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Abstract

:

Aiming at the problem of ultra-low-frequency oscillation (ULFO) in power systems, with an oscillation frequency lower than 0.1 Hz, an oscillation suppression control method is proposed. Firstly, the mathematical modeling of the system is carried out, and a cascade correction control method of the governor of hydropower generators is proposed. Secondly, using the ability of photovoltaic (PV) active power to adjust the system frequency, an additional controller for PV active power is proposed. Then, a unified frequency model considering the two controllers is established for multi-hydro and multi-PV systems, and the structural singular value method is used to coordinate the design of the parameters of the hydropower and PV generator controllers to achieve robust performance. Finally, based on a time-domain simulation of single-hydro and single-PV systems and an actual demonstration system located in Sichuan Province, China, the results show that the control method proposed in this paper has a good suppression effect on ultra-low-frequency oscillation under different working conditions, and meets the requirements of robust performance.
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1. Introduction


Hydropower has the characteristics of flexible start-up and rapid adjustment [1]. Installing PV generators in a small hydropower domain forms a distributed PV generator and a small hydropower complementary power generation system (referred to as a hydro–PV complementary system), which can use the flexible adjustment characteristics of hydropower to stabilize the fluctuation of PV output. This is of great significance to improving PV consumption capacity, enhancing the overall dispatch ability of the system, and realizing multi-time scale and multi-energy complementarity [2,3]. However, in a high-ratio hydropower system, due to the “water hammer effect” of the hydropower generator and the unreasonable parameter setting of the governor, the hydropower generator will provide negative damping to the system, which will cause ULFO [4]. ULFO refers to a frequency oscillation phenomenon with an oscillation frequency lower than 0.1 Hz. Different from traditional low-frequency oscillation, this phenomenon is the synchronous oscillation of the entire network frequency [5]. ULFO has become an important factor in restricting the consumption and transmission of hydropower.



With an increasing proportion of PV generators in the power system, the large and frequent random fluctuations of their output have caused hidden dangers to the safe and stable operation of the system [6]. The transmission distance between hydro–PV complementary systems and the main grid is generally long. Long-distance transmission makes the power system weak. In hydro–PV complementary systems, the random fluctuation of PV generators further deteriorates the stability problem. Therefore, it is of great significance to study the ULFO suppression control measures of hydro–PV complementary systems [7,8].



Existing studies have shown that ULFOs are strongly related to the primary frequency modulation process of hydropower generators, so most of the suppression measures for ULFOs use the method of optimizing the control parameters of turbine governors [9,10,11]. In [12,13], the authors use a PSO optimization algorithm to adjust the governor parameters to increase the damping torque to suppress ULFO. In [14], based on the damping torque method, the authors concluded that the ratio of the proportional parameter to the integral parameter is too small, resulting in a small damping coefficient. The optimal PID parameter tuning method was then proposed to address the internal causes of ULFO. The analysis results in [15] showed that the permanent state difference coefficient and water hammer coefficient are too small and will cause negative damping, and the GA-PSO optimization algorithm is proposed for parameter tuning. In [16], the authors proposed a governor parameter optimization method that maximizes system tracking performance under multi-mode robust stability constraints. In [17], the authors used a state subspace identification algorithm and an improved particle swarm optimization algorithm for an optimized design of governor parameters. The above studies mainly suppress ULFOs by properly adjusting the control parameters of the governor. However, there is a contradiction between ULFO suppression and the requirements of the primary frequency modulation on the governor control parameters. In addition, reference [18] proposed a PR-PSS algorithm to prevent ULFO, whose parameter settings are updated adaptively by a deep reinforcement learning algorithm. Reference [19] put forward a design method of PSS for the governor and verifies its effectiveness. The above methods do not take into account the regulation capacity of PV generators to mitigate ULFOs.



In addition, PV generators have flexible control capabilities, which can provide more flexible control resources for oscillation suppression [20]. However, the current research on the use of PV generators to suppress oscillations is mainly focused on low-frequency oscillations, and low-frequency oscillations are suppressed by introducing additional damping control in the control loop of PV inverters. In [21], the authors proposed a PV wide-area damping controller based on the correlation identification method. In [22,23], the authors used all the active power regulation capacity for damping control or set aside half of the active power to provide sufficient margin for damping control. In [24], the authors proposed active power additional damping control of PV generators based on active disturbance rejection control. In [25], the authors used integrated power modulation to design a PV wide-area additional damping controller. However, how to design the damping controller of a PV inverter to suppress the ULFO phenomenon is rarely studied in the literature.



Motivated by the aforementioned limitations, this paper focuses on the ULFO problem existing in the hydro–PV complementary system and proposes a hydro–PV coordinated ULFO suppression control strategy. The main contributions of this paper are as follows:




	(1)

	
In this paper, a series correction controller is used in the hydropower generator and an active power additional controller is used in the PV generator, which can improve the damping of the system without affecting the performance of primary frequency modulation to achieve the effect of oscillation suppression.




	(2)

	
Aiming at the coordination problem of the controllers of hydropower generators and PV generators in multi-hydro and multi-PV systems, this paper constructs a unified frequency model of hydro–PV complementary systems and designs its controller parameters based on the structural singular value method to improve the robustness of the controller.




	(3)

	
The performance of the proposed controller is verified based on a single-hydro and single-PV system and a hydro–PV complementary demonstration project in Sichuan Province, China.









The rest of this paper is organized as follows: Section 2 gives the detailed model of the PV and hydropower generators. Section 3 proposes the ULFO suppression control method. Section 4 builds a unified frequency model for multi-machine systems. Section 4 proposes a robust design method for hydro–PV coordinated ULFO suppression control. The results of the time-domain simulation are provided in Section 5. Section 6 concludes the paper.




2. Mathematical Models for Hydropower and PV


2.1. Hydropower Generator Model


2.1.1. Generator


In the model of a power system, the various energies emitted by the prime mover need to be converted into electrical energy by the generator and output in the form of electrical energy. The basis of generator modeling is the dynamic equation of the rotor.



The mathematical relationship between the output mechanical power, electromagnetic power, and power angle is


       T J    d ω   d t   =  P m  −  P e  − D ( ω − 1 )       d δ   d t   =  ω 0  ( ω − 1 )      



(1)




where TJ is the moment of inertia coefficient of the generator, Pm is the output mechanical power, Pe is the output electromagnetic power, D is the damping coefficient, δ is the power angle of the generator, ω0 is the reference angular frequency, and ω is the rotational speed.




2.1.2. Turbine


The linear transfer function of the commonly used hydro turbine model is:


   G h  ( s ) =   Δ  P m    Δ y   =   1 −  T W  s   1 + 0.5  T W  s    



(2)




where ∆Pm is the output mechanical power deviation, ∆y is the deviation of the guide vane opening, and TW represents the water hammer effect time constant; the expression is as follows:


   T W  =    Q r  L   g  H r  A    



(3)




where Qr is the base value of the water flow in the drinking water pipeline, Hr is the base value of the pressure head, g is the acceleration of gravity, and L and A represent the water path length and cross-sectional area of the water diversion pipeline. Since there is a zero point in the right half of the complex plane in the transfer function of the turbine Gh (s), the moment the opening of the guide vane ∆y changes, the change in the output mechanical power of the turbine ∆Pm is opposite to the change in the active power required by the system. This phenomenon is called the “water hammer effect” [26].




2.1.3. Governor


In this paper, the governor model adopts the parallel PID digital electro-hydro governor; its principle is to identify the deviation of the speed and convert it into an electrical signal to enter the control link. The logic block diagram of this kind of PID governor is shown in Figure 1.



The speed control system is composed of the control system and the servo system. If it is linearized near the steady-state point, the transfer function of the speed control system is:


   G  g o v   ( s ) =   Δ y   − Δ ω   =    K P  s +  K I  +  K D   s 2     b p   K I  + s   ⋅  1  1 +  T G  s    



(4)




where KP is the proportional coefficient of the governor of the hydropower generator, KI is the integral coefficient, KD is the differential coefficient, bp is the permanent droop coefficient, which is used to represent the adjustment error in the feedback process, and TG is the time constant of the servo system.




2.1.4. Excitation System


Most of the excitation control systems adopt a typical three-order system with compensation, including voltage regulation and exciter and excitation voltage negative feedback. The block diagram is shown in Figure 2.



Then, the excitation system transfer function is:


   G  e x   ( s ) =    E  f d     −  U  e x 1     =    K a  ( 1 +  T f  s )   ( 1 +  T f  s ) ( 1 +  T a  s ) ( 1 +  T e  s +  S e  ) +  K a   K f     



(5)







The measurement system transfer function is:


   G r  ( s ) =    U  e x 1      U m    =  1  1 +  T r  s    



(6)




where Um is the generator terminal voltage, Tr is the time constant of the measuring system, Ka and Ta are the gain and time constant of the voltage amplifier, respectively, TE is the time constant of the exciter, Se is the saturation coefficient, Kf and Tf are the gain and time constant of the negative feedback, and Efd is the excitation voltage.





2.2. PV Generator Model


The PV in the hydro–PV complementary system studied in this paper adopts a typical unipolar power generation mathematical model, including a PV array model, DC capacitor, inverter, and control system. The model is shown in Figure 3.



2.2.1. PV Array


The detailed model of PV is very complex, and some parameters involved are difficult to calculate directly, so it is not convenient to apply directly [27]. In order to facilitate research, the engineering approximate equivalent model is mainly used to solve it [28]. The model needs to be solved under rated light and temperature conditions (Sref = 1000 W/m2, Tref = 25 °C), and the calculation equation is:


    T =  T  a i r   + k S      I  s c   =  I  s c r e f   ( S /  S  r e f   ) [ 1 + α ( T −  T  r e f   ) ]      I m  =  I  m r e f   ( S /  S  r e f   ) [ 1 + α ( T −  T  r e f   ) ]      U  o c   =  U  o c r e f   [ 1 − γ ( T −  T  r e f   ) ] ln [ e + β ( S /  S  r e f   − 1 ) ]      U m  =  U  m r e f   [ 1 − γ ( T −  T  r e f   ) ] ln [ e + β ( S /  S  r e f   − 1 ) ]      C 2  =    U m  /  U  o c   − 1   ln ( 1 −  I m  /  I  s c   )        C 1  = ( 1 −  I m  /  I  s c   ) exp ( −  U m  /  C 2   U  o c   )    



(7)




where T and Tair are the temperatures of the PV cell and air, S is the light intensity, Iscref is the short-circuit current, Imref is the current of the maximum power point in standard conditions, Uocref is the open-circuit voltage, Umref is the voltage of the maximum power point, Uoc is the open-circuit voltage, Isc is the short-circuit current, Im and Um are the current and the voltage at the maximum power, and k, α, β, and γ are compensation coefficients.



Since the output current of a single PV cell is limited, a PV array is generally composed of series and parallel connections. Assuming that the number of cells in series is n and the number of cells in parallel is m, the output of the PV array is:


   I  d c   = m  I  s c   [ 1 −  C 1  (  e     U  d c     n  C 2   U  o c       − 1 ) ]  



(8)








2.2.2. Inverter and Controller


The control method of the PV inverter adopts constant power control. A block diagram of PV power control is shown in Figure 4. Both the outer loop and the inner loop adopt proportional–integral (PI) control to ensure performance.



The power outer loop governing equation is:


       i  g d  *  =  K  p p   (  P  r e f   − P ) +  K  i p     ∫  (  P  r e f   − P ) d t         i  g q  *  =  K  p q   ( Q −  Q  r e f   ) +  K  i q     ∫  ( Q −  Q  r e f   ) d t         



(9)




where Kpp and Kip are the proportional and integral coefficients of the active power outer loop, Kpq and Kiq are the proportional and integral coefficients of the reactive power outer loop, Pref and Qref are the reference values of active power and reactive power, and    i  g d  *    and    i  g q  *    are the reference values of the d-axis and q-axis current.



The current controller equation is:


       v  k d  *  =  K  p i   (  i  g d  *  −  i  g d   ) +  K  i i     ∫  (  i  g d  *  −  i  g d   ) d t − ω  L f   i  g q   +  v  g d           v  k q  *  =  K  p i   (  i  g q  *  −  i  g q   ) +  K  i i     ∫  (  i  g q  *  −  i  g q   ) d t + ω  L f   i  g d   +  v  g q           



(10)




where ω is the angular frequency, Lf is the filter inductance,    v  k d  *    and    v  k q  *    are the reference values of the d-axis and q-axis components of the voltage modulation signal, vgd and vgq are the d-axis and q-axis components of the AC side voltage, and Kpi and Kii are the proportional and integral coefficients of the current inner loop PI controller.



The filter inductance equation is:


       L f    d  i  g d     d t   =  v  k d   −  v  g d   + ω  L f   i  g q        L f    d  i  g q     d t   =  v  k q   −  v  g q   − ω  L f   i  g d        



(11)








2.2.3. DC Capacitor


Neglecting the power loss of the inverter, according to the power balance equation, that is, the PV output power is numerically equal to the sum of the DC capacitor power and the inverter output power, the dynamic characteristic equation of the DC capacitor can be expressed as:


    U ˙   d c   =  1   C  d c      I  d c   −  3 2     v  g d    i  g d      U  d c      



(12)




where Cdc is the DC capacitor, Udc is the voltage on the DC capacitor, and Idc is the output current of the PV array.






3. ULFO Suppression Control Method for Hydropower and PV


3.1. Cascade Correction Control of Hydropower


The governor of the hydropower generator has an important influence on the generation of ultra-low-frequency oscillation, but modifying the parameters of the governor will affect the effect of the primary frequency modulation of the hydropower generator. In order not to affect the performance of primary frequency modulation, this paper designs a cascaded correction controller on the governor side. The frequency adjustment model of a single hydropower generator after adding the controller is shown in Figure 5.



Among them, the mathematical model of the governor, hydro turbine, and generator has been introduced in detail in Section 2. The cascaded correction controller includes three parts: gain, high-pass filter, and lead-lag link. The mathematical expression of its transfer function is:


   G c  ( s ) =  K c    s  T f    1 + s  T f      1 + s  T 1    1 + s  T 2      1 + s  T 3    1 + s  T 4     



(13)




where Kc is the proportional coefficient of the gain link of the controller, Tf is the time constant of the high-pass filter link, and Ti (i = 1, 2, 3, 4) are the time constants of the lead-lag link, generally set to T1 > T2 > 0 and T3 > T4 > 0, so that the transfer function can provide phase-lead compensation. According to the damping torque analysis method, when the ultra-low-frequency oscillation angular frequency of the system is ωs and the series correction link provides an advanced phase for compensation, the damping torque of the system is:


   D T  = Re [  G c  ( j  ω s  )  G  g o v   ( j  ω s  )  G h  ( j  ω s  ) ]  



(14)







After adding the series correction link, a leading phase is generated, and the damping torque changes from negative to positive, providing positive damping for the system, which can effectively suppress ultra-low-frequency oscillation [29].



It can be seen in Figure 6 that before the series correction controller is added, the negative damping torque coefficient of the system in the ultra-low-frequency band is very large. After adding the series correction controller, the damping torque coefficient of the system in the ultra-low-frequency band has increased and improved.




3.2. PV Active Power Additional Controller


The control structure of the PV generator after adding the active additional controller designed in this paper is shown in Figure 7:



The structure of the PV power controller is shown in Figure 7. The structure of the PV active power additional controller includes three parts: filtering, adaptive proportional coefficient, and limiting. The mathematical expressions of filtering and adaptive proportional coefficient are as follows:


   G  C P V   ( s ) = K   s  T f    1 + s  T f     



(15)







The input of the controller is selected as −∆ω, which is the deviation between the system reference frequency and the actual frequency. When the actual frequency of the system increases, the active power reference value (P*ref) of the PV power controller decreases through the active power additional controller link, thereby reducing the active power output. When the actual frequency of the system decreases, the active power output of PV will increase, thereby achieving oscillation suppression. The following describes in detail the principle of PV participating in oscillation suppression.



The active power balance formula of the system is as follows:


  Δ  P e  + Δ  P  P V   = Δ  P L   



(16)




where ∆Pe is the electromagnetic power deviation of the system, ∆PPV is the output active power deviation of the PV, and ∆PL is the active load deviation of the system. If the load is considered as a constant impedance load and its frequency adjustment effect is ignored, then the active load deviation ∆PL = 0, and Equation (16) can be rewritten as:


  Δ  P e   = -  Δ  P  P V    



(17)







Combining Equation (16), damping torque calculation Equation (14), and generator rotor motion Equation (1), the calculation equation of the system damping ratio (ξ) can be obtained:


   T J   s 2  Δ δ + (  D T  + K + D ) Δ ω +  ω 0   S T  Δ δ = 0  



(18)







Solving the above formula can produce the mathematical expression of ξ:


  ξ =    D T  + K + D   2    T J   ω 0   S T       



(19)







It can be seen from the above formula that the proportional coefficient of PV active power additional control (K) is positively correlated with the system damping ratio (ξ). When it increases, the system damping ratio can also be improved, which proves that the PV active power additional controller is effective in suppressing ULFO by increasing system damping.





4. A Unified Frequency Model for Multi-Machine Systems


For a hydro–PV complementary system with multiple hydropower generators and PV generators, it is necessary to construct a unified model that can consider all generators. Due to the uniform frequency of the whole grid during ULFO, the frequency deviations of all generators remain consistent, that is, the rotor motion equation of the i-th generator is shown in the first equation of Equation (1). Assuming that there are n hydropower generators in the system, since all the speed deviations are the same, the equations of motion of all units can be linearized and then added together to obtain:


     ∑ n    i = 1    T  J i     d Δ ω   d t   =    ∑ n    i = 1   Δ  P  m i   −    ∑ n    i = 1   Δ  P  e i   −    ∑ n    i = 1    D i  Δ ω  



(20)







Since the mechanical power deviation (∆Pm) of a hydropower generator is obtained by the speed deviation (∆ω) through the two control links of the governor and the turbine, the above equation can be converted into a transfer function block diagram to obtain a unified frequency model, as shown in Figure 8.



After strictly adding all the motion equations, according to the research needs of ULFO, an approximate condition is introduced:




	(1)

	
Neglecting network loss, it is considered that the electromagnetic power of all generators is approximately equal to the load power, that is Σ∆Pe = Σ∆PL;




	(2)

	
Neglecting the frequency and voltage regulation effects of the load, it is considered to be a constant impedance load, that is Σ∆Pe = Σ∆PL = 0.









When the active power additional controller of the PV generator is introduced, the PV generator participates in the frequency adjustment process through the controller, as shown in Figure 7. It is necessary to consider the impact of PV active output deviation on system electromagnetic power deviation when analyzing the influence of the control task, that is Σ∆Pe = Σ∆PL − Σ∆PPV. According to the approximate condition, load deviation is considered to be 0, that is Σ∆Pe = −Σ∆PPV, so it is necessary to add the additional controller and power controller of the PV generator to the unified frequency model.



After considering both hydro and PV controllers, the unified frequency response model of the multi-machine system considering n hydropower generators and m PV generators is shown in Figure 9.



It is worth noting that the unified frequency model constructed in the above figure is only suitable for the analysis of ULFO, because only ULFO is characterized by the uniform oscillation frequency of the whole network. Since the oscillation mode has nothing to do with the excitation system of the hydroelectric unit, it can only be used to consider the prime mover system and the hydropower generator. The controller parameters of hydropower and the PV generator can be coordinated and designed based on the unified frequency model.




5. Robust Design of ULFO Suppression Control in Hydro–PV Coordinated Systems Based on the Structural Singular Value Method


5.1. Structural Singular Values and Robust Performance Issues


The structural singular value theory is the basis of the structural singular value method, which can not only be used to study the robust and stable performance of systems with structural uncertainties, but also to verify whether the system achieves robust performance.



5.1.1. Robust and Stable Performance


When judging the robust stability of a system, it is often necessary to construct an M-∆ model, that is, to reconstruct the system, incorporate uncertainty, and isolate the perturbation matrix ∆(s) including system uncertainty. The remaining nominal matrix M(s) below is a stable linear transfer function matrix. The reconstructed system is shown below.



In Figure 10, u is the input of the perturbation matrix and v is the output of the perturbation matrix. Define the structural singular value of matrix M as [30]:


     μ Δ  [ M ( j ω ) ] =     0 , det   I − M ( j ω ) Δ ( j ω )   ≠ 0 , ∀ Δ ( j ω ) ∈  Δ *  ( j ω )      k m           k m  =  1  min      σ  max   [ Δ ( j ω ) ] | Δ ( j ω ) ∈  Δ *  ( j ω ) , det   I − M ( j ω ) Δ ( j ω )   = 0          



(21)




where min is used to solve the smallest element in a set, σmax is used to solve the largest singular value in the matrix, and ∆*(jω) is a set including all uncertain perturbations. It can be seen from the above equation that if the singular value of a perturbation matrix is smaller than the defined structural singular value, then the system must be closed-loop stable, so there is a robust stability theorem. For the uncertain system shown in Figure 10, if the system M is stable, then the necessary and sufficient conditions for the robust stability of the system are:


   μ Δ  [ M ( j ω ) ] ≤ 1 , ∀ ω > 0  



(22)




where ω is the working frequency point.




5.1.2. Robust Performance Criterion


In addition to robust and stable performance, some robust performance requirements should be met when controlling systems with uncertainties. Assuming that the H∞ norm of the transfer function between the input w and the output z of the system M is used to evaluate the robust performance, the criterion of the performance is:


       z w     ∞  ≤ 1  



(23)







This performance judgment problem can be transformed into a robust stability judgment according to the following theorem. For the uncertain system shown in Figure 10, if M is stable, the input is w, and the output is z, then the necessary and sufficient conditions for the system to be robust and stable and to satisfy Equation (22) are:


     μ  Δ ′   [ M ( j ω ) ] ≤ 1 , ∀ ω > 0      Δ ′  = d i a g [ Δ ( s ) , Δ f ] ,    Δ f   ∞  ≤ 1    



(24)




where ∆f is a virtual complex perturbation matrix inserted between the input and output.





5.2. System Model Introducing Uncertainty


The unified frequency model has the advantage of a simple structure and can reflect the characteristics of ULFO, so our comprehensive design of controller parameters is based on it. When the system operation mode changes or load-switching occurs, the system uncertainties include the following:




	(1)

	
Different operation modes lead to changes in the output of the hydropower generator, and the time constant of the water hammer effect changes accordingly, so there is uncertainty in Ghi;




	(2)

	
Different operation modes lead to changes in the parameters of the speed control system of hydropower generators, so there is uncertainty in Ggovi.









Therefore, the system transfer function produces uncertainty, and it is necessary to introduce perturbation into the original unified frequency model. These uncertainties can be reflected in the perturbation block and the corresponding weight function. The system after introducing uncertainty is shown in Figure 11.



In the above figure, P(s) is used to describe the transfer function of the synchronous generator other than the control system, and the expression is:


  P ( s ) =  1    ∑  i = 1  n    T  J i   +   ∑  i = 1  n    D i     



(25)







The parameter uncertainty caused by the introduced operation mode change or load switching is expressed as the perturbation block ∆i and the corresponding weight function Wi(s), assuming that there are K operating modes of the controller parameters.




5.3. Parameter Design Based on Monte Carlo Algorithm


The design process of the controller parameters is as follows:




	(1)

	
The perturbation block ∆i reflecting uncertainty and the corresponding weight function Wi(s) are introduced into the unified frequency model, and then the virtual perturbation block ∆f and sensitivity weight function WS(s) reflecting robust performance are inserted.




	(2)

	
Separate the uncertainty of the model constructed in (1) and reconstruct the model as an extended M-Δ model.




	(3)

	
Set frequency sweep points [ω1, ω2,…, ωΩ] rad/s according to the frequency range to be studied. This paper focuses on the control performance of the system during ultra-low-frequency oscillation, so the frequency sweep range is set between 0.01 and 0.1 Hz.




	(4)

	
According to the possible operating parameter range of the system, at each frequency point s = jω, the nominal value and the corresponding weight function of each generator are calculated.




	(5)

	
Set the parameter search space of the series correction controller of the hydroelectric unit and the active power additional controller of the PV generator and give their upper and lower limits.




	(6)

	
Using the Monte Carlo algorithm, a set of controller parameters for hydropower and PV generators is randomly generated in the search space of control parameters input in (5).




	(7)

	
According to the frequency sweep range set in (3), bring each frequency sweep point into the constructed extended M-Δ model, calculate the structural singular value and judge whether it is less than or equal to 1, and if the requirements are met, this set of controller parameters is indicated and the system can meet the robust performance requirements; otherwise, return to (6) and regenerate new parameters for calculation.











6. Case Analysis


6.1. Introduction to Study System


Case 1. Single-Hydropower and Single-PV System


Firstly, an island system with a PV generator and a hydropower generator connected to the grid was selected for modeling analysis. The capacity of the hydropower generator is 140 MW, the terminal voltage is 10 kV, the capacity of the PV generator is 10 MW, and the terminal voltage is 0.4 kV. The two generators pass through a step-up transformer connected to a 110 kV line. The local load is 60 MW + 10 MVar, and the parameters of each component of the hydropower generator are shown in Table 1.



The PV generator adopts constant power outer loop control, and the filter inductance is 0.04 mH. The parameters of the power outer loop and current inner loop control controller are shown in Table 2.




Case 2. Actual System in a County in Sichuan Province, China


The site is located on a plateau in the west of Sichuan Province, China. The local capacity to absorb clean energy is relatively poor. When disasters, maintenance issues, or failures occur, the power grid in this area is switched to off-grid operation. The low-frequency oscillation phenomenon in this power grid structure is shown in Figure 12.



The system includes five hydropower stations, CCB, MP, YJW, HJQ, and MGQ, and two PV stations, XNH and MX. The terminal voltage of the hydropower generators in the system of the demonstration area is 10 kV, and the overall installed capacity is 380 MW, of which that of CCB is 65 MW, that of MP is 55 MW, that of YJW is 75 MW, that of HJQ is 140 MW, and that of MGQ is 45 MW. The terminal voltage of the PV generators is 0.4 kV, the overall installed capacity is 20 MW, and the capacity of XNH and MX is 10 MW in each. The local load is 60 MW + 10 Mvar, and the constant impedance model is used for modeling.



The outputs of the XNH and MX PV stations are 10 MW and 5 MW, respectively. The hydroelectric units adopt a PID governor. Relevant parameters were designed in accordance with the actual data. The specific parameters are shown in Table 3.





6.2. Verification of Hydropower Cascade Correction Control Method


In Case 1, in the hydropower generator, when a PSO optimization algorithm was used, the lower limit of the cascade correction controller parameters of the hydropower generator was 0.01, and the upper limit was 10. The controller parameters of the hydropower generator are shown in Table 4:



The traditional method of optimizing the parameters of the PID governor of the hydropower generator also had a certain inhibitory effect on ULFOs. The parameters of the governor of the hydropower generator were as shown in Table 5.



The running time of the system was set to 100 s, and 30 MW active load was used as a disturbance at 50 s. The frequency response comparison of the system caused by different control methods is shown in Figure 13.



When no control was used, the system oscillated violently and took a long time to enter a steady state. Using the traditional method of optimizing the parameters of the governor could suppress ULFOs, but it also affected the performance of the primary frequency modulation, making the frequency adjustment time very slow. After using the series correction controller, not only was the ultra-low-frequency oscillation suppressed, but it did not affect FM time.




6.3. Verification of Photovoltaic Active Power Additional Control Method


To verify the effectiveness of the ULFO suppression capacity of the PV additional controller proposed in this section, the controller parameter K was set to 250. The capacity of the PV station was 10 MW. In order to verify the effectiveness of the controller, two adjustment effects, one-way and two-way, were compared and analyzed, and the reservation of photovoltaic capacity w modified as no reservation, 10% reservation, and 30% reservation. The comparison of the system frequency response before and after adding the controller is shown in Figure 14.



It can be seen in the above figure that after adding the PV additional controller, ULFO was better suppressed. With an increase in PV reservation, the oscillation suppression effect was better, but the utilization rate of PV generators was reduced. Therefore, taking into account the reserved capacity of PV generators, 10% was the optimal selection.




6.4. Verification of ULFO Suppression Control Method in Actual Hydro–PV Complementary System


The upper limit of the parameters of the hydropower controller is 10 and the lower limit is 0.01; the upper limit of the coefficient K of the PV controller is 1000, and the lower limit is 50. A Monte Carlo search was conducted, and it was judged whether the structural singular values in the sweep frequency band are all less than or equal to 1 and meet the requirements. A set of typical control parameters within the parameter range is shown in Table 6.



Using the governor parameters found above, the hydropower and PV controllers were incorporated into the Case 2 system at the same time. The capacity of the PV generator was reserved as 10%. Since the system operation mode may change, three working conditions were set.



Working condition 1: The governor parameters and water turbine parameters of the hydropower generator are shown in Table 1. The system running time was set to 50 s, and when the setting was 1 s, a 30 MW active load was put in. The comparison of the frequency responses is shown in Figure 15.



Working condition 2: Under different start-up modes, the governors of each hydropower generator may adopt different control parameters, and the changed governor parameters are shown in Table 7.



The parameter TW remained unchanged, the parameters of the governor were adopted as in the above table, the system running time was set to 50 s, and an active load of 30 MW was put in. When the setting was 1 s, the frequency responses compared as shown in Figure 16:



Working condition 3: When the parameters or the loading conditions of the hydropower generators are different, the actual time constant of the water hammer effect will change. When the set parameters of the governor are unchanged, the changes in the time constant of the water hammer effect of each unit are shown in Table 8.



The parameters of the governor remained unchanged, and the time constant of the water hammer effect was used as in the above table. The system running time was set to 50 s, and the active load of 30 MW was put into a setting of 1 s. The frequency responses compared as shown in Figure 17.



In Figure 15, Figure 16 and Figure 17, it can be seen that the hydro–PV coordination controller designed in this paper had a good ULFO suppression effect. If it is considered that the frequency deviation was less than 0.1% and the system entered a stable operation state, then the overshoot and adjustment time are shown in Table 9.



As can be seen in Table 9, compared with no controller, adding the controller could make the ULFO of the system settle down quickly and reduced the adjustment time. By comparing the overshoot and adjustment times of the different working conditions, it can be seen that the proposed control method could effectively suppress ULFOs under different working conditions and had good robustness.





7. Conclusions


Aiming at the ULFO phenomenon in hydro–PV complementary systems, this paper proposes a robust design method for ULFO suppression control based on the hydro–PV complementary system. The main conclusions are as follows:




	(1)

	
A hydropower generator and PV generator in a hydro–PV complementary system are mathematically modeled; then, a series correction controller is proposed for the single hydropower generator, and an active power additional controller is proposed for the PV generator.




	(2)

	
According to the characteristics of the uniform frequency of the whole network during ULFO, a unified frequency model for multi-hydropower and multi-PV systems considering PV generators is established. The structural singular value method is introduced to coordinate the design of controller parameters for the hydropower generator and the PV generator.




	(3)

	
A time-domain simulation based on the single-hydropower and single-PV system and on an actual hydro–PV complementary system in a certain place in Sichuan Province, China, verify the effectiveness of the controller proposed in this paper.









This paper mainly considers the ULFOs occurring in hydro–PV complementary systems, but multi-energy complementary systems include hydro–wind complementary systems, hydro–PV–wind complementary systems, and so on. The influence of wind power on ULFO and how wind power participates in its control need to be further studied.
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Figure 1. Transfer function block diagram of speed control system. 
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Figure 2. Block diagram of excitation system. 
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Figure 3. Block diagram of PV. Symbols: Cdc, direct current (DC) capacitor; Udc, DC output voltage; Idc, DC output current; Lf, alternating current (AC) inductor; Rline, AC line resistance; Lline, AC line inductance. 
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Figure 4. Power controller structure of PV inverter. 
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Figure 5. Control structure of the hydropower generator. 
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Figure 6. The damping torque coefficient changes with frequency before and after adding the controller. 
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Figure 7. Control structure of the PV generator with active power additional controller. 
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Figure 8. A unified frequency model for multiple hydropower generators. 
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Figure 9. Unified frequency response model of multi-machine system considering PV generators. 
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Figure 10. The reconstructed standard M-∆ model. 
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Figure 11. Unified frequency model with uncertainty. 
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Figure 12. Structure of the hydro–PV complementary system in Sichuan. 
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Figure 13. Comparison of system frequency response under different control methods. 
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Figure 14. Comparison of system frequency response before and after adding controller in different PV reservation capacities. 






Figure 14. Comparison of system frequency response before and after adding controller in different PV reservation capacities.



[image: Applsci 13 11066 g014]







[image: Applsci 13 11066 g015] 





Figure 15. System frequency dynamic response under working condition 1. 
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Figure 16. System frequency dynamic response under working condition 2. 
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Figure 17. System frequency dynamic response under working condition 3. 
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Table 1. Parameters of each control link of the hydropower generator.






Table 1. Parameters of each control link of the hydropower generator.





	KP
	KI
	bp
	TW
	Ka
	Ta





	3
	1.8
	0.05
	1
	400
	0.055










 





Table 2. Fixed power controller parameters of the PV generator.
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	Kpp
	Kip
	Kpq
	Kiq
	Kpi
	Kii





	0.1
	20
	0.1
	20
	1
	2.5










 





Table 3. Hydraulic unit speed control system parameter table.
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	Station Name
	KP
	KI
	KD
	bp
	TG
	TW





	CCB
	2
	1
	0
	0.05
	0.2
	1.5



	MP
	2.5
	1.2
	0
	0.05
	0.2
	1



	YJW
	2
	1
	0
	0.05
	0.2
	1.5



	HJQ
	1.5
	0.8
	0
	0.05
	0.2
	2



	MGQ
	2.5
	1.2
	0
	0.05
	0.2
	1










 





Table 4. Controller parameter list of single-hydro system.
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	Kc
	T1
	T2
	T3
	T4





	1.05
	2.98
	2.13
	3.21
	2.01










 





Table 5. Parameters of hydro turbine governor optimized by the traditional method.
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	KP
	KI
	KD
	TG
	TW





	3.46
	0.57
	0
	0.2
	1.5










 





Table 6. Parameters of hydro turbine governor optimized by the proposed method.
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	Station Name
	Kc
	T1
	T2
	T3
	T4
	K





	CCB
	1.02
	3.16
	1.82
	3.16
	1.82
	/



	MP
	0.89
	2.92
	1.96
	2.92
	1.96
	/



	YJW
	1.02
	3.16
	1.82
	3.16
	1.82
	/



	HJQ
	1.13
	3.02
	1.61
	3.02
	1.61
	/



	MGQ
	0.89
	2.92
	1.96
	2.92
	1.96
	/



	XNH
	/
	/
	/
	/
	/
	800



	MX
	/
	/
	/
	/
	/
	400










 





Table 7. Hydropower unit governor parameters under different operating conditions.
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	Name
	CCB
	MP
	YJW
	HJQ
	MGQ





	KP
	2
	1.25
	2
	1.5
	2.5



	KI
	0.5
	0.6
	0.5
	0.4
	1










 





Table 8. Turbine parameters of hydropower generator under different operating conditions.
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	Name
	CCB
	MP
	YJW
	HJQ
	MGQ





	TW
	3
	2
	3
	4
	2










 





Table 9. Comparison of overshoot and adjustment time under different working conditions.
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Working Conditions

	
Controller

	
Overshoot

	
Adjustment Time






	
1

	
No controller

	
0.70%

	
38.948




	
Add controller

	
0.0003%

	
12.645




	
2

	
No controller

	
0.47%

	
40.170




	
Add controller

	
0%

	
21.156




	
3

	
No controller

	
1.03%

	
56.108




	
Add controller

	
0.0066%

	
11.641
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