects the frequency characteristics of the load side resistance, inductance, and capacitance of the electrical equipment and depicts the relationship among the power, voltage, and frequency of this type of electrical equipment. The authors in [20] investigated how the static load frequency response model affects the stability of the Shanghai power grid. Meanwhile, the authors in [21] thoroughly analyzed the frequency characteristics of the static load model and developed a simulation model using the PSD-BPA software platform, considering the load composition and proportion of the Yunnan power grid. However, these studies mainly focus on the frequency characteristics of the static load, without incorporating small-signal modeling for the static load during small disturbances. Moreover, the voltage at the load node also changes due to system frequency, intensifying the frequency response of the static load. In contrast, the authors in [22] take into account the voltage fluctuation of the static load and analyze its frequency response under small disturbances. However, it does not consider the perspective of the entire power grid, and the voltage change during frequency disturbances remains uncertain.



To address the above issues, this paper aims to establish a comprehensive load model, including static load and dynamic load considering the voltage variation, and its overall frequency supporting capability is analyzed. The main contributions of this paper are outlined below.



This paper proposes a small-signal model of dynamic load under frequency dynamics. Furthermore, the transfer function is derived for the deviation between active power and system frequency, constructing a dynamic load frequency response model and evaluating its capability to support system frequency.



Based on the ZIP model of static load, a frequency response model is established and tested for its ability to support varying frequencies. The frequency response model of the static load encompasses changes in node voltage, effectively capturing the frequency response capability of the static load.



This paper develops a comprehensive load frequency response model incorporating dynamic and static load. The model considers fluctuations in node voltage to more precisely characterize the load behavior. Simulation results demonstrate that, in comparison with the previous load model, the power curve generated by the proposed model closely aligns with the actual curve.



The remainder of this paper is structured as follows: A frequency response model for dynamic load is established in Section 2. A static load frequency response model is developed in Section 3, taking into account variations in node voltage. A comprehensive load frequency response model is developed in Section 4, which incorporates both dynamic and static loads and considers the fluctuation of node voltage to provide a more precise characterization of load behavior. In Section 5, the proposed comprehensive model considering voltage variation and frequency support capability analysis results are verified through simulations using MATLAB, PSASP, and DIgSILENT. Finally, Section 6 concludes this paper.




2. Dynamic Load Modeling and Analysis


The primary sources of dynamic load in power systems are induction machines, which are extensively utilized in textile, machinery, and other industrial applications. Unlike synchronous machines, induction machines exhibit a slip between their speeds and the grid frequency [23]. Nevertheless, they still contribute to the frequency response and provide support for the power grid frequency, serving as the principal resource for inertia support on the load side. On this basis, this section establishes the small-signal model of the induction machine, which includes both the power-frequency and power-voltage balancing. Utilizing the proposed model, the frequency support capability of the dynamics is analyzed.



2.1. Model Derivation


The power system model is shown in Figure 1, where the induction machine is connected to the generation through transmission lines. To focus on the frequency support capability of the induction machine, the generation is simplified to the infinite power supply. When the system’s active power balancing is disturbed, the system frequency will change, which also affects the system power flow [24,25]. Therefore, the terminal voltage of the induction machine also changes, which can be obtained as follows:


   U t  =     (  U n  −     P  e m    R l  +  Q  e m    X l     U n     )  2  +   (     P  e m    X l  +  Q  e m    R l     U n     )  2     



(1)




where    U t    denotes the terminal voltage of the induction machine;    P  e m     and    Q  e m     are the active power and reactive power of induction machine; the    R l    and    X l    denote the resistance and reactance of induction machine; and    U n    denotes the terminal voltage of the generation.



In the frequency dynamics of the induction machine, the parameters on the rotor side can be transformed to the stator side. The mechanical transient circuit of the stator and rotor windings of the induction machine is illustrated in Figure 2a. Since the mutual inductance    x m    of the fixed rotor is much larger than the leakage reactance    x r    of the rotor winding in practical applications, the mechanical transient equivalent circuit of the induction machine is depicted in Figure 2b with    x m    neglected.



In Figure 2, the parameters    r s    and    x s    represent the equivalent resistance and leakage reactance of the stator windings, while    r r    and    x r    denote the equivalent resistance and leakage reactance of the rotor windings. Additionally,    x m    signifies the mutual inductance of the stationary rotor, and    s  s l i p     denotes the slip rate of an induction motor.



The induction machine model under frequency dynamics is widely used in power system modeling, which is shown below [26].


       P  e m   =     U t 2      (  x s  +  x r  )  2  +   (  R s  +    R r     s  s l i p     )  2     (  R s  +     R r     s  s l i p      )      Q  e m   =     U t 2      (  x s  +  x r  )  2  +   (  R s  +    R r     s  s l i p     )  2     (  x s  +  x r  )      



(2)






   P  m m   = k  ω r    α +   1 − α       1 −  s  s l i p      ρ     



(3)






  2  H  a m      d  ω r    d t    = Δ  P  e m   − Δ  P  m m    



(4)






   s  s l i p   =    ω −  ω r     ω r      



(5)




where  x  and  R  denote the induction machine reactance and resistance; the subscript  s  and  r  represent the stator winding and rotor winding of induction machine;    P  m m     represents the mechanical power of an induction machine;    S  s l i p     and    H  a m     denote the slip and inertia of the induction machine; α represents the constant torque component; k represents the load factor;  ρ  represents the mechanical characteristics of induction machine, which is exponential; and ω and    ω r    are the angular speed of power system and induction machine.



In practical power systems,    U n    is not an ideal infinite voltage source, but varies due to the active power disturbance.    U n    and f are inputs, and    P e   , consumed by the induction motor, is output. According to the small-signal method, Equations (1)–(5) can be linearized to obtain the following equations:


  Δ  U t  =  K 1  Δ  P  e m   +  K 2  Δ  Q  e m   +  K v  Δ  U n   



(6)






      Δ  P  e m   =  K 3  Δ  U t  +  K 4  Δ  s  s l i p       Δ  Q  e m   =  K 5  Δ  U t  +  K 6  Δ  s  s l i p        



(7)






  Δ  P  m m   =  K 7  Δ  s  s l i p   +  K 8  Δ  ω r   



(8)






  Δ  s  s l i p   =  K 9  Δ f +  K  10   Δ  ω r   



(9)






  2  H  a m   s Δ  ω r  = Δ  P  e m   − Δ  P  m m    



(10)






         K 1  =    −  R l  (  U n 2  −  P  e m 0    R l  −  Q  e m    X l  ) +  X l  (  P  e m 0    X l  +  Q  e m    R l  )    U n 2         U n  −    P  e m 0    R l  +  Q  e m    X l     U n       2  +        P  e m 0    X l  +  Q  e m    R l     U n       2              K 2  =    −  X l  (  U n 2  −  P  e m    R l  −  Q  e m 0    X l  ) +  R l  (  P  e m    X l  +  Q  e m 0    R l  )    U n 2         U n  −    P  e m    R l  +  Q  e m 0    X l     U n       2  +        P  e m    X l  +  Q  e m 0    R l     U n       2              K v  =     U  n 0  2  (  P  e m    R l  +  Q  e m    X l  − 1 )   (  P  e m    R l  +  Q  e m    X l  ) −  U  n 0  2    −   (  P  e m    X l  +  Q  e m    R l  )  2     U  n 0  3      (   U  n 0   −    P  e m 0    R l  +  Q  e m    X l     U  n 0      ) 2  + (    P  e m 0    X l  +  Q  e m    R l     U  n 0      )  2              



(11)






       K 3  =    2  U  t 0          r s  +    r r     s  s l i p 0        2  +      x s  +  x r     2           r r     s  s l i p 0      +  r s         K 4  =           x s  +  x r     2  −      r s  +    r r     s  s l i p 0        2     U t 2    −    r r     s  s l i p 0  2                 r s  +    r r     s  s l i p 0        2  +      x s  +  x r     2     2          K 5  =    2  U  t 0          r s  +    r r     s  s l i p 0        2  +      x s  +  x r     2        x s  +  x r         K 6  =       x s  +  x r       r s  +    r r     s  s l i p 0        U t 2    −    r r     s  s l i p 0  2                 r s  +    r r     s  s l i p 0        2  +      x s  +  x r     2     2          



(12)






       K 7  = k  ω  r 0   ρ   1 − α      1 −  s  s l i p 0      ρ − 1        K 8  = k   α +   1 − α       1 −  s  s l i p 0      ρ         



(13)






       K 9  =   1   ω r          K  10   =    − ω    ω  r 0  2          



(14)




where s denotes the differential operator;    K 1   –   K  10     and    K v    denote the coefficient without s;    P  e m 0     and    Q  e m 0     represent the initial values of electromagnetic power and reactive power of the induction machine, respectively; and    U  t 0     and    U  n 0     represent the initial values of the induction machine terminal voltage and the generation terminal voltage, respectively.



In the system frequency response model, it is essential to establish the relationship between active power and system frequency, which is also called the frequency characteristics. According to the Equations (7)–(10), the induction model can be established as shown in Figure 3.



As a typical dynamic load, the dynamic characteristics of an induction machine significantly impact the stability of the power system. As depicted in Figure 3, the grid-connected induction machine exhibits dynamic voltage and frequency balance. During a disturbance in the active power, the system frequency is disrupted and undergoes changes, which further affect the slip rate of the induction machine. As in Equations (8) and (10), the variations in the slip affect both the active and mechanical powers of the induction machine. Equation (5) describes how these changes disrupt the power dynamics equilibrium of the induction machine. Equation (9) further elucidates that alterations in slip also influence reactive power variations. The fluctuations in both active and reactive powers of the induction machine subsequently impact changes in system power flow. Due to the variation in the front-end node voltage, the constant voltage of the induction machine node is no longer maintained, thereby amplifying the frequency response of the induction machine [27].




2.2. Analysis of Frequency Support Capability of Dynamic Load


In response to system frequency disturbances, the slip rate of the induction machine undergoes instantaneous changes, leading to an immediate adjustment in active power to counteract the differential power of the system. This alteration in active power disrupts the equilibrium of the rotor motion equation of the induction machine [28]. According to the proposed model, both system frequency and node voltage are identified as key factors influencing the active power of the induction machine. The relationship between them and active power is depicted in Figure 4 and Figure 5.



As the slip of the induction machine increases, the active power initially rises and then declines. The extremum lies within the range of    s  s l i p   =   0.055 , 0.06    . Under normal circumstances, the induction machine’s steady-state slip is between 0.001 and 0.01. Assuming a positive disturbance in the active power of the system, there is a drop in the system frequency. The speed of the induction machine also decreases, albeit at a slower rate than that of the system frequency. As the power system’s frequency decreases, active power from the induction machine is shed, demonstrating its ability to support the system frequency.



The node voltage also affects the active power consumed. According to Equation (2), the relationship between active power and node voltage is expressed as a quadratic function. As the node voltage increases, the active power of the induction machine increases. The reactive power of the induction motor decreases at the same time.



The disruption of the balance of reactive power and voltage in the system leads to a decrease in the system’s reactive power level and node voltage. Simultaneously, the reduction in power consumed by the system lines results in a decrease in line voltage drop. Figure 6 illustrates that changes in the reactive power have a greater impact on system voltage than changes in active power during system power flow. Significant variations in the reactive load force cause an increase in the node voltage for induction machines, leading to contradictory processes and minimal voltage fluctuations at the induction machine nodes, ranging from 0 to 0.01   p  . u  .  





3. Static Load Modeling and Analysis


3.1. Model Derivation


Similar to the topological structure in Figure 1, the system, which replaces the dynamic load with static load, is a static load grid-connected model. The ZIP model is always used in simulations of power system loads [29]. The nonlinear mathematical formulas of the ZIP models are shown as follows:


       P  e s   =  P n  [  p 1    (     U t     U 0     )  2  +  p 2  (     U t     U 0     ) +  p 3  ] ( 1 +  k  p Z I P   Δ f )      Q  e s   =  Q n  [  q 1    (     U t     U 0     )  2  +  q 2  (     U t     U 0     ) +  q 3  ] ( 1 +  k  q Z I P   Δ f )      



(15)






       p 1  +  p 2  +  p 3  = 1      q 1  +  q 2  +  q 3  = 1      



(16)




where    P  e s     and    Q  e s     represent the active power and reactive power;    P n   ,    Q n    and    U 0    represent the nominal active and reactive power and the nominal voltage of the load;    p 1   ,    p 2   , and    p 3    represent the participation coefficients of ZIP, respectively, in the active power consumed by the static load; q1, q2, and q3 represent the participation coefficients of ZIP, respectively, in the reactive power consumed by the static load;    k  p Z I P     and    k  q Z I P     denote the frequency participation for the cases of active and reactive power; and   Δ f   represents the rate of frequency change.



Similarly, in the actual power system, the front-end node voltage of the load will also change under the influence of power disturbance. To investigate the frequency support capability of the static load, the small-signal method is employed to linearize Equations (15) and (16). The linearization results are shown below:


      Δ  P  e s   =  K  11   Δ  U t  +  K  12   Δ f     Δ  Q  e s   =  K  13   Δ  U t  +  K  14   Δ f      



(17)






       K  11   =  P n    2  p 1        U  t 0      U 0       +     p 2     U 0         1 +  k  p z i p    f 0         K  12   =  P n     p 1          U  t 0      U 0        2  +  p 2        U  t 0      U 0       +  p 3    ·  k  p z i p        K  13   =  Q n    2  q 1        U  t 0      U 0       +     q 2     U 0         1 +  k  q z i p    f 0         K  14   =  Q n     q 1          U  t 0      U 0        2  +  q 2        U  t 0      U 0       +  q 3    ·  k  q z i p        



(18)




where    K  11    –   K  14     denote the coefficient without  s . According to the proposed Equations (17) and (18), the load model can be established as shown in Figure 7.



As shown in Figure 6, similar to the dynamic machine, the grid-connected static load also includes the dynamic voltage balance and dynamic frequency balance. According to Equations (13) and (14), the variation in system frequency is proportional to the active power consumed by the static load. Upon the occurrence of a frequency disturbance in the system, the frequency drives the static load power change and then causes the system power flow change, which leads to the node voltage change. This dynamic process does not end until a new steady state is reached.




3.2. Analysis of Frequency Support Capability of Static Load


The static load is responsible for adjusting the active power output in response to deviations in system frequency. It exhibits prompt reactivity during frequency dynamics, although it is also subject to significant influence from node voltage. Any changes in voltage at the load node that occur in the opposite direction have the potential to exacerbate the differential power within the system.



According to the proposed model, the system frequency and node voltage are the key factors affecting the active power of the static load. The relationship between them and active power is shown in Figure 8 and Figure 9, with different voltages.



As shown in Figure 8, the proportionality coefficient    k  p Z I P     is positive. When the variation in the system frequency is positive and increasing, the active power absorbed by the static load demonstrates a concurrent increase. Assuming the active power disturbance of the system is positive, the system frequency decreases. The active power consumed by the static load will also decrease. However, due to the small value of the proportional coefficient    k  p Z I P     and the range of frequency variation in the system is usually between 0 and 0.5 Hz, the range of variation in the active power influenced by the frequency is also very small.



As shown in Figure 9, due to the presence of constant resistance, the voltage has a quadratic relationship with the active power drawn by the static load. As the node voltage rises, the active power is increased by the static load. Similar to the dynamic load, when the system experiences a disturbance in the active power and the system frequency changes, the node voltage of the static load also has a dynamic process. Assuming that the active power disturbance of the system is positive, the system frequency drops. The active and reactive power utilized by the static load will also decrease. The reactive power balance of the system is broken, resulting in a decrease in the total reactive power level and node voltage. At the same time, as the voltage loss on the line decreases, the node voltage level will also increase. The two contradictory dynamic processes continue until a new steady state occurs. Since the proportional coefficient    k  p Z I P     of static load is small and the frequency change is small, the power change in the static load is mainly affected by the node voltage. As for the supporting effect of the system frequency, the static load itself has a supporting effect on the frequency stability. But due to the uncertain change in node voltage, its supporting effect is not obvious compared with the dynamic load. In the actual power system, the node voltage has a variety of voltage regulation methods, including: forward and reverse voltage regulation. The voltage regulating operation will also directly affect the node load state.





4. Frequency Support Capacity Analysis of Complex Load


4.1. Comprehensive Modeling


The node load of a power system encompasses both dynamic and static loads. The active power of the complex load represents the aggregate active power, encompassing both dynamic and static loads, as does the reactive power. Its mathematical expression is shown in (19) and (20):


  Δ  P e  =   ∑  i = 1  n   Δ  P  e m , i     +   ∑  j = 1  m   Δ  P  e s , j      



(19)






  Δ  Q e  =   ∑  i = 1  n   Δ  Q  e m , i     +   ∑  j = 1  m   Δ  Q  e s , j      



(20)




where   Δ  P e    and   Δ  Q e    denote the active and reactive powers of the complex load;  n  and  m  denote the total number of dynamic loads and static loads. Based on the same principle as (1), the voltage changes in this node can be determined through the power flow calculation as follows:


   U t  =     (  U n  −     P e   R l  +  Q e   X l     U n     )  2  +   (     P e   X l  +  Q e   R l     U n     )  2     



(21)







As the calculated values are all nominal unit values, each load needs to have a proportional coefficient to represent the load capacity of the complex load. The proportional coefficient is shown as follows:


   K i  =     s i      ∑  i = 1  n    s i  +   ∑  j = 1  m    s j          



(22)






   K j  =     s j      ∑  i = 1  n    s i  +   ∑  j = 1  m    s j          



(23)




where    K i    and    K j    denote the proportional coefficients of the dynamic load  i  and static load  j  and    s i    and    s j    denote the apparent power of the dynamic load  i  and static load  j .



Based on (19) and (21), the configuration of the load model is depicted in Figure 10. Each load has two inputs: node voltage and system frequency. The number of dynamic loads is  n , and the number of static loads is  m . The output of the complex load comprises both active power and reactive power. It is important to note that the output power must be multiplied by the proportional factor    K i    or    K j    for each load. The active and reactive powers of the node are the aggregate values of  n  dynamic loads and  m  static loads. Since the power sum has been multiplied by the proportional factor    K i    or    K j   , there is no error in the calculation of the identity value. The sum of the active and reactive powers of the nodes is divided into the node voltage dynamic balance, which makes the nodal voltage calculation more accurate. Finally, the voltage    U t    is fed back into the load transfer function, which forms the dynamic balance of power, frequency, and voltage. The complex load has both dynamic and static load characteristics, which can better reflect node load fluctuations. This further facilitates the analysis of the load’s frequency support capability.




4.2. Parameter Influence Analysis


Some parameters indirectly impact the dynamic balance between active power and frequency, influencing the balance process. Taking an induction machine as an example, both its inertia and rotational speed significantly affect the power-frequency dynamic process. The rotational speed of an induction machine directly affects the amount of kinetic energy stored in its rotor, thereby modifying the machine’s inertia. This inertia plays a crucial role in preventing sudden changes in system frequency and maintaining system stability. Additionally, it can enhance overall system inertia levels and improve frequency stability [19].



The distribution of each component within the ZIP also impacts the frequency response capability. The constant power component lacks the frequency response capability, as its active power remains unchanged regardless of variations in system frequency and voltage. Consequently, a higher proportion of constant power results in a weaker frequency response capability. Additionally, there exists a quadratic relationship between constant impedance loads and node voltage, leading to the power variation in constant impedance loads being more dependent on changes in node voltage.



Table 1 shows the node load components of the U.S. Eastern Interconnection Grid. As a dynamic load has a better frequency support capability than a static load, the higher the proportion of dynamic loads, the better the frequency response capability of the node.




4.3. Overall Framework


Based on the preceding sections, this paper presents a comprehensive load frequency response model that incorporates the impacts of voltage fluctuations and evaluates its frequency support capability. Firstly, the transfer function of power consumption and frequency deviation of the induction machine are derived based on the proposed small-signal model. The frequency support capability of the induction machine is then examined, with an analysis of its response characteristics and parameter influence mechanism at various stages. Furthermore, a static load frequency response model is developed to account for voltage variations, thereby accurately capturing the frequency response capabilities. Based on this foundation, a comprehensive load frequency response model is established to incorporate the impact of voltage fluctuations. This model is integrated into the traditional system frequency response model, and validation and parameter analysis are conducted to assess the load frequency support capacity across different proportions and types, as well as to examine the influence mechanism of parameters. The overall framework of this paper is presented in Figure 11.





5. Case Study and Analysis


In this section, the comprehensive load model proposed in this paper is tested and verified through simulations and analysis using MATLAB/SIMULINK and PSASP. The proposed model in the SFR system is implemented and validated using MATLAB, with corresponding practical examples established with PSASP for comparative analysis and verification. To demonstrate the practicality and viability of this model in power systems with actual frequency characteristics, simulations and analyses are conducted using the IEEE 39-node system on the DIgSILENT PowerFactory platform.



5.1. Model Validation


	(1)

	
Dynamic load model and static load model







The proposed model is firstly verified using MATLAB/SIMULINK and PSASP using the power system model in Figure 1. Parameters of dynamic load and static load are shown in Table 2 and Table 3, respectively. The simulation duration is 50 s, and the system synchronous generator is equipped with primary frequency modulation equipment. The output quantity is system frequency  f , node voltage    U t   , and dynamic load active power offset    P e   . In the steady-state condition,   Δ f = 0  ,   Δ  U t  = 0  , and   Δ  P e  = 0  . At   t = 0  , a disturbance of   Δ  P d  = 0.05   p . u .   is applied, and the changes in system frequency, voltage, and active power of load are shown in Figure 12, Figure 13 and Figure 14. The dynamic load initial point is   f = 50   Hz  ,    U t  = 1.016   p . u .  , and    P  e s   = 1.025   p . u  .



Figure 12 shows that when the system experiences a disturbance in the active power, the system frequency first drops to the nadir point and then recovers to a new steady state    f  n a d i r   = 49.94   Hz  . As illustrated in Figure 13, the node voltage of the induction machine increases immediately after the frequency changes. The reactive power of the induction machine exhibits a rapid decrease, so that the voltage lost on the line also decreases, leading to the rapid increase in node voltage. The figure illustrates that the node voltage has a small change and the overall change range is within   4.5 ×   10   − 3     p  . u  .  



At the beginning stage of the frequency disturbance, the active power of the induction machine experiences a swift decline, followed by a gradual dissipation of the stored kinetic energy in the rotor, and the active power rises, as shown in Figure 13. This verifies the theory proposed in Section 2.2. Figure 14 has three curves: the actual power curve, the curve under the proposed model, and the curve of the original model. The figure indicates that the curve waveform of the model proposed in this paper aligns with the actual curve and exhibits a higher degree of fitting. This study diverges from traditional approaches that primarily focus on the direct impact of the frequency deviations on the active power balance by incorporating the influence of the voltage variations on the load dynamics. It is observed that voltage fluctuations play a significant role in affecting the active power of loads during frequency dynamics. Therefore, the proposed model in this paper is validated with its precision and reliability. On this basis, a comprehensive analysis of the parameter influence of complex load can be conducted.



Based on the simulation analysis results presented above, it is evident that the proposed model curve aligns well with the actual curve, demonstrating a high degree of fitting in relation to load voltage variations. In contrast to traditional methods, which primarily consider the direct impact of frequency deviation on the active power balance, our proposed model incorporates the influence of voltage fluctuations on load dynamics. It is important to note that in the frequency dynamic process, voltage fluctuations significantly impact the active power of the load.



To verify the frequency response of the static load, the system load is changed to a static load and the same active power disturbance is applied. Figure 15, Figure 16 and Figure 17 show the system frequency variation, node voltage variation, and static load power variation. The static load initial point is   f = 50 Hz  ,    U t  = 1.017   p  . u  .  , and    P  e s   = 1.025   p  . u  .  



As depicted in Figure 15, the system frequency drops first and then recovers to a new steady state. The nadir point of the system frequency is    f  n a d i r   = 49.928 Hz  . Hence, when the system frequency alters, the anti-interference power of the system carrying the dynamic load is much greater than that of the static load. Due to the load-shedding device and the primary frequency modulation device, the system frequency settles into a new steady state.



As illustrated in Figure 16, the fluctuation in node voltage is opposite to that of the dynamic load. When the static load voltage is disturbed by frequency, the voltage decreases first and then increases. The general trend of the voltage variation is consistent with that of the frequency. The voltage variation is not only due to the reduction in the reactive power level of the system but also to the action of the synchronous generator itself. Under the dual action of frequency and voltage, the active power of the static load decreases first and then increases, as shown in Figure 17. The frequency response speed of the static load is the same as that of the dynamic load, but it is mainly passive change according to the change in frequency and voltage. It cannot provide stored kinetic energy to prevent a frequency disturbance as dynamic loads do, and it does not have the active support ability of the frequency response. However, due to voltage and frequency changes, active power changes in the static loads can prevent the aggravation of system frequency deterioration.



Figure 17 contains three curves: the actual power curve, the power curve of the proposed model, and the power curve of the original model. The figure demonstrates that the power curve of the model proposed in this paper aligns closely with the actual power curve waveform, indicating a higher degree of fitting. The power curve of the original model, which is proportional to the frequency change, cannot reflect the actual change in the static load more effectively. Therefore, Figure 17 verifies the accuracy of the model proposed in Section 3.1.



	(2)

	
The complex model







For consideration of complex models containing dynamic loads and static loads, the analysis focuses on the node MISO ATC in the U.S. Eastern Interconnection Grid, as shown in Table 1. The simulation duration is 100 s. At   t = 25   s  , an active power disturbance of   Δ  P d  = 0.025   p  . u  .   is applied to the system. The complex load initial point is   f = 50   Hz  ,    U t  = 0.9457   p  . u  .  , and    P e  = 7.335   p  . u  .   Figure 18, Figure 19 and Figure 20 show the system frequency variation, node voltage variation, and load power variation.



As depicted in Figure 18, the trend of the system frequency variation corresponds to that shown in Figure 11 and Figure 14, which first reaches the nadir point and then recovers to the new steady state. Due to the large proportion of static load contained in the complex load, the voltage of the complex load node decreases rapidly and then recovers to the new steady state after being disturbed. Therefore, the voltage curve in Figure 19 drops rapidly at first and then rises, gradually returning to a steady state. Figure 20 shows that the active power curve of the load model proposed in this paper is consistent with the waveform of the actual curve. The final data has some deviation because the actual comprehensive load contains some unknown load parameters. The maximum error of the active power curve is   0.008   p . u .  , which is in line with the actual engineering error range.




5.2. Parameter Influence Analysis


To investigate the parameter impact of the power load on the system frequency, the minimum point of the system frequency varies with the system inertia value. At time   t = 0   s  , a disturbance of the same   Δ  P d  =   0.025   p . u .   is applied. The final result is shown in Figure 21.



The nadir point serves as an effective metric for assessing the system’s frequency support capability. It can be seen from Figure 21 that with the increase in the inertia of the induction machine, the nadir point of the frequency of the system after the disturbance gradually decreases. It has been demonstrated that the inertia of the induction machine can effectively support the system frequency.



To validate the impact of induction machine speed on the system frequency response, the nadir point of system frequency was measured by applying a disturbance   Δ  P d  = 0.05   p  . u  .   By changing the different speeds of the induction machine, the results are shown in Figure 22.



Figure 22 shows the relationship between rotational speed and nadir points. With the increase in the speed, the nadir point of the system gradually decreases, which proves that the frequency support capacity of the induction machine is stronger. There are two factors contributing to this phenomenon. Firstly, the speed of the induction machine directly affects the size of the slip. Moreover, an increased rotor speed leads to a higher amount of kinetic energy stored in the rotor. When the system is disturbed, the induction motor can release more kinetic energy.



Since constant power loads have no frequency response capability, it is only necessary to adjust the proportion of constant impedance and constant current loads to analyze the frequency response capability of static loads. The initial voltages of the load node are    U t  = 1.072   p  . u  .   and    U t  = 0.9459   p  . u  .   A disturbance of   Δ  P d  = 0.05   p  . u  .   was applied to observe the nadir points of the system frequency under static loads of different proportions. The final results are shown in Figure 23.



In order to exclude the mutual influence of two variables, only the constant power load is included in the static load, as the variable. As depicted in Figure 23, as the ratio of constant current and constant impedance increases, the nadir point of the system frequency gradually diminishes, leading to increased stability in the system frequency. According to the curve in the figure, no matter what the node voltage is, the nadir point of the constant impedance load is always lower than that of the constant current load. The results show that the constant impedance load has better frequency support ability than the constant current load.




5.3. Validation and Analysis in Practical System


In this section, the accuracy of the proposed model method is validated using the IEEE 39-node system on the DIgSILENT PowerFactory platform. Specifically, Node 26 is designated as static load, Node 28 is designated as dynamic load, and the parameters are detailed in Table 3 and Table 2. The topology of the IEEE 39-node system is shown in Figure 24.



When the power system is in a state of stability, the frequency of the system is maintained at 50 Hz. Upon disturbance by active power, Figure 25, Figure 26 and Figure 27 depict the changes in system frequency, voltage at the load node, and comprehensive load response power curves.



After an active power disturbance, the system frequency undergoes a change, initially dropping to its nadir point before gradually increasing through the operation of frequency modulation equipment. The voltage at the load node experiences a decrease followed by stabilization due to the combined impact of the terminal voltage and comprehensive load. The comprehensive load predominantly consists of a static load, with its total capacity significantly outweighing that of the induction machine. Furthermore, as the static load power response is heavily influenced by voltage, the overall frequency response curve closely mirrors the voltage curve for the comprehensive load. Consequently, under the dual influence of voltage and frequency, the active power curve for comprehensive load first decreases and then rises to establish a new steady state.



The inertia time constant of the comprehensive load induction machine is evaluated by using the nadir point of the system frequency as a crucial parameter index for verification. At time   t = 0  , a load disturbance of   Δ P = 0.01   p  . u  .   is applied to investigate the frequency response of the induction machine under various inertia time constants, with the results depicted in Figure 28. The nadir point, as the peak of system frequency deviation, serves as an effective indicator of the frequency response and support capabilities of the induction machine. As the inertia time constant increases, the nadir point of the system frequency gradually decreases, indicating a corresponding reduction in the system’s frequency deviation. With equivalent capacity, a higher partial inertia time constant for the comprehensive load induction machine enhances its ability to support frequency and further bolsters the system’s frequency stability.



To investigate the impact of partial rotor speed on the frequency support capacity of a comprehensive load in an induction machine system, a uniform active power disturbance of   Δ P = 0.02   p  . u  .   was applied to systems with identical capacity but different rotor speeds. The resulting changes in the nadir point of the system frequency were then observed, leading to the generation of the relationship diagram depicted in Figure 29. As the rotor speed of the induction machine increases under the same capacity, the nadir point of the system frequency gradually decreases. This observation serves as evidence that the frequency support capacity of the comprehensive load also increases gradually with the increase in the rotor speed of the induction machine.



Due to the lack of frequency response capability in a constant power load, it is essential to investigate the impact of the ratio between constant impedance and constant current loads on the frequency response ability of the static load. By adjusting the ratio of various components with constant current and constant impedance, the minimum point image of the system frequency can ultimately be achieved as depicted in Figure 30. In order to mitigate the mutual influence between the two variables, all static loads, other than the variable itself, are maintained as constant power loads. As depicted in the figure, the frequency support capacity of a constant impedance load surpasses that of a constant current load. With an increasing proportion of the constant impedance load within the static load, there is also an increase in the frequency support capacity of the static load.





6. Conclusions


This paper establishes a comprehensive load frequency response model that integrates both dynamic and static loads, accounting for fluctuations in node voltage, thereby providing a more precise depiction of the frequency response behaviors of power loads. Through the utilization of a case study, the proposed comprehensive model and its support capacity analysis results are validated, with its validity and accuracy in addressing voltage variation effects.



	(1)

	
In this paper, a frequency response model for a dynamic load is established for frequency dynamics. The simulation results demonstrate that an induction machine with frequency response capabilities can mitigate its own electromagnetic power, effectively prevent system frequency fluctuations, and support system frequency regulation during occurrences of disturbances in active power imbalances.




	(2)

	
The small-signal model of static load is established to depict its frequency dynamics, considering voltage fluctuations. Changes in the node load voltage resulting from variations in terminal voltage and system power flow subsequently affect the active power of a static load. Simulation results validate the effectiveness and precision of the proposed model with its support capability.




	(3)

	
On the basis of existing modeling and capacity analysis, a comprehensive model of complex load is established containing both dynamic and static loads. The analysis of critical parameters reveals that higher rotor speed and inertia enhance the load’s frequency support capability. Additionally, the proportional coefficients of constant impedance and constant current in the static load component can enhance its frequency support capacity, thereby improving the overall system frequency stability.







In this paper, a load frequency response model for power systems is developed, taking into consideration the impact of voltage fluctuations and providing a more precise depiction of the active load response and frequency support capacity during frequency dynamics. This research can offer valuable insights and guidance for ensuring the safety and stability of power systems, with a high penetration of renewable energy sources. For future research, focus should be drawn to prioritize data-driven approaches in modeling load frequency responses, as they hold the potential to enhance the accuracy and efficiency of predicting and managing system dynamics. In actual grids, due to the random and dynamic nature of the proportion and parameters of each load type, subsequent efforts should be further dedicated using deep-learning methods to address uncertainties in node voltage and random fluctuations in load.
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Figure 1. Configuration of power system containing dynamic load. 
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Figure 2. Induction motor mechanical transient time circuit. (a) Induction motor mechanical transient equivalent circuit. (b) Equivalent circuit of induction motor. 
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Figure 3. Block diagram illustrating the small-signal model of the induction machine. 
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Figure 4. The relation between slip and active power. 
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Figure 5. The relationship between voltage and active power at different slip rates. 
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Figure 6. The relationship between reactive power, active power, and node voltage. 
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Figure 7. Block diagram illustrating the small-signal model of static load. 
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Figure 8. The relation between frequency and active power. 






Figure 8. The relation between frequency and active power.



[image: Symmetry 16 00918 g008]







[image: Symmetry 16 00918 g009] 





Figure 9. The relationship between voltage and active power under different frequency deviation. 
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Figure 10. The model of complex load. 
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Figure 11. Overall framework. 
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Figure 12. The curve of system frequency considering dynamic load. 
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Figure 13. The node voltage of dynamic load. 
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Figure 14. The curves of active power under different models. 
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Figure 15. The curve of system frequency considering static load. 
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Figure 16. The node voltage of static load. 
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Figure 17. Comparison of active power curves of three different models. 
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Figure 18. The curve of system frequency considering comprehensive load. 
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Figure 19. The node voltage of complex load. 
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Figure 20. The curve of active power considering the actual model and the proposed model. 
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Figure 21. The relation between inertia and nadir point under PSASP. 
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Figure 22. The relation between rotational speed and nadir point under PSASP. 
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Figure 23. The relation between the proportion of different types of loads and system frequency. (a)    U t  = 1.072   p . u .   (b)    U t  = 0.9459   p . u .   
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Figure 24. Topology diagram of the IEEE 39-node system. 
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Figure 25. The system frequency curves under different models. 
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Figure 26. The load node voltage curves under different models. 
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Figure 27. The active power curves under different models. 
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Figure 28. The relation between inertia and nadir point under DIgSILENT PowerFactory. 
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Figure 29. The relation between rotational speed and nadir point under DIgSILENT PowerFactory. 
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Figure 30. The relation between the proportion of different types of loads and nadir point. 






Figure 30. The relation between the proportion of different types of loads and nadir point.



[image: Symmetry 16 00918 g030]







 





Table 1. The node load components of the U.S. Eastern Interconnection Grid.
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	Node
	Dynamic Load (%)
	Constant Impedance (%)
	Constant Current (%)
	Constant Power (%)
	Remaining Load (%)





	MISO Vectren
	85.4
	0
	2.16
	11.34
	1.1



	MISO ATC
	61.775
	18.6
	1
	4.425
	14.2



	West MA
	61.46
	10.2
	0
	14.43
	13.91










 





Table 2. The parameter of dynamic load.
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	Dynamic Load Parameter
	     H  a m      
	     ω  r 0      
	     x s     
	     x r     
	     r s     





	parameter values
	0.5
	0.973
	0.11
	0.12
	0.011










 





Table 3. The parameter of static load.






Table 3. The parameter of static load.





	Static Load Parameter
	     P  n s      
	     k  p Z I P      
	     p 1     
	     p 2     
	     p 3     
	     Q  n s      
	     k  q Z I P      
	     q 1     
	     q 2     
	     q 3     





	per-unit value
	1.025
	1
	0.2
	0.2
	0.6
	0.94
	1
	0.2
	0.2
	0.6
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