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Complementary Combined Power Generation of Distributed PV and
Cascaded Small Hydropower
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BT REVE KA X B ) R4 UPkEk The Challenges of Integrating Increasing

Amounts of new energy to Power System
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The challenges of integrating increasing amounts of new
energy brought to stable operation of the power system
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China's power system seriously
power source
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Multi-energy complementary technology is an effective way
for new energy generation from random to controllable.
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RES power randomness brings challenges to the operation
of power system.
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New Energy Power Generation Characteristics
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Hydropower and pumped storage are important for solving the above
problems for their flexible and fast response characteristics.
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Typical weekly power curve for wind power
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China’'s installed hydropower capacity ranks first in the world.
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Hydro and pv power is concentrated in the southwest region.
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Cascaded hydropower plants form natural pumped storage reservoirs.
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Favorable conditions for the
development of complementary
combined power generation of
hydropower, solar and storage.
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Sichuan ranks first in China in terms of installed capaaty of small There are abundant so|ar energy resources in th%: nver bas|ns

hydropower, coysrln%about 90% of the province.
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. Random fluctuation of high scale of RES significantly increase the difficulty of on-grid and off-grid operation
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The complementary combined power generation
system provides unified data acquisition and
processing to the power sources such as cascaded
hydropower, PV and pumped storage, and offers
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decision support for operation monitoring and

analysis, power prediction, power generation

capacity analysis, development of combined power —{& L& Integrated platform

generation schedules and the functions of real-
time operation control. With the regulation
capacity of hydropower and pumped storage, it
will smooth out the randomness and fluctuation of
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PV power, improve the utilization level of clean

energy, and enhance the absorptive capacity of the EATEEHEE]
grid for new energy.

System Function Block Diagram
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Schematic diagram of the demonstration project 9
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The combined operation control system adopts the operation mode of master-slave operation and
multi-stage regulation.
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Master-slave operation is dominated by cascaded hydropower and supplemented with variable speed
pumped storage, to offset the fluctuation of PV output.
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Multi-stage regulation refers to the power regulation through multiple regulating power sources
including cascaded hydropower and variable speed pumped storage.

EMIETT ZRiET
Master-slave operation Multi-stage regulation
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The combined operation control of cascaded hydro-solar-pumped storage includes two modes:
on-grid control and off-grid control.
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, On-ﬁ,rid control mode: the system can regulate the combined output according to the
dispatching generation schedule curve or the tofal power setting value.
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Off-grid control mode: the system maintains the frequency and voltage stability of the
demonstration zone within the alldwable range.
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The model of combined operation control system is based. on the cascaded hydropower real-
time load optimization control method, and uses PV filterin alg%orlthm to separate the high
and low frequency components of PV fluctuation. It helps offset the PV fluctuation through
the cascade P&ydropower leveling the low frequency of fluctuating components at the minute
timescales, and the variable speed pumped storage’leveling the high frequency of fluctuating
components at the second timescale.
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Diagram of the Cascaded Hydro-PV-Storage Control Model
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The predictive contro] model is built based on high-precision PV prediction, which caIcuIate the
scheduled output and un|t commitment of cascadéd hydropower pIants for the next time interval

5 mlnutes) by rolling optlmlzatlon every 5 minutes, It completes the automatlc
startup/shut own and %otlma load a55|gnment of units by considering the ramp mg rate of units,
and makes feedback and correction of real-time unjts output using the hlstorlcal output deviation,
so as to realize the accurate regulation of the combined operation™control system .
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Predictive Control Model of combined operation control system
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he hierarchical control strategy is applied to the cascaded
hydropower units, pumped storage units and PV power plants,
different regulation and control methods are applied for
different power sources according to their regulation
performance, making the combined regulation and control
achieve fast and smooth control objectives.
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Hierarchical Control Block Diagram
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uctuatlon in_ PV output, the mathematical
mode] of variable speed pumped storage
Is as the Equation:
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ombined with the rolling power
%eneratlon schedule of the cascaded
dro-PV-storage complementar power
plants and usin P/ ropower
plants to smooth out the trend fuctuatlons
of the PV power plants, the mathematical
model of the cascaded hydropower plant is
as Equation:
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_Pm_})j
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(2) BEPIKNIEHIREG control strategy
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In the process of real-time load control of the cascaded hydropower, it is necessary to ensure the operational
safety of dam in the first place. On one hand, too high reservoir level will affect the production safety of the dam
and the downstream, resulting in water abandonment; on the other hand, too low reservoir level will discharge
the reservoir empty, which is not conducive to the safe operation of mechanical and electrical equipment.
Therefore, the water level control model is used in the combined operation of the cascaded hydropower. This
model takes the minimum change of water level of reservoirs as the control objective, and carries out load
assignment between plants according to the flow balance to achieve the matching of load and flow, so as to
achieve stable water level of reservoirs as much as possible.

4 —

S,t+T s,t

+A +

Z -Z_,

Z,l+T

IK(SERRREY F = min
Stable water level model
KR EIEHIRE

Water level abnormality F—min(a
control model

+B)

Z _ Zz,down u Zz,up

L,t+7
2

Z _ Zs,down u Zs,up

e

J
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ThIS is the graph of the dynamic test of cascade hydro-solar pumped storage hybrid power generation, and we will explain the
test results one by one.
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The fiPure below shows the fast smooth-control curve of the variable speed pumped storage unit and PV. The

variable speed pumped storage is capable of providing quick response to the sudden change of PV output and
smooth out the PV output fluctuation at the seconds timescale within the adjustable output range.
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The figure below shows the complementary curve of hydropower and PV. The hydropower unit can rea

control of PV at the minute timescale, and the system ‘can rapidly level out the high and low frequenc
components of PV through the combined complémentary of hydropower and variable speed pumped s
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lize smooth-
%/ fluctuation
orage.
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Analysis on cascaded hydro-solar-pumped storage complementary Indicators
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The figure below shows the statistics of the indicator samples during the test:The real-time regulation accuracy
deviation in the secondary frequency modulation command fest is 279 Times, 23 times of which exceeded 3%, with a
pass rate of 91.76%; the maximum fluctuation rate indicator in real-time smooth-out PV test is 6346 times, 75 times

of which exceeded 8%, with a pass rate of 98.82%. While the fluctuation test without smooth-out complementary

%gosvgg/a total of 854 times, 148 of which exceeded the maximum fluctuation rate of 8%, with the pass rate as low as
. o.
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Regulation accuracy deviation Max. fluctuation rate Max. fluctuation rate(No complementary)
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Analysis on cascaded hydro-solar-pumped storage complementary Indicators
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The_ figure below shows the statistics of the indicator samples.during the test.The real-time regulation accuracy
deviation in the secondary frequency modulation command fest is 279 Times, 23 times of which exceeded 3%, with a
pass rate of 91.76%; the maximum fluctuation rate indicator in real-time smooth-out PV test is 6346 times, 75 times
of which exceeded 8%, with a pass rate of 98.82%. While the fluctuation test without smooth-out complementary

ggosvasg/a total of 854 times, 148 of which exceeded the maximum fluctuation rate of 8%, with the pass rate as low as
. o.
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Analysis on cascaded hydro-solar-pumped storage complementary Indicators
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The figure below shows the real-time statistics of the maximum fluctuation rate. The maximum fluctuation rate cannot
fully offset the fluctuation of PV output when the available output of the units is small during the dry season, resulting
in a maX|mum indicator deviation of 17.421%. After entering the flat season and wet season, the available output of the

units can offset the fluctuation of PV output, and the maximum fluctuation rate can be controlled within 5%. In each
regulation process, the average value of the maximum fluctuation rate meets the requirements of the project.

SN IS
Max. fluctuation rate
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Based on the source-load matching coefficient, which reflects the degree of matching between the total output
of the complementary power generation system and the load demand of the power grid, the combined
dispatching model of the complementary power plant is proposed to be constructed with the objective function
for the optimalbest source-load matching, the minimum fluctuation of the total output and the maximum
total power generation.
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— _ Aim for source-load matching
Source-load matching coefficient M Z(N, Ny, ) y
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Constraints on cascaded small hydropower plants Constraints on Distributed PV Power Plants

> EBuhH J295R Power station output constraint

> KETEAE {v SV, (R, ~Q, ) :
Water balance constraint Q..,=0Q, . +S, max

’ ’ ’ vat_vat_ pv.t
> 7J<}§7J<1S‘Zé/g% ..................................................................................................................................................
Reservoir water level constraint  Z%" <Z,, <Z7" $ih 2 W2 I 24 o
> MHREAR Constraints on pumped storage units

Discharged flow constraints Qi Qs < Qi
> IKEEZJ5REWater balance constraint

PSR 2 4k
Floxlﬁﬁfi\ag;\ﬁConstraints Rii = Qicrimar, T Viin =Vt By =Qp, 40, =Sp A
> Bt yAEs > _EIKEFDTKEIKLIZ)SRreservoir water level constraints
Station output constraints N SNy, SN Zs™ < Zs < Zs™
> KEBRRRATR 24 < 20 <z
Hydro vibration zone constraints > EEILH %4 5station output constraint
[ Mo =N, (27,0052, | Ny = NS 1 (202,074, ) |20 5 NI SN, SNT NP SN, < N
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Based on the traditional particle swarm optimization(PSO)
ct;orlthm the dynamic " adjustment learning factor is
oduced for effective control of the optimization process
and or overcoming the premature convergence phenomenon,
thus effectively identifying the global optimal solution.

SREZFIEFREN

Expression of dynamic adjustment learning factor

® E)JILJ\ ?—j.¥ m (x_k)_Fk
Dynamic adjustment learning factor o’ = Z ; v
k
i f
® HFEFAFIYEN(E Fko— 1 i F (xk )
Average adaptive value of particle population o — i
BN EF k_ min[l F (X-k)— it }

Adaptive value normalization factor
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Calculation Flow Chart
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&, PRRERURIRINHT], LARERMAYREEK, ERXICALIBIKRRT, AiEEFEKFEE LS IEEE R 5
ﬁ?%? BRI, SAHDEEERTS:00-19:00, SeRHNHEERERIA64.37%,

Juring nighttime, the cascaded power plant increases its output to meet the load demand of the grid; during the
daytime when the PV output is larger, the cascaded power plant reduces its output to ensure that the total hydropower
and PV power output process matches the load demand of the %rlo#l. Thgf\?{ﬁytput Is mainly concentrated between

igh as 64.37%.

8:00-19:00, and PV output represents the highest percentage, as
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Hydropower unit features fast regulation and flexible control, and is an important link to
achieve multi-energy complementary power generation.. The complementary combined ,
generation technology of cascaded hydropower and PV is of great realistic value and far-reaching
Strategic significance for reducing new energy abandonment,”and is an,lmloortant method to
achieve the carbon peak and neutrality goals’by 2030 and 2060 respectively.
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