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ABSTRACT

Large-scale new energy grid connection leads to the weakening of the system frequency regulation capability, and
the system frequency stability is facing unprecedented challenges. In order to solve rapid frequency fluctuation
caused by new energy units, this paper proposes a new energy power system frequency regulation strategy with
multiple units including the doubly-fed pumped storage unit (DFPSU). Firstly, based on the model predictive
control (MPC) theory, the state space equations are established by considering the operating characteristics of the
units and the dynamic behavior of the system; secondly, the proportional-differential control link is introduced to
minimize the frequency deviation to further optimize the frequency modulation (FM) output of the DFPSU and
inhibit the rapid fluctuation of the frequency; lastly, it is verified on the Matlab/Simulink simulation platform, and
the results show that the model predictive control with proportional-differential control link can further release
the FM potential of the DFPSU, increase the depth of its FM, effectively reduce the frequency deviation of the
system and its rate of change, realize the optimization of the active output of the DFPSU and that of other units,
and improve the frequency response capability of the system.
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DFPSU Doubly-fed pumped storage unit
FM Frequency modulation

MPC Model predictive control

Al Artificial insemination
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1 Introduction

With the increasing proportion of new energy in the power system, the traditional synchronous
units can not provide sufficient frequency support for the system, the rotational inertia level of the
system is reduced, and the problem of frequency security is becoming more and more prominent
[1-4]. Accidents such as distributed power off-grid and low-frequency load shedding due to insufficient
inertia support capacity have already occurred in the power systems of many countries [5—7]. Under the
low inertia power system, new problems and risks may appear in conventional operation and control
methods [8]. Therefore, there is an urgent need to accelerate the construction of power systems to
improve new energy consumption and reduce the dependence on traditional units [9-11].

Pumped storage units have become the first choice of energy storage equipment for power systems
because of their large capacity, low cost, and unlimited energy storage cycles [12—15]. However,
traditional pumped storage units need help with a small power adjustable range and slow response
speed, which cannot meet the demands of new power systems. In contrast, the variable speed of
DFPSUs can operate at the optimal speed according to the power command of the grid, which
enhances the power regulation capability and dramatically alleviates the problem of insufficient
primary FM energy brought by the high penetration rate of new energy [16—19]. However, the
existing studies cannot make the rotor speed respond quickly to the frequency change. Therefore, it is
significant to release the latent inertia of DFPSUs by conducting an in-depth study on their frequency
control strategy.

At present, the large-scale access to the system by new energy units represented by wind power
makes the penetration rate of wind power in the system increase, and the frequency stability of the
power system cannot be guaranteed by relying on the DFPSU only to complete the system frequency
regulation task. Meanwhile, artificial insemination (Al) algorithms are constantly applied to new
energy units in power forecasting, scheduling optimization, and active power optimization [20]. In the
power system, the units involved in frequency regulation must fully consider the constraints of active
output to ensure that their output power does not exceed the specified limits. MPC shows significant
advantages in dealing with multivariate constraints [21-23], so many researchers and scholars tend
to adopt MPC control methods to optimize the active output of each unit. Literature [24] is based on
MPC to achieve the coordination between thermal power units and energy storage devices to complete
the FM mission and optimize the active power output. Literature [25] proposes a method for wind
turbine participation in system frequency control based on MPC inverter interface to ensure that the
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low inertia power system frequency operates within a safe range. Literature [26] uses MPC control to
effectively regulate system frequency by modeling a new energy-combined power plant. Literature [27]
proposes an adaptive MPC (AMPC) frequency regulation strategy for a simplified prediction model
of a DFPSU, which effectively reduces the maximum frequency deviation of the system. The above
studies have mainly focused on exploring power system frequency regulation using MPC technology.
However, these studies have yet to fully explore and utilize the potential advantages and application
value of DFPSU in multi-unit joint frequency regulation.

This paper proposes a frequency regulation control strategy considering frequency deviation and
its rate of change in a large-scale grid-connected scenario of new energy units. The strategy is based
on the MPC theory, constructs the overall state space equation of the system, and introduces the
proportional-differential control link in the control strategy to release the potential inertia of the
DFPSU. The MATLAB/Simulink simulation experiment proves that the strategy proposed in this
paper can effectively suppress the rapid frequency fluctuation and improve the frequency response
capability of the system.

2 Power System Model Based on MPC

For the problem of system frequency fluctuation caused by changes in load and PV power plant
output, the MPC calculates the reference power change amount according to the current and future
predicted grid frequency, taking into account the operating status of each FM unit at that moment,
to improve the effect of the system FM, and complete the optimal distribution of active power among
the units in the system.

The new frequency response model in energy power systems based on model prediction is shown
in Fig. 1, which mainly includes conventional units, DFPSUs, wind power units, photovoltaic power
plants, lithium battery storage devices, model prediction controllers, and loads, with additional
proportional-differential control links that consider the frequency deviation and its rate of change.
In the figure, the MPC controller performs rolling optimization calculations and issues active power
commands based on the operating status of each of the above units APy, APy, APy, APy, AP,
and each unit receives and executes the control commands to optimize the active output and to adjust
the active power deficit of the system.
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Figure 1: New energy power system frequency response model
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The frequency dynamic model containing wind farms and photovoltaic plants is expressed as:

: —P.+Ps+Pyu+ Ps+ Py +Py+ AP, D

Af = ¥ T (D
where Af is the actual frequency deviation, with 50 Hz as the reference value; H is the system inertia
constant; D is the load regulation coefficient; P, is the load power; Pg, Py, Ps, Py and Py, are the power
provided by thermal power units, hydroelectric power units, DFPSUs, lithium battery storage devices,
and wind turbines, respectively; and AP, is the fluctuation of the PV power plant active output.

3 MPC Strategy Design
3.1 Power System State Space Equations
3.1.1 Modeling of DFPSUs

The mathematical model of a reversible pump turbine operating in the turbine state can be
expressed as:
P et (eqen — eqne,) G (5)
B Hs () B 1 — e4Gy (9)

where y, is the turbine guide vane opening; P is the output mechanical power of the unit; e, e, e,
e, are the turbine transfer coefficients, which are e, = 1, ¢, = 1, ¢, = 1.5, and e, = 0.5 under ideal
working conditions.

G, () (2)

The model of the diversion system accounting for the rigid water strike effect is expressed as:
Ah
G.(s5)=—=-T,s 3)
Aq

where / is the head height; ¢ is the turbine flow rate; T, is the water flow inertia time constant.

The incremental form of the rigid water strike model for the turbine guide vane opening
adjustment system under ideal operating conditions is:

. 1
AH’S = T (_A:us + Aus)

! “4)
AP 2 AP + 2 + 2) A 2 A
= — = — — s — 5 Al

T ST\, )T

Yy
where T, is the time constant of the follower system; u, is the turbine regulator output control quantity.

The mathematical model of the doubly-fed generator is expressed as

As=Jy (AP — AP}) (5)

Ju = Np’P,/ (Jo?) (6)

where AP is the electromagnetic power variation; P, is the active power base value of the doubly-fed
motor; w, is the synchronous angular velocity.

Synthesizing Eqs. (2), (4) and (5) The derivation leads to the equation of state of the DFPSU as:

A6, A6,
As As Au,
ap | =4 ap | TE |:AP§] @

Aptg Ap
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where A, and B, are the matrix coefficients of DFPSUs, see Appendix A for details.

3.1.2 Modeling of Conventional Units
The first-order model is used for the thermal unit prime mover with the expression [21]:

1
APt = ——AY, ®)
" (Tchs + 1)
where P¢, T, are the output mechanical power and the time constant of the main inlet steam chamber;
Y, is the valve opening.

The governor control uses proportional control with the expression:

©)

where u, is the turbine regulator output control quantity; w, is the generator rotor angular velocity; R
is the unit modulation coefficient.

The thermal unit generator model can be expressed as:
) AP
2H, Aw, = APt — S = —e,Aw, (10)
g
where H,, e, for thermal power unit inertia constants and damping coefficients; P¢, P¢ for the unit
output mechanical power and electromagnetic power; S, for the unit power reference value and the
ratio of grid power reference value.

The synthesis of Egs. (8)—(10) derivation leads to the equation of state of thermal power unit as:

A, A8,
Aw Aw
Ape | =4 Aé + B, [AP] (an
AY, AY,

where 4, and B, are the thermal unit coefficient matrices, see Appendix A for details.

The turbine and diversion system in the prime mover model of the hydropower unit are represented
by Egs. (2) and (3), respectively.

The hydraulic turbine guide vane hydraulic receiver model expression is:
T,AY, + AY, = Au, (12)

where u, is the output control signal of the turbine governor of the hydropower unit; Y, is the opening
degree of the hydraulic turbine guide vane of the hydropower unit.

The generator rotor equation of motion can be expressed as:

h

AP
2HhAd)h = AI):1 - S £ — €hAa)h (13)
h
where H,, e, are the inertia constant and damping coefficient of the hydropower unit; P!, P! are the
output mechanical and electromagnetic power of the unit; S, is the ratio of the unit power reference

value to the grid power reference value.

The synthesized Eqs. (2), (3), (12), and (13) can be deduced to obtain that the state equation of
the hydropower unit is:




770 EE, 2025, vol.122, no.2

A, AB,

Aw Aw Au

abt [ = A apn | T B [APhh} (14
AY, AY,

where A, and B, are the matrix coefficients of the hydroelectric units, see Appendix A for details.

3.1.3 Modeling of Lithium Battery Storage Devices and Wind Turbine
The lithium battery energy storage device becomes an important means of frequency regulation,
which is modeled as:

. 1 1
AP, ess — ——AP ess —AP rel 15
b T, B + T, B bt (15)

where P, is the actual output mechanical power; P, is the target value of the output power; T} is
the energy storage response time constant.

The output mechanical power of the wind turbine is expressed as:
AP =m,C,(Aw,, AB) (16)
where P is the output mechanical power; w, is the angular velocity of the turbine rotor; § is the number
of pitch angles; m; is the calculation coefficient.

The generator rotor equation of motion can be expressed as:
2H,Aw, = AP} — AP’ — FAw, (17)
where H,, F are the inertia constant and damping coefficient; P¥, P are the output mechanical and
electromagnetic power of the turbine; w, is the angular velocity of the generator rotor.

Combining Eqs. (7), (11), (14)—(17) yields the system state-space equations as shown in Eq. (18)
containing each FM unit:

{)'c = Ax + BAu, + RAr,

y=Cx (18)

where the state variables are included:

x =[A6,, As, AP, Ay, Aby, Awy, AP, AY,, NGy, Aw,, AP, AY,, APy, AP), Aw,, AB, Af]T (19)

Control variables include:
Aul = [Ausa AIB7 Aug: Auh, AI)b.ref]T (20)

Perturbation variables include:

Ar = [APya, AP, 1)

3.2 Objective Function and Constraints
3.2.1 Objective Function

In the new energy power system for primary frequency regulation, the controller needs to meet
the following requirements: through the MPC controller accurately tracking the frequency regulation
signal and obtain the optimal control amount of each frequency regulation unit to complete the
distribution of active power and minimize the actual grid frequency deviation, the objective function
is set as follows:
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j j-1 j-1 J-1
x = min iyl Z (Afkmk)z + z (APes,k+/Vc)2 + Vv Z (APeg,k+j\k)2 + Vs Z (APeh,k+j\k)2

Jj=1 Jj=1 j=1 Jj=1

1 1
+s Z (APeb,k+f\k)2 + Vs Z (APewﬂk+j|k)2] (22)

j=1 J=1

In the formula, k + j|k represents the prediction of the state quantity at £ moments for k +
moments; y,, v,, V3, V4, Vs and y, are the weighting coefficients in the objective function, and the
magnitude of its value represents the degree of punishment for this item; j, j — I represent the prediction
and control time domain.

3.2.2 Constraints for Each FM Unit

In order to ensure the reasonableness of active power output when each FM unit participates in
system FM, the active power output variation constraint is added to each unit, where variables with
min and max in their subscripts represent their maximum and minimum values.

The constraint on the amount of change in the active output of a thermal unit can be expressed
as:

AI)eg.min S |APeg (k +‘]|k)‘ E APegAmax (23)
where AP, (k + jlk) denotes the predicted value of the active power control quantity of the thermal
power unit at the k moment for the k + j moment.

The constraint on the amount of change in the active output of a hydroelectric unit participating
in a primary FM can be expressed as:

AI)eh.min S |APeh (k +]|k)| S A[)eh.max (24)

where AP, (k + jlk) denotes the predicted value of the active power control quantity of the
hydroelectric unit at the moment & for the moment k + j.

The constraint on the change in active output of the DFPSU is expressed as:
APes.min 5 |APes (k +J|k)| S Af)es.max (25)
where AP, (k + jlk) denotes the predicted value of the active power control quantity of the DFPSU
at the moment k for the moment k + ;.

It is necessary to set a constraint on the state of charge (SOC) of the battery to avoid overcharging
and discharging, which can be expressed as:

Smin S EB (k +]|k) S Smax (26)
where Ey (k + jlk) denotes the predicted value of the lithium battery state of charge at kK moments for
k + j moments.

The battery energy storage device is used in practice with a charging and discharging power
constraint to ensure safe operation:

io < APEh (k +]|k) < A[)B,max

} ot @)
0 < APBIS (k +]|k) < APB,max
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where AP (k + jlk) and APS® (k + jlk) denote the predicted values of the charging and discharging
power control quantities at the moment of & for the moment of k£ + j, respectively.

The constraint on the change in active output of the wind turbine participating in the primary
FM can be expressed as:
AI)ew.min S IAPeW (k +]|k)| S AI)ew,max (28)
where AP, (k + j|k) denotes the predicted value of the active power control of the wind turbines at
the £ moment for the k + j moment.

The wind turbine participates in the primary FM paddle pitch angle variation constraint as:

- (130 - :Bmin) = A,Bref (k +J|k) = (IBmax - :30) (29)

where B, is the initial value of the wind turbine pitch angle; and A B, (k + j|k) represents the predicted
value at the kK moment for the k + j moment.

3.3 Proportional-Differential Control Link for DFPSUs
The grid connection of large-scale new energy units reduces system inertia and weakens the units’
ability to respond to system frequency changes. To fully utilize the frequency regulation potential of
DFPSUs, a proportional-differential control link should be added to them.
The FM auxiliary power of a DFPSU with a proportional-differential control link is:
dAf
dr
where K, and K, are the coefficients of the frequency deviation value and its rate of change, respectively.
Define K, as the active FM coefficient of a DFPSU, which is expressed as:
AP APx  Py_ Py
K =20 o 20 s s 31)
Af AVE SN o *-fx
where AP, Af and A Px, Af* are the nominal and standardized values of active change and frequency

deviation, respectively; o is the standardized value of turbine modulation coefficient; Py_s is the
rated power of DFPSU; fY is the rated frequency of the system.

APS—S = K] Af + K2 (30)

Define K, as the inertia response coefficient of a DFPSU, and the rectification process is as follows.
Neglecting the damping effect, the rotational kinetic energy stored in the rotor of the DFPSU is:

1
Ek—S - EJSa)rz (32)

where Jg is the rotational inertia of the DFPSU; w, is the rotor speed.

The active power A P, released or absorbed by the rotor kinetic energy when the system frequency
is disturbed is:

dE,_ d (w,/wy) dow?
AP, = — dl; S = —Jsa),a)sd—f = _JSwrwsW (33)
The inertia time constant of a DFPSU is expressed as:
Ek—S Jsa)z
Hy = =— 34
YT Sws 28w Y

where Sy _ is the rated capacity of the DFPSU.



EE, 2025, vol.122, no.2 773

Based on the equivalence relationship:

dAf
Ko = AP,
d i) (35)
do; )  Ldih—(h—/f)  1dASf
dr T At A dr AT

Considering the range of system frequency fluctuation, it can be approximated as w, ~ w,, which
is obtained by the coupling of Eqs. (33)—(35):

_ 2H5SN,S
= fN

When the system frequency fluctuates and the angular velocity of the rotor of the DFPSU w,
changes to w,, the kinetic energy AE, _g released by the rotor is:

K, (36)

1 1
AE‘kfs = EJS [(er + Aa)r)2 - wrz()] = EJvir [(ws + Aws)z - wsz] (37)

where J; is the equivalent virtual moment of inertia of the DFPSU.

From the above equation, the equivalent inertia of the DFPSU virtualized with respect to the
system frequency change is:

2w, + Aw,) Aw, 0 Aw, 0Aw;
Jvir:(wo+ @) st%wo @ s=a)0 2 s (38)
Quw, + Aw,) Aw, w, Aw 2rw, Af
The rotational kinetic energy stored in the rotor of a wind turbine is:
1
Ek*W == E‘Iwa)fvir (39)

where Jy is the rotational inertia of the wind turbine; w, _, is the rotor speed of the turbine.

When the system frequency fluctuates and the angular velocity of the wind turbine rotor w,, _,
changes to w, _., the kinetic energy AFE, _y released by the rotor is:

1 1
Al;k—W = E JW [(ww—O + Aa)w—r)z - w\ifo] = 5 Jvir.w [((1)5 + Aws)z - a)sz] (40)
where J.;,, is the equivalent virtual moment of inertia of the wind turbine.

From the above equation, the equivalent inertia of the wind turbine virtualized with respect to the
system frequency change is:
_ (Za)w—() + Aa)w—r) A('L)w—r Wy—o Aa)w—r a)w—OAa)w—r

T = Ty ~ Jy = 02y 41
' Qo + Aw,) Aw, v w, Aw v 2rw,Af v “1)

With the introduction of the proportional-differential control link, the power system inertia is
provided by DFPSUs, conventional synchronous units and wind turbines, and the system inertia time
constant H,., 1s denoted as:

1 m n q
Htot = K (Z Jvirja)f + Z szf + Z JvirApa)f) (42)
N\ j=1 i=1 p=1
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where m, n and g are the numbers of DFPSUs, synchronous units and wind turbine s, respectively; J.;,;
is the virtual moment of inertia of the jth DFPSU; J; is the moment of inertia of the ith synchronous
unit; J,;,, is the virtual moment of inertia of the pzi wind turbine; Sy is the sum of the rated capacities
of the units in the system.

4 Model Solving

In the previous section, a system prediction model with multiple constraints is developed to
optimize the active output allocation of each FM unit involved in FM. The model solution flow is

shown in Fig. 2:

Modeling the power system and setting control variables

v

Updating the system state variables and bringing them into the state space

equation

v

Predicting the amount of future frequency changes and the amount of changes
in the output of each unit

v

- - - — k=k+1
Solve for the control variables at future j-1 moments according to the objective
function A

v

Entering the first element of a sequence of control variables into the system

v

No

Whether the optimization cycle
is over?

End

Figure 2: New energy power system MPC flowchart

Step 1: Based on the MPC theory, establish the state-space equations;

Step 2: Obtain the grid frequency deviation at the moment &, update the system state variables,
and substitute them into the system state space equation;

Step 3: Based on the state information of the system at time k, predict the amount of change in
the output of each unit at the following j times;

Step 4: With the objective function of minimizing the frequency deviation of the power system, a
rolling optimization calculation is performed to solve for the active output command that satisfies the
constraints at j — 1 future moments;

Step 5: Each unit in the system participating in FM receives and responds to the active output
command to release active power.
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5 System Simulation and Verification

5.1 Simulation Model

The effectiveness of the proposed control strategy is verified by building a system prediction
model in the MATLAB/Simulink simulation platform. The system consists of a thermal power unit,
a DFPSU, a hydropower unit with rated capacities of 300, 300, and 200 MW, respectively, a wind
power unit consisting of 10 sets of 15 MW wind turbine generators, a lithium battery storage device
configured with a capacity of 15 MW/20 MWh, and a photovoltaic power plant with an installed
capacity of 150 MW. In this paper, we will construct three different control experiment scenarios
aiming to test the practical effectiveness of the proposed control strategy. Specific scenario settings
and parameter configurations are detailed in Tables | and 2.

Table 1: Control strategies in four scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Units DFPSU DFPSU DFPSU DFPSU
Control strategies  PI PID MPC MPC with P-D
link

Table 2: Simulation parameters of frequency modulation of power system

Parameters Numerical value Parameters Numerical value

Sampling time T/s 0.1 Water flow inertia time 0.5
constant 7T',/s

Prediction time domain j 20 Follower system time constant 0.33
T,/s

Main inlet steam room of 0.3 Water turbine governor

thermal power units

Time constant 7',/s Time constant 7',/s 0.3

Energy storage response time 0.3 Hydroelectric unit inertia 2

constant 7'z/s constant H,/s

Thermal power unit 0.33 Inertia constant of thermal 4.5

modulation factor R power units H,/s

Thermal unit damping factor 2 Grid inertia constant H/s 4

eg

Damping factor for 2 Initial wind speed v,o/(m/s) 9

hydroelectric units e,

Pitch angle control response Maximum value of pitch 30
angle B,../(°)

Time constant T,/s 1 Minimum pitch angle 8,,.,/(°) 0

For the change of frequency response characteristics of load step disturbance, the system FM
indicators are used to measure the frequency fluctuation, which includes the absolute value of the
maximum frequency deviation of the system Af .., the maximum peak-to-valley difference of the
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frequency deviation of the system Af,...; the absolute value of the maximum frequency deviation
rate of change Adf/dt,.,; the peak-to-valley difference of the frequency deviation rate of change
Adf/dt,, may-

5.2 System Frequency Response Analysis

The load step fluctuation is shown in Fig. 3, and to simulate the load step occurring in the actual
situation, the step is set to occur once every 30 s. This paper sets up the above four scenarios for
simulation and analysis, as well as the active output of each unit involved in FM. The results are
shown in Fig. 4.,
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Figure 3: Fluctuations in system load
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Figure 4: Output change of each unit in four scenarios

From Fig. 4a—d, it can be seen that in Scenario 1, under the action of the proportional-integral
(PI) controller, the thermal power unit has the most enormous output, and the output fluctuations
of the hydroelectric power unit, DFPSU and wind power unit are more minor; in Scenario 2, under
the action of the proportional-integral-differential (PID) controller, the hydroelectric power unit and
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thermal power unit are used as the main force of frequency regulation, and the output fluctuations of
the wind power unit and DFPSU are more minor, with the system frequency response capability being
weaker; in Scenario 3, DFPSUs take on more frequency regulation tasks, and the power fluctuation is
the largest; in Scenario 4, due to the joint effect of MPC controller and proportional-derivative link,
DFPSUs take on more frequency regulation tasks, and wind turbines and hydroelectric generating
units participate in the process of regulating the system frequency in concert, effectively reducing the
active power burden on thermal generating units, which is the traditional frequency regulation unit,
has a slight change amplitude, and the frequency regulation potential of the new energy units is further
explored. The frequency regulation potential of new energy units is further explored. Compared
to Scenario 3, in Scenario 4, the depth of involvement of thermal units in system FM is reduced,
accelerating the system to reach steady state deviation.

Fig. 5 shows the Li-ion battery storage device’s output power and SOC fluctuation in Scenario 4.
It can be seen that in the time from 150 to 300 s, with the increase of the output power of the energy
storage device, the SOC continues to decrease. However, it is still within the range of SOC constraints,
which avoids excessive discharging and effectively ensures the service life of the energy storage device.
As seen from Fig. 6, in the case of a step disturbance in the load within 300 s, the primary FM effect of
MPC control is better than that of PI and PID control. Among them, the advantage of MPC control
is more evident during the periods of 30-60 s and 180-270 s, which is because, under the joint effect
of MPC control and proportional-differential control link, the DFPSU releases more FM energy,
profoundly participates in the system FM, gives full play to its FM potential, and obtains a better
frequency deviation suppression effect.
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Figure 5: Change in energy storage device output and SOC in Scenario 4

N -------- Scenario 1 - Scenario 3
r 01¢ R Scenario 2 Scenario 4
c N

2 005} oA R

kS R tﬁ
> = \

s O

it T i e IT=
> b J— / T e 1

g -0.05 7 I v s

[} ! ] ’ b=

qg)_ 011 ¥

L -0.15

0 30 60 90 120 150 180 210 240 270 300
Time/s

Figure 6: System frequency deviation in four scenarios
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The system perturbations are set as output fluctuation of the PV plant and random fluctuation of
the load to verify the effectiveness of the proposed control strategy for suppressing the rate of change
of frequency deviation, as shown in Figs. 7 and 8. The results of the four cases are shown in Figs. 9
and 10.
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Figure 7: Fluctuations in the output of PV power plants under low light intensity
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Figure 9: System frequency deviation in four scenarios

From Fig. 9, it can be seen that under certain light intensity and load perturbation, the one-time
FM effect of scene 4 is better than the other three scenes throughout the FM process. Comparison of
the curves of Scenario 3 and Scenario 4 shows that the FM curve of Scenario 4 is better than that of
Scenario 3 during the period 18-40 s, which is because the proportional-differential control link plays
a left and right role in the FM process, increasing the FM depth of the doubly-fed pumped storage
unit. Fig. 10 shows that Adf/dt,., and Adf/dt,, .., are significantly suppressed by incorporating the
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proportional-differential control link, and the degree of frequency fluctuation is slowed down. Table 3
compares the system frequency tuning indexes in the four scenarios.
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Figure 10: System frequency deviation rate of change

Table 3: System frequency modulation indicators

FM indicators Scene 1 Scene 2 Scene 3 Scene 4
Af o/ Hz 0.2649 0.1693 0.1102 0.0773
Af poma/ HzZ 0.4649 0.3110 0.2141 0.1499
Adfldt,./Hz-s™ 0.2735 0.1578 0.1283 0.1149
Adf/dt, m/Hz-s™" 0.4321 0.2989 0.2271 0.2044

As can be seen from Table 3, Scenario 4 has the smallest values of the four system FM indicators.
Compared with the PI and PID control used in Scenarios 1 and 2, the MPC control used in Scenario
4 reduces Af . and Af . by 0.1876, 0.092, and 0.315 and 0.1611 Hz, respectively. Compared
with Scenario 3, after adding the control link, Af ..., and Af ... are reduced by 29.9% and 30.0%,
respectively. Regarding suppressing the rapid fluctuation of the system frequency, Adf/dt,.. and
Adf/dt,, m. In Scenario 4 are reduced by 58.0%, 27.2% and 52.7%, 31.6%, respectively, compared with
Scenario 1 and 2. Meanwhile, compared with Scenario 3, Adf/dt,,,, and Adf/dt,, ... of Scenario 4 were
reduced by 10.4% and 10.0%, respectively, with the control link. Therefore, the MPC control strategy
with the proportional-differential control link can improve the suppression of system frequency
variation by the DFPSU.

Considering the substantial uncertainty of wind speed in a short time, it is unsuitable to participate
in system FM when the wind turbine output fluctuates violently, regarded as output disturbance.
Setting the wind speed in high, medium, and low three cases of the wind turbine generator (WTGQG)
output disturbance, the system frequency deviation is shown from Figs. 11-13, respectively.

From Figs. 11-13, it can be seen that the system frequency fluctuation increases with the increase
in wind speed, and the frequency fluctuation of Scene 4 is minimized in all four scenarios for the
disturbance of WTG output under different wind speeds. At low wind speeds, the difference between
the frequency regulation effects of Scenario 3 and Scenario 4 is slight, and when the uncertainty of
wind speed increases, under the action of the proportional-differential control link, the stability of the
frequency response under Scenario 4 is more substantial compared to Scenario 3.
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The above experimental results confirm that the MPC strategy incorporating the proportional-
differential control link suppresses the system frequency deviation and its dynamic rate of change sig-
nificantly, fully activates the control potential of DFPSUs in the field of system frequency regulation,
promotes the further consumption of new energy units, and effectively inhibits the rapid fluctuation
of frequency deviation in the new energy power system.

6 Conclusion

This paper proposes a new energy power system FM control strategy based on MPC to address
the system frequency fluctuation problem, and the main conclusions are as follows:
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(1) Based on the MPC theory, this paper establishes state-space equations for the units involved
in FM within the system according to the operating characteristics of each unit to accurately describe
the system’s dynamic behavior.

(2) Considering the rate of change of system frequency deviation, it is proposed to add a
proportional-derivative control link to the DFPSU for parameter adjustment to release its FM
potential, suppress the rapid fluctuation of system frequency deviation, and establish a system FM
index to measure its FM effect.

(3) By comparing with the traditional PI and PID, the results show that the strategy proposed in
this paper can optimize the active output of the units in the system, significantly reduce the frequency
deviation of the system and its rate of change so that the frequency regulation indexes can reach the
optimum, further enhance the capacity of the new energy units to consume, and Improve the system
frequency stability.
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