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Abstract: In this study, a data-driven model predictive control (MPC) method is proposed for the
optimal control of a doubly-fed variable-speed pumped storage unit. This method combines mod-
ern control theory with the dynamic characteristics of the pumped storage unit to establish an accu-
rate dynamic model based on actual operating data. In each control cycle, the MPC uses the system
model to predict future system behavior and determines the optimal control input sequence by
solving the constrained optimization problem, thereby effectively dealing with the nonlinearity,
time-varying characteristics, and multivariable coupling problems of the system. When compared
with a traditional PID control, this method significantly improves control accuracy, response speed,
and system stability. The simulation results show that the proposed MPC method exhibits better
steady-state error, overshoot, adjustment time, and control energy under various operating condi-
tions, demonstrating its advantages in complex multivariable systems. This study provides an in-
novative solution for the efficient control of doubly-fed variable-speed pumped storage units and
lays a solid foundation for the efficient utilization of new energy sources.

Keywords: integrated energy system; modeling method; optimized control; data-driven; DFIG;
MPC

1. Introduction

Renewable energy sources are generating electricity on an ever-increasing scale,
reaching 83% of newly installed power capacity worldwide in 2023 [1]. However, such a
scale of intermittent energy access to the grid leads to increasingly significant grid uncer-
tainty. The solution to this problem is to build energy storage power plants compatible
with new energy sources [2]. Among the energy storage power plants, pumped storage
power plants have the characteristics of a stable operation, long life, low unit cost, and
environmentally friendliness. For those reasons, they have been widely used to consume
new energy, adjust the peak frequency and phase, and improve the stability of the power
grid [3,4]. The variable-speed technology means pumped storage units are not limited to
rated speed operation, thus making the regulation more flexible, fast, efficient, and relia-
ble. Accordingly, developing this technology has become a new direction and R&D
hotspot in pumped storage worldwide [5,6]. Since a variable-speed pumped storage unit
requires the coordinated operation of multiple subsystems, such as a hydraulic system
and electrical system, its control system faces challenges that require it to operate with an
entirely different control strategy from that of the conventional pumped storage unit [7].
Doubly-fed variable-speed pumped storage units usually include two sets of control sub-
systems: one is the pump-turbine control system, and the other is the doubly-fed motor
control system; and the two sets of control systems usually adopt a PID control, which is
easy to realize due to its simple control law. However, the operation of a variable-speed
pumped storage unit has solid nonlinear characteristics, and when the operating

Energies 2024, 17, 4912. https://doi.org/10.3390/en17194912

www.mdpi.com/journal/energies



Energies 2024, 17, 4912

2 of 20

conditions of the unit change frequently with the grid demand, it is difficult to determine
a set of control parameters that can be adapted to all operating conditions. In addition, the
real-time control rate of a PID control is only related to the current and past states, and
cannot predict future operating conditions. Some control strategies to improve PID focus
on the optimization of controller parameters to improve the control efficiency, such as a
PID control with the introduction of the elite memory mechanism particle swarm algo-
rithm (PSO) [8]; a PID control based on Hopf bifurcation theory for stability partitioning
[9]; a PID control with the introduction of the sensitivity margin index [10]; an adaptive
fast fuzzy fractional-order PID (AFFFOPID) control strategy [11]; and so on.

The working principle of model predictive control (MPC) is based on the prediction
and real-time optimization of the system model. In each control cycle, the MPC uses the
system model to predict the system behavior in the future, and it minimizes the tracking
error and the cost of the control input by setting the objective function. Subsequently, the
MPC determines the control input sequence, which optimizes the objective function by
solving a constrained optimization problem. Although the MPC calculates an input se-
quence, only the first control input is implemented in actual applications. As the system
state is updated, the MPC repeats this process in each cycle, and it adjusts the control
strategy through a real-time feedback mechanism, thereby effectively dealing with non-
linearity, time-varying characteristics, and multivariable coupling and realizing dynamic
optimization control of the system. The PID control strategy has achieved specific effects
in the control system of variable-speed pumped storage units, but there are still some
shortcomings, such as failing to adapt well to the characteristics of the actual system in
the processing of nonlinear dynamics, failing to satisfy the complex constraints such as
power, speed, load, and other constraints in the control of the variable-speed pumped
storage units; most importantly, it cannot flexibly adjust the control parameters [7,12]. As
an advanced control method, the MPC has apparent advantages in dealing with complex
systems, considering future prediction, flexibility and adaptability, constraints, regulation
capability, and scalability. Some studies have applied MPC to variable-speed pumped
storage units and achieved better results. For example, from the hydraulic perspective,
one study in the literature proposed a nonlinear model predictive control strategy for con-
trolling the pump-turbine, which improves the stability of the hydraulic system [13]. In
contrast, another study in the literature proposed an enumeration-based MPC strategy
that increases the hydraulic unit’s operational flexibility [14]. Some other research has
been conducted from an electrical point of view, and one entry in the literature proposes
an MPC-based controller for direct power control of doubly-fed motors, which results in
a faster and more accurate unit power output [15].

Elsewhere, one study proposes a robust continuous-time model predictive direct
power control method to ensure the smooth operation of the DFIG [16]. Another considers
the high-voltage ride-through (HVRT) period of the unit’s bipolar blocking problem,
where an MPC method based on P-Q coordination is proposed to bring the parameters to
the target values under the constraints [17]. These studies entirely use the advantages of
an MPC in multi-parameter tuning and effectively solve the drawback that PID control
can only deal with univariate or decoupled multivariate systems. It is challenging to real-
ize the coordinated control of complex systems. Although the MPC has many advantages,
the quality and accuracy of the model determine its performance and effectiveness. Most
of the existing research on variable-speed pumped storage units use mathematical models
of the system, which are simplified but still present complex nonlinearities; for instance,
the full characteristic curve/surface model of the main equipment pump-turbine with
prominent “S” characteristics and the static and dynamic models of doubly-fed motors
are both sets of higher-order differential equations [18]. In addition, there are significant
errors between the model and the actual equipment due to the differences in manufactur-
ers, capacities, and models. These factors lead to the difficulty and poor accuracy of mod-
eling. It is worth noting that a large number of data are generated during the design, test-
ing, and operation of variable-speed pumped storage units, which can represent the most
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realistic state and underlying relationships of the equipment, can help reveal hidden pat-
terns in complex systems, and can be used to improve the model’s capacity to adapt to
changing conditions [19]. Several studies have looked at data-driven approaches to MPC,
to improve the control performance further. For example, one investigation used data to
model a wind turbine and mitigated vortex interactions using the recently learned model
predictive control (LMPC) algorithm [20]. Another study [21] transitioned from model-
based to data-driven optimal control strategies in the field of motor drives, providing de-
sign guidelines for practitioners, and then worked to improve the efficiency of data utili-
zation for an MPC, demonstrating its effectiveness in the motor current control case [22].
In the present study, we used a data-driven approach to model predictive control in the
area of variable-speed pumped storage unit control, to improve the control performance
of the unit. There is little related research in this area, but the few entries include some
innovative research works, such as a data-driven pumped storage unit model predictive
control method based on machine learning algorithms, which uses data to build a parti-
tioned simplified model of the pump-turbine and improves the responsiveness of the unit
control [23]. Moreover, another study put forward an in-line sequential limit learning ma-
chine algorithm of the model predictive control of the pumped storage unit, which can
learn the coupled-system dynamic behavior and shows superiority in voltage and load
adjustment and frequency oscillation suppression [24].

In this paper, a data-driven model predictive control (MPC) method is proposed to
solve the problems of strong nonlinear characteristics, complex constraints, and a cum-
bersome parameter optimization process of a traditional PID controller in the control of
variable-speed pumped storage units. An MPC can predict the future behavior of the sys-
tem in real time by using actual operating data to establish an accurate dynamic model,
and it can dynamically adjust the control input through an optimization algorithm in each
control cycle, thus replacing the traditional PID controller's parameter adjustment
method, which relies on fixed parameters. In contrast, an MPC not only simplifies the
parameter adjustment process, but also more effectively adapts to the nonlinear and mul-
tivariable coupling characteristics of the system, while being able to naturally handle op-
erational constraints. This method achieves a higher control accuracy and response speed
through dynamic optimization, greatly improves the robustness of the system, and pro-
vides a more efficient and reliable variable-speed pumped storage unit control solution.

From the control effect point of view, although the MPC method proposed in this
paper does not show a significant performance improvement in the control effect when
compared with the PID control method we developed before. This is mainly because the
variable-speed pumped storage unit is limited in its performance during actual operation,
leaving limited room for improvement in the control performance. We wish to highlight
that although the developed PID control method performs excellently, its parameter ad-
justment process is complicated, especially when the working condition is changed; the
optimization program often requires a long time to calculate and the selection of the initial
value of the optimization is extremely dependent on experience and skills. In contrast, the
MPC method proposed in this paper successfully avoids the complexity of the traditional
PID controller parameter adjustment process by dynamically adjusting the control input
through real-time optimization, and it greatly simplifies the application and debugging of
the controller. Therefore, we believe that this innovation provides a more efficient and
practical solution for the control of variable-speed pumped storage units.

2. Integrated Modeling of Variable-Speed Pumped Storage Units

This section establishes a set of integrated models for variable-speed pumped storage
units, and a brief schematic block diagram shown in Figure 1, which demonstrates the
unit’s operation under grid-connected conditions for power generation. The model inte-
grates a water—-machine—electricity system, and its structure is based on the whole, char-
acteristic model of the pump-turbine, the state-space model of the double-fed motor, and
the approximate elastic water hammer model of the water diversion system, which is
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established by the software MATLAB/Simulink (2023b). The various components of the
model are clearly described and can be flexibly combined, which is convenient for its re-
alization, and also its further development and application.
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Figure 1. Schematic diagram of the integrated model of variable speed pumped storage unit.

|

2.1. Data-Driven Water Pump-Turbine Modeling

When modeling the pump-turbine, the full characteristic curve is used as the pump-
turbine model, which is driven by experimental and actual operation data. Among these,
the operation data originate from the Fujian Xianyou Pumped Storage Power Station, and
the test data were sourced from the semi-physical, double-fed, variable-head and variable-
speed pumped storage generator unit experimental platform based on RTDS of Xi’an Uni-
versity of Technology. By changing the guide vane opening and flow recording data, and
using the improved Suter transformation method proposed in the literature [25], the full
characteristic curve model can be obtained. This model can reflect the performance char-
acteristics of the water pump and turbine, such as the flow rate, head, and efficiency,
which is of great significance for the hydroelectric power system’s design, operation, and
maintenance. The whole characteristic curve reflects the relationship between unit torque,
unit flow rate, unit rotational speed, and guide vane opening. The whole characteristic
curve established in this study is shown in Figures 2 and 3, which give the pump-turbine’s
nominal diameter. The direct relationship between unit speed, unit torque, unit flow, and
actual values in this model is as follows:

Ny, = Wy - D/Vh (1)
My, =T, D3/Nh ()

Q11=0Q -D?/Nh 3)
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2.2. Doubly-Fed Motor Model

Doubly-fed variable-speed pumped storage units are characterized by the use of AC-
excited doubly-fed motors, which have a wide speed regulation range, can effectively re-
duce the impact of the grid voltage, reduce the electromagnetic interference of the system,
and improve the stability and reliability of the system. The modeling principles in [15,18]
are used.

2.2.1. Speed Relationship

The relationship between the stator synchronous speed and the rotor electrical speed
of the doubly-fed motor is as follows, where w,; is defined as slip:

W = Wg — Wy (4)
The electrical speed of the rotor is related to the mechanical speed:

Wy =P Qpy (5)

2.2.2. State-Space Representation of the Dynamic DFIM Power Model

The dynamic DFIM model is represented in a synchronized d-q reference system
with a stator voltage orientation; the following equation is satisfied:

=0
{vds =V Pas /A ©)
Vgs = 0’ Pgs = _0)—
s

The electrical speed of the rotor is related to the mechanical speed:

. 1
lgs = Ter (Ly - @as — L~ 0ar) ;
: %

ills = oL.L, (Ly " @as — Lm - 9ar)

d
Var = 77 Par — Ws1 " Pgr

d
Vgr = EQqu + Wg Par

The active and reactive power output of the doubly-fed motor can be expressed as
follows:

k= E (Vgs * las + Vgs * iqs)
)

Qs = E(vqs “lgs — Vgs iqs)
Substituting Equations (6)—(8) into (9) can be simplified as follows:

3 Ly
P=—_-1.-
ST T2 % gL,

3 Lin Vs

==V — . (L.-—=+L_ -
Qs 2 s JLer (r " m (pqr)

Par
(10)

The dynamic equations of active and reactive power can be obtained by first-order
derivation of the above equation as follows:
d d

— B = —Hp Vil - — @ar
dt dt 1)

d d
aQs = HpVily, 'agoqr
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where:

i 31
™ 20LL,

When combined with Equation (8), the state-space equations are obtained:

d [P 0 —wszHPs] [_HmVsLm 0 ] Var [w HnVi’Ly/w
— = + + stttmVs br/Ws 12
zlo) = o 0 lla+ 0 man L] 0 (2

The reference transformation is the process of converting the speed reference value
to the stator active power reference value of the doubly-fed motor, as shown in the fol-
lowing equation:

~

p_mV; ' kex ) ((‘)mref + wsref) (13)

N

PSref = —

N W

2.2.3. Oscillation Equation Model

The swing equation of the doubly-fed motor, including the damping term, is as fol-
lows:
dQ T,dw
ad_tngad—tszm_Tem_DtAwm (14)
where T is the mechanical time constant.

2.3. Modeling the Water Diversion System

The pressure piping system can be modeled with an approximate elastic water ham-
mer model with the following expression:
—TyS

G(S) =
©) 0.125T,%s2 + fT,s + 1

(15)

where T, is the water inertia time constant, T, is the reflection time of water hammer
pressure, and fis the head loss coefficient.

3. Data-Driven Model-Based Predictive Control Method under Power
Generation Conditions

3.1. Control Strategy

In terms of control mode, the pump-turbine and double-fed motor have independent
control systems, and achieving their cooperation is an important research direction in the
development of the control strategy. There are three control strategy ideas: (1) control the
output power of the unit using the control system of the double-fed motor, and control
the rotational speed using the control system of the pump-turbine by adjusting the open-
ing degree of the guide vane; (2) control the rotational speed using the control system of
the double-fed motor, and control the power using the control system of the pump-tur-
bine; (3) the combination of the first two ideas—power control. As we have decoupled the
motor speed from the grid frequency, the system loses its inertia support ability, which
significantly reduces the ability of the system to resist disturbance and regulate the active
frequency, thus increasing the difficulty of system frequency regulation. The control strat-
egy proposed in this paper utilizes rotational speed master control to maintain the flexi-
bility of the DFIM speed adjustability and ensure a rapid response when short-term fluc-
tuations in the grid frequency occur. This method can give full play to the advantages of
pumped storage power plants in the new power system and enhance the stability and
reliability of the system. Therefore, this paper adopts the (2) control strategy to improve
the power response speed of the unit. A schematic diagram of the control strategy is given
in Figure 3.
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3.2. Pump-Turbine Control System

The pump-turbine control system mainly consists of a hydraulic controller, as shown
in Figure 4, and when compared with the traditional pumped storage units, the doubly-
fed pumped storage units need an optimal guide vane opening generator.

The control block diagrams of hydraulic controllers under turbine and pump condi-
tions are shown in Figures 5 and 6. The main difference between the hydraulic controllers
under the two conditions is the control strategy for the guide vane opening. Under turbine
conditions, this is mainly used to regulate the water flow into the turbine, and to control
the rotational speed and output power of the unit. The opening of the guide vane has a
direct impact on the efficiency and stability of the turbine. In the pump condition, the
guide vane is used to control the water flow into the pump, to regulate the suction volume
and pumping power. The opening of the guide vane affects the pump’s working point
and operating efficiency. Therefore, as shown in Figure 5, the hydraulic controller under
turbine conditions uses the closed-loop control loop of the guide vane opening. As shown
in Figure 6, the hydraulic controller under pump conditions directly uses an open-loop
control of the guide vane opening.

,Bopt

Water pump-
turbine

B

Figure 4. Hydraulic controller turbine operating condition control block diagram.

ﬁopt

— » PID control ——®Servo System——»

Water pump-
turbine

Figure 5. Hydraulic controller pump working condition control block diagram.
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Figure 6. GSC controller control scheme.

3.3. Doubly-Fed Motor Control System

The doubly-fed motor control system realizes the control and operation of the dou-
bly-fed motor through the cooperation of two controllers, GSC and RSC. The primary
function of the GSC is to provide a constant DC bus voltage for the RSC, and it can also
provide reactive power support for the power grid if needed. At the same time, the RSC
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regulates the rotor current of the motor through the control circuit, to realize a high effi-
ciency of motor operation and precise control. In this paper, vector control is used in the
GSC, and we emphasize the potential to use a data-driven model predictive control tech-
nique to realize the RSC control. The two control approaches are described as follows:

3.3.1. Vector Control of GSC

The GSC regulates the DC bus voltage, shared with the RSC, while its AC side is
connected to the grid. The GSC can receive or send active power according to the DFIG’s
operating mode. Therefore, the GSC is responsible for controlling the current between the
GSC and the grid and regulating the DC bus voltage of the RSC. The GSC control structure
is shown in Figure 7, where the grid angle 6; and angular frequency ws are obtained by
combining a phase-locked loop SRF-PLL with the measured three-phase grid voltage.

The control scheme uses two current control loops: one for the d-axis current iy,
control loop and the other for the g-axis current i,, control loop. The control inputs use
the reference values of DC bus voltage and grid reactive power, where the DC bus voltage
satisfies Equation (16), and the current loop equations can be obtained from the DFIG
model in the form of Equation (17).

dv, . 3V, .
Cgr = lac =55 lga (16)
dids . .
Vgs = —L ac Rigs + wsligs +vg
i 7)
Vgs = —L at Rigs — wsliys + vg
Future
References
Psref' Q;‘ef
Model Qptimal Au ( k ) —

o Control
Predictions Law '5_ RSC

DFIG Model -QI_ GSC
Ad' Bd’ Cd, Gd
X
AN
a)s ,wr SRF-
PLL
1%
Estimator abcs
labcs
N Grid
R

Figure 7. RSC model predictive controller control scheme.
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3.3.2. Data-Driven RSC Model Predictive Controller

The optimal rotational speed w,,, is obtained from the active power reference value
P.of, and its derivation process is based on the optimization-seeking idea of load optimi-
zation regulation theory [26] and combined with the BP neural network.

The state-space model of the doubly-fed motor shown in Equation (12) can be repre-
sented in the following form:

d_ o
{%x =Ax+Bu+Go (18)
y=Cx
By converting it into discrete form, it can be expressed in the form of Equation (19),
and then the discrete model of the doubly-fed motor is shown in Equation (20).

{J?(k +1) = Agx(k) + Byu(k) + Gz0(k)
ylk+1) =Cax(k+ 1) (19)

Ay =1+ AT, By = BT,,Gg = GT,,C; = C
] — [ 1 _Tswsl] . [Ps(k)] + [_TsHmI/sLm 0 ] [Udr(k)] +1- I:TswsleV;ZLr/ws (20)
Tswg 1 Qs (k) 0 TsHp Vsl Uqr(k) 0
A difference operation on Equation (19) yields the following:

{Af(k + 1) = AyA% + ByAl + G406

Aj(k + 1) = Codx(k+ 1) 1)

Here, we assume that the control error is shown below, where r(k) is the control ref-
erence.

e(k) = y(k) —r(k) (22)
The differential form can be expressed as follows:
Ae(k+1) =ek+1)—elk)=Ay(k+1)—Ar(k+1) (23)
Transformations can be obtained:

e(k + 1) = e(k) + C,A5(k + 1) — Ar(k + 1)

= e(k) + C4A40% (k) + CyByAu(k) + C4G,06(k) — Ar(k + 1) -
We take the extended state variable as follows:
z(k) = [Ax(k),e(k)]" (25)
Then, the state-space model can be written as Equation (26).
= [
(26)

B szd 8] - [Aef(gck))] + [CDBgd] -k + [Gfg)d] “Ao(k) + [_01] -Ar(k)
=4 z(k) + EAﬁ(k) + GAé(k) +C- Ar(k)

Here, the level of control is chosen to be m. According to the model shown in Equa-
tion (21), the prediction of the future at moment k can be obtained as follows:

Z=S-z(k)+F-AU+K-AO +T-AR 27)

where:
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z(k+1) Au(k) ] Ao(k+ 1)
7= Z(k:-I-Z) AU = Au(k:+ 1) A0 = Ao(k:+ 2) ’
Ar(k + P) Atk + M — 1)) A6(k + P)
_ A
A?:(k +1) i
AR = Ar(k:+ 2) 5=\
Ar(k + P) _}
B 0 0 0
iB B 0 0
F=| 228 AB B 0
ir15 ar2p Arp .. AP-Mp
G 0 0 0
ic ¢ 0 0
kK=|i¢ i ¢ o |
irig reeg grsg . armel
¢ 0 0 0
i ¢ 0 0
T =| A%2C AC C 0
e iPe¢ gres¢ . Armed

The control law is obtained from the minimum of the following cost function, in
which the model is linearized, and the minimum can be determined algebraically. Because
SFKTs depend on the estimated state, they must be updated in each control cycle.

J=min(ZT-Q-Z+AUT - L - AU) (28)

Substituting Equation (22) into Equation (23) yields a quadratic cost function depend-
ent on the control increment with the following optimal analytic solution:

AU = —(FT-Q-F+L)'FTQ-[S-z(k)+ K -o(k) + T -r(k)] (29)

4. Simulation Results

A simulation experiment of the control strategy was carried out using MATLAB/Sim-
ulink with a simulation step size of 5 x 10-° s. The background of the experiment was a
microgrid consisting of photovoltaics, wind power, a variable-speed pumping unit, a die-
sel generator set, and auxiliary pumping pumps, where the power assumed by each de-
vice was as shown in Figure 8a. The doubly-fed motor control system controlled the out-
put power of the unit. The pump-turbine control system controlled the speed by adjusting
the opening of the guide vane. In the steady-state operation of the variable-speed pump-
ing and storage unit, the opening of the guide vane of the water pump-turbine was opti-
mized and calculated. The results are shown in Figure 8b, which gives the distribution of
the optimal opening of the guide vane. These data were directly used as the control signals
to implement the adjustment of the guide vane through the sophisticated servo system. In
conjunction with the adjustment of the guide vane opening, the optimal selection of the
rotational speed was also carefully calculated, and the results are shown in Figure 8c,
which guided the control strategy of the power converter and ensured the optimization
of the output power of the pumped storage system.

In order to test the dynamic response of the proposed model predictive control strat-
egy for the electrical quantity when the output power of variable-speed pumped storage
unit changed, we selected the two cases of a rise and fall in output active power under a
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power generation condition and pumping condition, respectively, as shown in Figure 9a—
d, of which (a) is the case of a rise in output power under the power generation condition,
where the power rises from 151.93 MW to 161.50 MW; (b) is the case of a power decrease
in the generation condition, with the power decreasing from 168.38 MW to 129.76 MW; (c)
is the case of a power increase in the pumping condition, with the power increasing from
115.38 MW to 120 MW; and (d) is the case of a power decrease in the pumping condition,
with the power decreasing from 194.21 MW to 140.63 MW.

(a) 800 (b) T T T T T - T
l:lPPUMpl:l P])c.l:l Pp\r‘:l Pw};csl:l Pysprs 200 4 \;'SPHS r1.0
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Figure 8. (a) Power distribution diagram; (b) optimization results of guide vane opening; (c) speed
optimization results.

4.1. Simulation Results of Output Active Power

The simulation results of the output active power for four working conditions are shown
in Figure 10, where P_ref is the reference value of output active power, P_PID(opt) represents
the control response after optimization of PID parameters, P_PID(Nopt) represents the control
response with unoptimized PID parameters, and P_MPC is the response of MPC in this paper.

For the steady-state error, the PID controller with unoptimized parameters can eventu-
ally reach a steady state, but with more oscillations. Both the optimized PID controller and the
MPC controller can effectively eliminate the steady-state error and closely track the reference

signal.
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Figure 9. (a) Power increases under power generation conditions. (b) The power output under

power generation conditions decreases. (c) The power of the pumping condition increases. (d) The
power of the pumping condition decreases.
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Figure 10. Simulation results of the active power output. (a) Results of the active power output when
power increases under power generation conditions; (b) Results of the active power output when
the power output under power generation conditions decreases; (c) Results of the active power out-
put when the power of the pumping condition increases; (d) Results of the active power output
when the power of the pumping condition decreases.
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In terms of transient response, the unoptimized PID controller shows a delayed re-
sponse with significant overshooting and oscillations, indicating poor control perfor-
mance. The optimized PID controller shows a fast transient response with minimal over-
shooting and a better regulation performance. In contrast, the MPC controller has better
stability and less overshooting, which is suitable for systems with higher stability require-
ments, but its response speed is slightly slower.

It can be seen that in the control process of variable-speed pumped storage units, the use
of PID controllers requires the optimization of parameters, and the parameters, if not selected
appropriately, will lead to larger overshoots and oscillations, indicating a poorer damping ef-
fect and control quality. In contrast, the MPC controller used in this paper can have a more
minor overshoot and smoother response without the parameter optimization process.

In addition, due to the working principle based on global optimization and predic-
tion, the MPC can consider and correct the control strategy in advance by predicting the
future system response and performing rolling optimization in each control cycle, avoid-
ing the type of tuning of PID controllers that relies solely on the current error, and thus
reducing the magnitude of the overshoot.

4.2. Simulation Results of Variable-Speed Pumped Storage Units for Each Variable
4.2.1. Control Variables

The control variable simulation results of the variable-speed pumped storage unit are
shown in Figure 11, including three control variables: the rotor speed w, of the doubly-
fed motor, the rotor q-axis voltage vg,, and the guide vane opening f.
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Figure 11. Simulation results for various variables of a variable-speed pumped storage unit. (a) Sim-
ulation results for various variables of a variable-speed pumped storage unit when power increases
under power generation conditions. (b) Simulation results for various variables of a variable-speed
pumped storage unit when the power output under power generation conditions decreases. (¢) Sim-
ulation results for various variables of a variable-speed pumped storage unit when the power of the
pumping condition increases. (d) Simulation results for various variables of a variable-speed
pumped storage unit when the power of the pumping condition decreases.
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As can be seen from this figure, the MPC controller is effective in maintaining the
stability of the rotor speed, quickly adjusting, and restoring the speed to the target value
when perturbed. The stability of the rotor speed is critical to the system’s overall perfor-
mance, and the MPC ensures it by predicting and regulating the rotor speed. At the same
time, the MPC controller ensures that the guide vane opening varies within reasonable
limits, thus avoiding over-or under-regulation. The most direct control variable for the
MPC controller is the rotor g-axis voltage. The controller ensures that the voltage fluctua-
tion is minimized during the system’s operation through accurate voltage regulation,
avoiding adverse effects on the rotor speed and the system’s performance. The voltage’s
stability further reflects the MPC'’s superior performance under multivariable control.

4.2.2. Observed Variables

The observed variables include head h, flow q, and mechanical torque PT for the hy-
draulic system; and stator g-axis current iy, and rotor g-axis current iy for the electrical
system. The simulation results of the control process are shown in Figure 12.
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Figure 12. Simulation results of observed variables. (a) Simulation results of observed variables

when power increases under power generation conditions. (b) Simulation results of observed vari-
ables when the power output under power generation conditions decreases. (c¢) Simulation results
of observed variables when the power of the pumping condition increases. (d) Simulation results
of observed variables when the power of the pumping condition decreases.
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When observing the simulation results of the hydraulic and electrical variables, it can
be seen that the MPC put forward in this paper realizes the multivariable optimal control
of the complex system. The MPC maintains the system’s stability and responsiveness un-
der perturbation conditions and effectively manages the system’s performance in a mul-
tivariable and multicentric environment. This control strategy is particularly suitable for
complex electromechanical systems such as variable-speed pumped storage units, which
can achieve efficient system operation while maintaining a steady-state performance.

However, while the MPC (model predictive control) demonstrates a powerful control
performance and flexibility, its application also faces some limitations, and precautions
should be taken. First, the computational complexity of MPC is high, which may affect its
real-time performance, especially when the system is large, or the model is complex. Sec-
ond, the performance of MPC is highly dependent on the accuracy of the system model,
and model errors may lead to control decision errors. In addition, complex constraint pro-
cessing and sensitivity to interference and model uncertainty are also challenges of the
MPC. Third, when compared with traditional PID controllers, the implementation and
maintenance of MPC are more complicated and require professional knowledge and
skills, especially in parameter adjustment and initial value selection. To summarize these
considerations, when proposing the application of MPC, it is necessary to weigh the
tradeoff between its high performance and implementation complexity, as well as con-
sider whether the provisions are in place to ensure model accuracy and sufficient compu-
ting power, and to reasonably handle constraints and uncertainties.

4.3. Comprehensive Performance Evaluation

In order to effectively compare the performance of the MPC strategy proposed in this
paper with that of PID control, a Comprehensive Performance Index (CPI) was designed.
The CPI combines the system’s steady-state error, overshooting, tuning time, control en-
ergy, and robustness under different operating conditions to provide a comprehensive
quantitative score for a control system. The CPl is calculated as follows, where the smaller
the CPI value obtained, the better the combined performance of the system in all the per-
formance indicators, and where the variable y is the total output power of the variable-
speed pumped storage unit:

CPI = w, - SE+w, - OS + ws - ST+ w, - CE + ws - (1 — RI)

Among the components here are the following:
(D Steady-state error (SE), calculated by the difference between the output value and
the set point after the system reaches a steady state:

SE = |yss - yrefl

(2) Overshoot (OS), the maximum percentage by which the output value exceeds the

steady-state value during the system response:
0S = yrefmax
Vref¥h

(3) Tuning time (ST), the time at which the system output first enters the specified
error band, after which it remains there.

(#) Control energy (CE), the total energy consumption when using the control input
signal:

CE = [, u(t)?dt

(5 Robustness (RI), the ability of the control system to adapt to perturbations and
changing conditions under different operating conditions, calculated using the active
power output in the four operating conditions described above:
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i=1
_ g (MeanAyi+SDAyi)

N-Yavg ref

RI=1

where:

N is the number of working conditions, taken as 4;

Mean,,, is the average absolute deviation between the system output and the refer-
ence value for the i-th working condition;

SD,y, is the standard deviation of the output for the i-th working condition;

Yavgref 18 the average of the reference values for all working conditions.

Weights are set to w; = 0.1,w, = 0.2,w; = 0.2, w, = 0.2,and ws = 0.3. The weight se-
lection process is as follows: all five weights are initially set to 0.2. Since both MPC and
optimized PID must ensure the stable operation of the unit, the impact of stability (SE) is
reduced to 0.1. The control method can lead the variable-speed pumped storage unit to be
applicable under various working conditions, which is desirable, so the robustness weight
(RI) is expanded to 0.3.

According to the above equations, the CPI values of MPC and PID control for a dou-
bly-fed variable-speed pumped storage unit were calculated to be 0.083 and 0.126, respec-
tively, and the distribution of each index is shown in Figure 13.

SE —u— MPC
0.5 —eo— PID
0.4
0.3
0.2
1-RI 0S

CE ST

Figure 13. Schematic diagram of the distribution of various indicators.

Through experiments and simulations, we discerned that the MPC can better opti-
mize the CPI metrics in complex multivariable systems, exhibiting a higher control accu-
racy and faster system response speed. This is because the MPC combines model predic-
tion and optimization algorithms to predict future behaviors and optimize control signals
at multiple time steps within each control cycle, thus handling system dynamics and com-
plex constraints more efficiently. By explicitly handling input and output constraints, the
MPC excels in multi-input and multi-output systems and optimizes the overall perfor-
mance metrics for a better steady-state error, overshoot, tuning time, and control energy.
In addition, the MPC demonstrates a better robustness in dealing with uncertainties and
external perturbations. The robustness index (RI) of the MPC improved by 0.2 compared
to the optimized PID control, which means there will be an improved control performance
20% of the time compared to the optimized PID control method when the operating con-
ditions are frequently switched. This marks an effective improvement over the control
robustness of variable-speed pumped storage units.

The introduction of data-driven technology further enhances the performance of
MPC, which can better adapt to changes in system dynamics and the external
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environment by accurately modeling the system of variable-speed pumped storage units.
This dynamic adjustment capability allows MPC to exhibit greater flexibility and accuracy
in complex or nonlinear systems, especially in rapidly changing or difficult-to-model sce-
narios.

5. Conclusions

This study has explored the application of a data-driven model predictive control
(MPC) method in a doubly-fed variable-speed pumped storage unit and verified its effec-
tiveness and superiority under complex working conditions through simulation. When
compared with the traditional PID control method, the MPC algorithm significantly im-
proves the control accuracy and response speed by predicting the future behavior of the
system and optimizing the control input sequence in real time within each control cycle.
The working principle of the MPC is based on the prediction and real-time optimization
of the system model. It uses rolling optimization to minimize the tracking error and con-
trol cost within each control cycle, implements only the first control input in the optimal
control sequence, and continuously adjusts the control strategy through a real-time feed-
back mechanism. This method effectively copes with the nonlinearity, time-varying char-
acteristics, and multivariable coupling of the system and also realizes the dynamic opti-
mization control of the system.

In the specific implementation process, we adopted a data-driven approach to build
a prediction model of the system based on historical operation data, which was used to
train the model parameters, improving the model’s accuracy and robustness. Meanwhile,
the control algorithm calculates the optimal control inputs in real time during each control
cycle by solving an online optimization problem, enabling the system to respond quickly
to external disturbances and load changes. In order to improve the computational effi-
ciency and real-time performance of the algorithm, we also appropriately simplified and
approximated the optimization problem.

In this study, simulation experiments were carried out on a variable-speed pumped
storage unit model, and MPC exhibited a faster response speed and greater stability than
the traditional PID control. During both power rise and fall, an MPC can quickly track the
reference value, avoiding major overshooting and oscillation phenomena, realizing fast
boosting, and showing a good dynamic response capability. Under power generation and
pumping conditions, an MPC also performs well, avoiding the common oscillation and
overshooting phenomena in a PID control, and ensuring a smooth response and high sta-
bility of the system in power change.

In addition, in the control of the rotational speed and guide vane opening, the MPC
strategy ensures a smooth change in rotational speed and realizes the stable operation of
the system by appropriately adjusting the guide vane opening in the regulation of electri-
cal variables, particularly when the load changes, the transient response and stability of
the rotor voltage are excellent. The calculation of the scores on the comprehensive evalu-
ation indexes compiled in this study showed that the MPC strategy can improve the dy-
namic response speed of the system, reduce overshooting and oscillations, and maintain
the system stability and robustness better than PID control in a complex multivariable
system such as a variable-speed pumped storage unit.

This study has also shown that the data-driven MPC strategy has broad application
prospects in doubly-fed variable-speed pumped storage units. By combining actual oper-
ating data with model predictive control, we achieved the accurate modeling and dynamic
optimization control of complex systems, effectively dealing with the nonlinearity, multi-
variable coupling, and complex constraint problems of the system. Future research will
further optimize the control algorithm to improve the response speed and stability of the
system, and research will verify its efficacy in actual engineering to promote the applica-
tion and promotion of this technology. This innovative control method is expected to sig-
nificantly improve the operating efficiency and reliability of pumped storage units, and in
doing so, provide a solid guarantee of the efficient use of new energy.
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