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The advancement and capacity allocation of variable-speed hydropower

units (VSHUs) for suppressing wind power fluctuations are studied. First, a

wind–hydropower generation system model, comprising the doubly fed

VSHU (DFVSHU) and full-size power VSHU (FSVSHU) is established. Then,

three typical operating conditions, namely the wind speed step-up, wind

speed sudden drop, and wind gust, are selected to quantify the advantages

of the VSHU in suppressing wind power fluctuations using the power range,

power standard deviation, and power fluctuation time. Finally, a VSHU

capacity allocation scheme in which some FSHUs are transformed into

VSHUs for the same total capacity of hydropower units is proposed. A

VSHU capacity allocation formula based on this scheme is also proposed.

Simulations and comparisons reveal that the VSHU can effectively suppress

wind power fluctuations over short time scales, and its effectiveness is 90%

higher than that of the FSHU. In addition, the simulation based on the

measured wind speed data verifies the effectiveness of the capacity

allocation formula. This study provides a new method for suppressing

wind power fluctuations over short time scales and provides theoretical

guidance for the application of VSHUs through capacity allocation.
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1 Introduction

Carbon peaking and neutrality in the power industry are essential for guaranteeing the

“double carbon target.”Clean energy, especially wind power generation, must be incorporated

into the power grid on a large scale to achieve this target (Han et al., 2021). According to the

Global Wind Energy Council (GWEC), the global wind power installed capacity increased by
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93.6 GW in 2021, with China experiencing an increase of 47.6 GW

(Global Wind Energy Council, 2022). By the end of 2021, the

installed capacity of wind power in China reached 3300 GW,

accounting for 13.87% of the total installed capacity in the nation

(Yao, 2022). However, the fluctuation, randomness, and

intermittence of wind power create power fluctuations that

considerably affect the power grid’s stability and quality (Barra

et al., 2021).

According to the different time scales, wind power fluctuations

can be divided into short time scales (within 1 min), medium time

scales (several minutes to tens of minutes), and long time scales

(above 1 h), and the measures to suppress the wind power

fluctuation are different (Wang and Jiang, 2014). The measures

used to suppress wind power fluctuation over short time scales must

have sufficient response speeds and power densities, whereas those

used to suppress wind power fluctuation over medium time scales

must have sufficient energy densities. Those for suppressing wind

power fluctuation over long time scales must have sufficient energy

storage capacities. The fixed speed hydropower unit (FSHU) has a

large energy storage capacity, rapid starts and stops, and convenient

output regulation, which allow for the effective suppression of wind

power fluctuation over long time scales. However, owing to the slow

power response speed and the anti-regulation characteristics of the

FSHU, it cannot effectively suppress wind power fluctuations over

short time scales (Wang et al., 2020). Therefore, wind–hydro power

generation systems usually require additional measures to suppress

wind power fluctuations over short time scales (de Siqueira and

Peng, 2021).

Currently, two main measures are used to suppress wind power

fluctuations over short time scales (Xu et al., 2017). One is direct

power control without auxiliary energy storage, which suppresses

the power fluctuations of a unit through its own regulation control,

such as rotor kinetic energy storage (Varzaneh et al., 2014), pitch

control (Xu et al., 2017), and DC bus voltage control (Uehara et al.,

2011). Although these methods can stabilize the power fluctuations

of the unit over short time scales, they have limited regulating

capacity, reduce the wind energy utilization rate, and may damage

the wind turbine (Howlader et al., 2013). The second measure used

is the auxiliary stabilization method of the external energy storage

device, which suppresses the unit’s power fluctuations through fast

energy storage device, such as compressed air energy storage devices

(Yang et al., 2021), batteries (de Siqueira and Peng, 2021),

supercapacitors (Muyeen et al., 2008), and flywheel energy

storage devices (Jerbi et al., 2009). These measures have a

significant stabilization effect and are very widely used. They can

be used together with the WHPGS to form a wind–hydro–storage

power generation system (WHSPGS). However, they have

disadvantages such as increased cost, a short service life, and a

limited configuration capacity.

The variable-speed hydropower unit (VSHU) employing power

electronic technology has a fast response speed (Gao et al., 2021a)

and does not have anti-regulation characteristics, making it possible

to suppress the wind power fluctuations over a short time scale (Iliev

et al., 2019). For example, the VSHU of the Ohkawachi Pumped

Storage Plant in Japan can change the power output by at least

32 MW within 0.2 s. However, the present research on VSHUs

mainly focuses on modelling and control strategy design (Gao et al.,

2021b; Fu et al., 2022), and few studies have conducted quantitative

analysis on the advancement of VSHUs in suppressing wind power

fluctuations over short time scales. Therefore, three typical wind

speed conditions are selected in this study to determine and quantify

the advancement of VSHU in suppressing wind power fluctuations

by using the power range, standard deviation, and fluctuation time.

Capacity allocation is important for suppressing wind

turbine power fluctuations (Wang and Jiang, 2014). For the

WHSPGS composed of FSHUs, the capacity of the

hydropower units and energy storage capacity of the system

must be determined (Huang et al., 2011). The capacity

allocation of FSHUs is a long time scale, which mainly

considers the shortage of power and electricity. The goal is

to address is how to reasonably use the long-term regulation

and storage capacity of the FSHU’s reservoir (Chang et al.,

2015). The capacity allocation of the energy storage system is a

short time scale, which focuses on power quality, and its goal

is to use rapid power regulation to smooth the short time scale

wind power fluctuations. The VSHU can account for wind

power fluctuations over long- and short-time scales. The

capacity allocation is different from that of FSHU or

energy storage system, and must be investigated. Presently,

there are few studies on the capacity allocation of VSHUs,

which is an important theoretical guidance for unit

application. Therefore, after analyzing the advancement of

VSHUs, we study their capacity allocation strategy and verify

it with actual wind speed data.

In summary, this study investigates the advancement and

capacity allocation of the VSHU in suppressing wind power

fluctuations. The main contributions of this study are as

follows: 1) The advancement of the VSHU is quantified

using simulations and calculations; 2) a new method that

suppresses wind power fluctuations over short time scales is

proposed; and 3) a capacity allocation strategy that can

provide theoretical guidance for the application of VSHU is

also proposed. The results in this study can provide schemes

for some scenarios, such as using variable-speed tubular

hydropower units to suppress the power fluctuations of

offshore wind power on isolated islands.

2 WHPGS model

2.1 WPGU model

The WPGU model comprises a wind turbine, a permanent

magnet synchronous generator (PMSG), pitch angle control, a

converter, machine-side control (MSC), and grid-side control

(GSC). Its structure is shown in Figure 1.
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2.1.1 Wind turbine model
The mechanical torque obtained by the wind turbine is

Tm w � Pw

ωw
� 1
2
ρπR2CP(λ, β)v3

ωw
(1)

where PW is the output power of theWPGU, ρ is the air density, R

is the wind turbine impeller radius, CP is the wind turbine power

factor, β is the pitch angle, ωw is the wind turbine speed, λ is the

tip wind speed ratio, v is the wind speed, and Tm_w is the

mechanical torque of the wind turbine.

The expression for CP can be approximated as (Chen and

Wu, 2011)

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
CP(λ, β) � 0.5176(116

λi
− 0.4β − 5)e−(21/λi)+0.0068λ

1
λi
� 1
λ + 0.08β

− 0.035

β3 + 1

(2)

where i is the time node.

2.1.2 PMSG model
The PMSG model adopts the dynamic model under dq

synchronous rotating coordinates, which mainly includes the

stator voltage, stator flux, electromagnetic torque, and motion

equations.

(1) Stator voltage equation:

vds � Rsids + dφds

dt
− ω1φqs

vqs � Rsiqs +
dφqs

dt
+ ω1φds

(3)

where vds and vqs are the d and q axis components of the stator

voltage, respectively; φds and φqs are the d and q axis components

of the rotor flux chain, respectively; ids and iqs are the d and q axis

components of the stator current, respectively; ω1 is the

synchronous angular velocity; and Rs is the generator stator

resistance.

FIGURE 1
Structure of the WPGU.
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(2) Stator flux equation:

{ φds � Ldsids + φf

φqs � Lqsiqs
(4)

where φf is the permanent magnet flux chain, and Lds and Lqs
represent the d and q axis components of the stator winding

inductance, respectively.

(3) Electromagnetic torque equation:

Te � 3
2
npφf iqs (5)

where Te represents the electromagnetic torque of the generator,

and np represents the number of poles.

(4) Motion equation:

dωw

dt
� 1
2H

(Te − Tm w) (6)

where H represents the inertia constant of the generator.

2.1.3 Pitch angle control strategy
The pitch angle control strategy includes a speed control

loop and a power control loop, as shown in Figure 1. For the

speed control loop, if the rotational speed ωw is greater than

the rated rotational speed ωw_rated, the pitch angle is increased

through the PI controller to reduce the wind energy utilization

rate of the unit. For the power control loop, if the power

output of the WPGU P is greater than the rated power output

of the WPGU Pw_rated, the pitch angle is increased through the

PI controller. When the wind turbine operates in the

maximum power point tracking (MPPT) mode, the pitch

angle is always kept at 0°.

2.1.4 Converter model
The converter adopts a dual pulse width modulation (PWM)

model, and its structure is shown in Figure 2. The PWM near the

generator side is called the MSC, and the PWM near the power

grid is called the GSC. The machine side converter model is the

generator model, and the grid side converter and DC bus model

are given by

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

L
didg
dt

� −Ridg + ω1Liqg + vd − vdg

L
diqg
dt

� −Riqg − ω1Lidg + vq − vqg

CvDC
dvDC
dt

� vdgidg + vdgiqg − (vdridr + vqriqr)
(7)

where vDC is the bus voltage; vdg and vqg are the d and q axis

components of the GSC voltage, respectively; idg and iqg are the d

and q axis components of the GSC current, respectively; C is the

capacitance; vd and vq are the d and q axis components of the grid

voltage, respectively; L is the AC side filter inductance; and R is

the parasitic resistance in the inductance.

2.1.5 Machine-side control (MSC)
MSC adopts a vector control strategy (rotor magnetic

field orientation) with a stator reference value of zero (idsref =

0). Its strategy control block diagram is shown in Figure 1,

where Pref is the reference power; idsref and iqsref are the

current reference values of the stator d and q axes,

respectively; vdsref and vqsref are the d and q axis reference

values of the stator voltage, respectively; and vdsc and vqsc
represent the voltage compensation terms at the generator

side, respectively:

{ vdsc � −ω1Lqsiqs
vqsc � ω1Ldsids + ω1φf

(8)

2.1.6 Grid-side control (GSC)
GSC adopts double closed-loop control based on the voltage

direction. Its structure is shown in Figure 1, where vDCref is the

bus voltage reference value; Qgref is the reactive power reference

value of the GSC; idgref and iqgref are the d and q axis reference

values of the GSC current, respectively; vdgref and vqgref are the d

and q axis reference values of the GSC voltage, respectively,

which are expressed as

{ vdgc � −Ridg + ω1Liqg + +vd
vqgc � −Riqg − ω1Lidg + vq

(9)

2.2 DFVSHU model

The DFVSHUmodel primarily includes a doubly fed induction

generator (DFIG), hydraulic turbine, water diversion system, double

PWM converter, DFIG control system, and hydraulic turbine

control system, as shown in Figure 3. The converter model can

refer to Eq. 7. The GSC can refer to Eq. 9. The mathematical

descriptions of other models are as follows.

FIGURE 2
Structure of the converter.
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2.2.1 Hydraulic turbine model
The hydraulic turbine model is characterized by the torque and

flow characteristics under steady-state conditions, which are given as

{Mt � Mt(α, n,H)
Q � Q(α, n,H) (10)

where α is the opening of the turbine, n is the turbine speed, H is

the head, and Mt is the torque of the turbine.

2.2.2 Water diversion system model
The water diversion system adopts the approximate elastic

water hammer model:

G1(s) � −Tws

0.125T2
r s

2 + fTrs + 1
(11)

where Tw is the inertia time constant of the water flow, Tr is the

reflection time constant of the water hammer pressure wave, and

f is the head loss coefficient.

2.2.3 Hydraulic turbine control system model
The hydraulic turbine control block diagram of the DFVSHU

is shown in Figure 3, in which nopt is the optimal speed of the

turbine, and u is the output of the speed controller. Details on the

optimal speed generator have been provided by Gao et al.

(2021b).

The speed controller adopts a

proportional–integral–derivative (PID) controller, and its

transfer function can be expressed as

G2(s) � KP + KI

s
+ KDs (12)

where KP, KI, and KD represent proportional, integral, and

differential control parameters, respectively.

The servo system adopts a nonlinear servo system model

considering the speed limit, position limit, governor position

saturation limit, and suppression of the servomotor. The

model block diagram is shown in Figure 3, where δ is the

stroke of the pressure distribution valve; TyB is the response

time constant of the auxiliary servomotor; Ty is the response

time constant of the servomotor; δmax and δmin are the upper

and lower limits of the pressure distribution valve stroke,

respectively; and ymax and ymin are the upper and lower limits

of the relay stroke, respectively.

FIGURE 3
Structure of the DFVSHU.
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2.2.4 DFIG model
The DFIG model adopts the dynamic equations of the

synchronous rotating coordinate system: the voltage, flux

linkage, torque, and motion equations.

(1) Voltage equations:

The stator voltage equation is

⎧⎪⎪⎪⎨⎪⎪⎪⎩
vds � Rsids + d

dt
φds − ω1φqs

vqs � Rsiqs + d

dt
φqs + ω1φds

(13)

The rotor voltage equation is

⎧⎪⎪⎪⎨⎪⎪⎪⎩
vdr � Rridr + d

dt
φdr − (ω1 − ωr)φqr

vqr � Rriqr + d

dt
φqr + (ω1 − ωr)φdr

(14)

where vdr and vqr are the d and q axis components of the rotor

voltage, respectively; φdr and φqr are the d and q axis components

of the rotor flux, respectively; idr and iqr are the d and q

components of the rotor current, respectively; Rr is the rotor

resistance of the generator; and ωr is the rotor angular velocity.

(2) Flux linkage equations:

The stator flux linkages equation is

{φds � Lsids + Lmidr
φqs � Lsiqs + Lmiqr

(15)

The rotor flux linkages equation is

φdr � Lmids + Lridr
φqr � Lmiqs + Lriqr

(16)

where Lm is the mutual inductance between the stator and rotor

windings, Ls is the self-inductance of the stator windings, and Lr
represents the self-inductance of the rotor windings.

(3) Torque equation:

Te � 1.5np(φdsiqs − φqsids) (17)

(4) Motion equation:

dωr

dt
� 1
2H

(Te − Tm) (18)

where Tm represents the mechanical moment of the hydraulic

turbine, which is consistent with Mt in Eq. 10.

2.2.5 Machine-side control (MSC)
MSC adopts double closed-loop control based on the stator

flux direction, as shown in Figure 3, where φ1 is the stator flux

linkage based on stator flux direction; idrref and iqrref are the d and

q axis components of the rotor current reference, respectively;

and vdrref and vqrref are the d and q axis components of the rotor

voltage reference, respectively; vdrc and vqrc are the voltage

compensation terms at the rotor side, respectively, which are

expressed as

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
vdrc � − 1

Ls
(LrLs − LmLm)(ω1 − ωr)iqr

vqrc � 1
Ls

(LrLs − LmLm)(ω1 − ωr)idr + Lm

Ls
(ω1 − ωr)φ1

(19)

2.3 FSVSHU model

The FSVSHU model mainly consists of the turbine

system, water diversion system, turbine control system,

permanent magnet generator, converter, machine-side

vector control, and grid-side vector control. Its structure is

shown in Figure 4.

The models of the hydraulic turbine, water diversion system,

and hydraulic turbine control system are described by Eq. 10, Eq.

11 and Eq. 12, respectively. The PMSG, GSC, and MSC models

are described by Eq. 3, Eq. 7 and Eq. 9, respectively. The

structured of the MSC and hydraulic turbine control system

are illustrated in Figure 4.

2.4 WHPGS model

The structure of the WHPGS is shown in Figure 5.

In actual operation, the power reference value of the

hydropower unit Phref can be calculated from the current

dispatching command Ptref and the power Pw currently issued

by the wind farm (Phref = Ptref -Pw). A change in wind speed

causes changes in Pw and Phref, and the hydropower unit adjusts

the power output Ph of the unit according to Phref to stabilize the

wind power.

3 Analysis of the VSHU advantages in
suppressing wind power fluctuations
over short time scales

Before conducting the analysis, the capacity of the

hydropower unit and the WPGU should be determined. In

general, to eliminate the influence of wind power

randomness on the power grid, the regulating capacity of

the hydropower unit in the WHPGS must be equivalent to

that of the wind power unit (Huang et al., 2011). Therefore,

the capacities of the WHPGS and hydropower unit are set at

a 1:1 ratio in this section. The advantages of the VSHU are
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illustrated by choosing an actual 100 MW wind farm as the

simulation object. The wind farm consists of a 40 × 2.5 MW

WPGU. The simulation assumes that the real-time state of

the 40 wind turbines is exactly the same.

3.1 Simulation condition settings

The power fluctuations of the wind power over a short time

scale can be realized by simulating the power fluctuation of the

wind turbines within 1 min. In actual operation, wind turbines

mainly operate in the MPPT mode, and the power fluctuations

generally correspond to fluctuations in the MPPT mode.

Therefore, this paper selects three typical working conditions

in the MPPT mode for simulation: the wind speed step-up, wind

speed sudden drop, and wind gust.

To accurately describe the wind fluctuations over short time

scales, the wind model adopts a four-component wind model.

The wind in this model is a combination of basic, gradient, gust

and random wind. Basic wind and gradual wind represent the

linear component of the wind, while gust and random wind

represent the linear component of the wind. And it can be

expressed as
v � v1 + v2 + v3 + v4 (20)

FIGURE 4
Structure of the FSVSHU.

FIGURE 5
Structure of the WHPGS.
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where v1 is basic wind, v2 is gust wind, v3 is gradual wind, and v4
is random wind.

The basic wind v1 always exists during normal operation of

the wind turbine, and reflects the average wind speed of the wind

farm, which is generally regarded as a constant and can be

obtained through the Weibull distribution of wind speed.

The gust v2 refers to the wind that suddenly appears and

disappears. It reflects the sudden change in wind speed

characteristics and can be simulated using the following

trigonometric function:

v2 �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0, t< ts2

v2a
2
[1 − cos(2π(t − tzs)

(tze − tzs) )], ts2 < t< te2

0, t> te2

(21)

where ts2 is the gust start time, te2 is the gust end time, and v2a is

the gust amplitude.

The gradual wind refers to the wind speed rising or falling

slowly. It reflects the gradual characteristics of wind speed and

can be simulated using the following slope function:

v3 �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

0, t≤ ts3

v3a
(t − ts3)
(te3 − ts3), ts3 < t< te3

v3a, t≥ te3

(22)

where ts3 is the gradual wind start time, te3 is the gradual wind

end time, and v3a is the gradual wind amplitude.

The random wind is a component of wind speed caused by

wind irregularity. It reflects the wind speed’s random variability

and can be simulated by adding white noise:

v4 � v4maxrand(−1, 1) cos(ωi + φi) (23)

where v4max is the random wind amplitude, rand (−1,1)

represents a random number between −1 and 1; φi represents

a random number between 0 and 2π, and ωi is the frequency of

each frequency band.

The wind speed data used in the simulation are obtained

from historical data. The basic wind amplitude is 6.72 m/s, the

maximum gust amplitude is 4 m/s, the maximum gradual wind

amplitude is 4 m/s, and the maximum random wind amplitude is

1 m/s. Therefore, the three typical working conditions can be

simulated according to the above description.

3.2 Wind speed step-up

Wind speed step-up is an actual phenomenon characterized

by stepwise increases in wind speed that can be simulated by the

superposition of basic, random, and two gradual upper winds. In

the simulation, the duration of the gradual wind on both

occasions is 2 s, the gradual wind speed is 1.5 m/s, the basic

wind speed is 6.72 m/s, and a small random wind is applied.

The simulation duration is set to 60 s, and the results are

shown in Figure 6A.

The value of Ptref is set to 100 MW for the simulation.

Figure 6B shows the power changes for different WHPGS

types. The power outputs for different VSHU types are shown

in Figure 6C.

According to Figure 6B, under the wind speed step-up

condition, the WHPGS composed of FSHU have two large

power fluctuations, with the second fluctuation being greater

than the first. The first fluctuation, which occurs at 13.41 s (3.41 s

after the first fluctuation of wind speed), has a maximum value of

113.11 MW, and the second fluctuation, which occurs at 21.73 s

(3.73 s after the second fluctuation of wind speed), has a

maximum value of is 118.09 MW. The WHPGSs composed of

VSHU have similar effects and two power fluctuations. The first

and second fluctuations occur at approximately 12.50 s and

21.50 s, respectively, and the power fluctuations are

within ±1% of the capacity of the WPGU. According to

Figure 6C, under the wind speed step-up condition, the FSHU

cannot accurately follow the Phref before 44.40 s (24.40 s after the

end of wind speed fluctuation), and there are two anti-regulation

characteristics. The first and second anti-regulation

characteristics occur at 12.68 and 20.51 s, respectively, and

their maximum values are 87.25 and 75.70 MW, respectively.

The two types of VSHU can accurately follow the Phref.

To quantify the advantages of the VSHU, the power range D,

the power standard deviation σ, and the power fluctuation time

within 1 min are calculated, as shown in Table 1. The power

fluctuation time is the time when the power fluctuations

exceed ±1% of the capacity of the WPGU.

According to Table 1, under the wind speed step-up

condition, the power range of the WHPGS composed of

FSHU is 18.89 MW, which is 13.27 MW lower than that of

the WPGU. The power standard deviation is 4.62, which is

8.12 less than that of the WPGU. These results indicate that

the FSHU plays a small role in suppressing wind power

fluctuations under the wind speed step-up condition. When

the DFVSHU is adopted, the power range of WHPGS is

0.63 MW (96.67% lower than that of the FSHU), and the

power standard deviation is 0.11 (97.62% lower than that of

the FSHU). The power fluctuation time changes from 25.75 to

0 s. When the FSVSHU is adopted, the power range of the

WHPGS is 0.61 MW (96.77% lower than that of the FSHU),

and the power standard deviation is 0.10 (97.83% lower than that

of the FSHU). The power fluctuation time changes from

25.75 to 0 s.

3.3 Wind speed sudden drop

Wind speed sudden drop is an actual wind loss phenomenon

that can be simulated by the superposition of basic, random, and

gradual winds. In this case, the final wind speed of the wind speed
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step-up working condition is the initial wind speed of the wind

speed sudden drop condition (9.72 m/s). The amplitude of the

gradual wind is 4 m/s, and its duration is 4 s (10–14 s). A small

amplitude randomwind is applied. The simulation duration is set

to 60 s, and the results are shown in Figure 7A.

The value of Ptref is set to 100 MW for the simulation.

Figure 7B shows the power changes for different WHPGS

types. The power outputs for different VSHU types are shown

in Figure 7C. The power rangeD, the power standard deviation σ,

and the power fluctuation time within 1 min are shown in

Table 2.

According to Figure 7B, when the wind speed suddenly

drops, the WHPGS composed of the FSHU exhibits a large

power fluctuation. The minimum fluctuation occurs at 14.73 s

(4.73 s after the wind speed fluctuation) and has a value of

75.01 MW. The WHPGSs composed of the VSHU also have

power fluctuations, with the minimum fluctuation occurring at

approximately 14 s, and the power fluctuations are within ±1% of

the capacity of the WPGU. According to Figure 7C, under the

wind speed sudden drop condition, the FSHU cannot accurately

follow the Phref until 33.40 s (19.40 s after the end of wind speed

fluctuation), and it exhibits an anti-regulation characteristic. The

minimum value of the anti-regulation, which occurs at 12.05 s, is

51.75 MW. The two types of VSHU can accurately follow the

Phref.

According to Table 2, under the wind speed sudden drop

condition, the power range of the WHPGS composed of the

FSHU is 26.01 MW, which is 6.27 MW lower than that of the

FIGURE 6
Simulation results for thewind speed step-up condition: (A) Simulation results for the wind speed; (B) power changes of differentWHPGS types;
(C) power outputs of different VSHU types.

TABLE 1 Quantitative comparison of different WHPGS types (wind
speed step-up).

WPGU FSHU DFVSHU FSVSHU

D (MW) 32.16 18.89 0.63 0.61

σ 12.74 4.62 0.11 0.10

Tv (s) — 25.75 0 0

FIGURE 7
Simulation results for the wind speed sudden drop condition: (A) Simulation results for wind speed; (B) power changes of different WHPGS
types; (C) power outputs of different VSHU types.

TABLE 2 Quantitative comparison of different WHPGS types (wind
speed sudden drop).

WPGU FSHU DFVSHU FSVSHU

D (MW) 32.28 26.01 0.91 0.89

σ 12.21 6.34 0.17 0.16

Tv (s) — 16.89 0 0
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WPGU. The power standard deviation is 6.34, which is 5.87 less

than that of the WPGU. These results indicate that the FSHU

plays a small role in suppressing wind power fluctuations when

wind speed suddenly drops. When the DFVSHU is adopted, the

power range of the WHPGS is 0.91 MW (96.26% lower than that

of the FSHU), and the power standard deviation is 0.17 (97.32%

lower than that of the FSHU). The power fluctuation time

changes from 16.89 to 0 s. When the FSVSHU is used, the

power range of the WHPGS is 0.89 MW (96.26% lower than

that of the FSHU), and the power standard deviation is 0.16

(97.4% lower than that of the FSHU). The power fluctuation time

changes from 16.89 to 0 s.

3.4 Wind gust

A wind gust is an actual phenomenon in which the wind

speed increases and recovers in a short time. Under this

condition, the basic wind is 6.72 m/s, the gust amplitude is

3.6 m/s, and the duration is 6 s (20–26 s). A small-amplitude

random wind is also used. The simulation duration is set to 60 s,

and the results are shown in Figure 8A.

The Ptref value is set to 100 MW for the simulation.

Figure 8B shows the power changes for different WHPGS

types. The power outputs for different VSHU types are shown

in Figure 8C. The power range D, the power standard

deviation σ, and the power fluctuation time within 1 min

are shown in Table 3.

According to Figure 8B, under the wind gust condition, the

WHPGS composed of FSHU has two large power fluctuations.

The first fluctuation occurring at 23.52 s (3.52 s after the wind

speed fluctuation) is positive, with the maximum value of

130.64 MW, and the second fluctuation occurring at 27.11 s

(7.11 s after the wind speed fluctuation) is negative, with the

minimum value of 85.21 MW. The WHPGSs composed of

VSHU also has positive and negative power fluctuations

occurring at about 23 and 26 s, respectively, and the power

fluctuations are within ±1% of the capacity of the WPGU.

According to Figure 8C, under the wind gust condition, the

FSHU cannot accurately follow the Phref until 40.83 s (14.83 s

after the end of wind speed fluctuation), and there is an anti-

regulation characteristic. The maximum value of the anti-

regulation is 90.05 MW, and it occurs at 23.16 s. The two

types of VSHU can accurately follow the Phref.

According to Table 3, under the wind gust condition, the

power range of the WHPGS composed of the FSHU is

45.55 MW, which is 19.19 MW more than that of the WPGU.

The power standard deviation is 6.05, which is 1.04 more than

that of the WPGU. These results indicate that the FSHU

aggravates wind power fluctuations under the wind gust

condition. When the DFVSHU is adopted, the power range of

the WHPGS is 1.56 MW (96.58% lower than that of the FSHU),

and the power standard deviation is 0.31 (97.34% lower than that

of the FSHU). The power fluctuation time changes from 15.99 to

0 s. When the FSVSHU is adopted, the power range of the

WHPGS is 1.21 MW (96.86% lower than that of the FSHU),

and the power standard deviation is 0.19 (97.35% lower than that

of the FSHU). The power fluctuation time changes from

15.99 to 0 s.

3.5 Summary

In summary, the FSHU cannot suppress wind power

fluctuations over short time scales. When the wind speed step-up

and suddenly drops, the FSHU plays a small role in suppressing

wind power fluctuations and requires a long time to supplement the

power shortage of theWHPGS. For conditions with large amplitude

and short time fluctuations, such as wind gust conditions, the FSHU

can even adversely affect the power stability, resulting in a larger

power fluctuation.

FIGURE 8
Simulation results for the wind gust condition: (A) Simulation results for wind speed; (B) power changes of different WHPGS types; (C) power
outputs of different VSHU types.

TABLE 3 Quantitative comparison of different WHPGS types (wind
speed sudden drop).

WPGU FSHU DFVSHU FSVSHU

D (MW) 26.36 45.55 1.56 1.21

σ 5.01 6.05 0.19 0.16

Tv (s) — 15.99 0 0
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Under the three typical working conditions, the two VSHU

types demonstrated good power stabilization effects. The output

power of the WHPGS was stable at ±1% of the capacity of the

WPGU. The power range and the power standard deviation

decreased significantly by more than 90%. These results reveal

that VSHUs are effective at suppressing the power fluctuations of

the WPGU over short time scales.

4 VSHU capacity allocation

4.1 VSHU capacity allocation in the
WHPGS

Generally, the primary function of the hydropower unit in the

WHPGS is to supplement the power and electricity balance in the

system. Without considering the constraints of water balance and

upstream and downstream water levels, the regulating capacity of

the hydropower unit should be equivalent to that of the WPGU.

Power and electricity shortages correspond to WPGU power

fluctuations over long time scales. When the FSHU is adopted in

the WHPGS to suppress the WPGU power fluctuations over short

time scales, the WHPGS requires additional fast energy storage

equipment, such as batteries and supercapacitors. When the VSHU

is adopted in the WHPGS, the system only needs to be equipped

with a particular VSHU instead of fast energy storage devices.

Therefore, the economical and feasible approach is to transform

some units in theWHPGS into VSHUs under the condition that the

total capacity of the hydropower units is equivalent to that of

the WPGU.

4.2 Capacity allocation of the VSHU for
suppression of wind power fluctuations
over short time scales

The capacity allocation of a VSHU used to suppress the

wind power fluctuations over short time scales can refer to the

method of using batteries and supercapacitors. However, the

difference is that the VSHU can only generate power and

cannot absorb electric energy. Therefore, the expected power

of the VSHU–WPGU system should be equal to the maximum

power fluctuation of the WPGU, and the capacity of the

VSHU should be the maximum value of the power range of

the WPGU. Under the condition that the WHPGS power

fluctuation is stable at ±1% of the WPGU capacity, the VSHU

capacity (i.e., the maximum power output) can be expressed as

Phmax � Dwmax + 0.01Prw (24)
where Phmax is the maximum power output of the VSHU, Dwmax

is the maximum value of the power range of the WPGU, and Prw
represents the rated power of the WPGU.

4.3 Example simulation

An actual wind speed sample was used in the simulation, as

shown in Figure 9A. The corresponding power output of the

WPGU is shown in Figure 9B.

According to Figure 9, the maximum WPGU power

fluctuation value is 72.97 MW, the minimum power

fluctuation value is 57.89 MW, and the maximum power

range value is 15.08 MW. Therefore, the expected power of

the wind power hydropower system should be set to

72.97 MW, and the VSHU capacity should be 16.08 MW.

The power of the VSHU–WPGU system equipped with the

VSHU is shown in Figure 10. The shaded part in the figure is the

VSHU power, the solid line is the power of the VSHU–WPGU

system, and the dotted line is the power of the WPGU.

According to Figure 10, for the simulation of actual wind

speed samples, the power of the DFVSHU-WPGU system

fluctuates between 72.31 and 73.65 MW, and the power of the

FSVSHU-WPGU system fluctuates between 72.57 and

73.37 MW. The power fluctuation range of the VSHU–WPGU

systems are within ±1% of theWPGU capacity, which shows that

the capacity allocation strategy proposed in this paper is effective.

Further, a comparison of the DFVSHU and FSVSHU is

shown in Figure 11. According to Figure 11, when the

DFVSHU is adopted, the power change rate of the system is

0.68%. When the FSVSHU is employed, the power change rate of

FIGURE 9
An actual wind speed simulation: (A) Historical wind speed
data; (B) corresponding power output of the WPGU.

FIGURE 10
Power of the VSHU–WPGU system: (A)DFVSHU; (B) FSVSHU.
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the system is 0.40%. These results reveal that the FSVSHU is

more effective at regulating power than the DFVSHU.

5 Conclusion

The advancement and capacity allocation of the VSHU in

suppressing wind power fluctuations are analyzed in this paper,

and the following conclusions are drawn:

(1) The VSHU noticeably suppresses wind power fluctuations

over short time scales. Under typical wind speed conditions,

the power range, power standard deviation, and power

fluctuation time of a WHPGS composed of either of the

two VSHU types are 90% lower than those of the FSHU.

These results highlight the advancement of VSHUs.

Furthermore, they reveal that the VSHU is a novel and

effective method which can be used for suppressing wind

power fluctuations over short time scales.

(2) When using the VSHU to suppress wind power fluctuations

over short time scales, the economical and feasible approach

is to transform some FSHUs into VSHUs under the

condition that the total capacity of hydropower units is

equivalent to that of the WPGU. The expected power of

the VSHU–WPGU system should be equal to the maximum

power fluctuation of the WPGU, and the capacity of the

VSHU should be the maximum power range of the WPGU.

This provides a theoretical guidance for the application of

VSHUs.

(3) The FSVSHU suppresses theWPGU power fluctuations over

short time scales more effectively than the DFVSHU. This

provides a reference for the selection of variable speed units

in practice.

(4) This paper mainly studies the role of VSHUs in suppressing

wind power fluctuations over short time scales; however,

their performance over long time scales should also be

studied. When conducting long-time scale research, the

water balance, upstream and downstream water levels,

available water, and other constraints of hydropower

stations must be considered. These considerations will be

the next research focus of our research group (Jannati et al.,

2014; Xie et al., 2021).
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