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Modeling and Static Optimization of a Variable Speed Pumped Storage Power Plant

J. Schmidt*, W. Kemmetmiiller*, A. Kugi*

Automation and Control Institute, Vienna University of Technology, GufShausstrafSe 27-29, 1040 Vienna, Austria

Abstract

Pumped storage power plants are key components to stabilize electric distribution networks with high amount of in-
termittent power sources as, e.g., solar and wind power plants. Tailored mathematical models are important for the
transient and the stationary analysis of such plants. A comprehensive mathematical model of a variable speed operated
pumped storage power plant, which incorporates reversible pump turbines in combination with doubly fed induction
machines, is developed in this paper. Special emphasis is laid on an accurate description of important dynamic effects
(e.g., water hammer) and of the energy losses of the system. Based on this model, optimal stationary operating points
are determined, which minimize the overall system losses and systematically take into account the operating constraints.

Keywords:
optimal stationary operation

variable speed pumped storage power plant, doubly fed induction machine, mathematical modeling,

1. Introduction

Electric power industry is currently faced with environ-
mental issues, increasing energy consumption and limited
resources of fossil fuels. These challenges are, amongst ot-
hers, tackled by an intensified usage of renewable energy
sources, in particular wind and sun. The intermittent na-
ture of these energy sources calls for a sufficient amount of
large scale energy storage capabilities in order to ensure a
generation-load balance and thus grid stability. The well-
established pumped storage power plants (PSPPs) still
represent the most attractive way of large scale energy
storage, having a worldwide installed capacity of approxi-
mately 130 GW [1]. In particular variable speed operated
PSPPs with reversible pump turbines offer distinct advan-
tages in comparison to conventional fixed-speed PSPPs,
including: (i) increased efficiency (especially during part-
load operation) and an enhanced operating range in tur-
bine mode, (ii) improved network frequency regulation ca-
pabilities due to rapid injection of active power (flywheel
effect) as well as (iii) improved active power regulation
capability during pump operation, see, e.g., [2, 3, 4, 5].

Together with the ability of reactive power control, these
features make variable speed PSPPs an excellent aid for
improving grid stability, e.g., by primary frequency con-
trol. Two types of variable speed PSPPs are typically
considered in literature: the doubly fed induction machine
(DFIM) with a part-load converter at the rotor terminals
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and the synchronous machine with a full-load converter
at the stator terminals [5, 6, 7]. The converter fed syn-
chronous machine inherently offers some advantages over
the DFIM, including a much larger possible speed range
[7]. While power electronics components typically limit
the power range of a full-load converter, the recent ad-
vances in power electronics technology allow to build such
PSPPs with ever increasing power, see, e.g., [8] where a
commissioned PSPP applying a 100 MW full-load conver-
ter is described.

Nevertheless, the usual restriction of the speed range to
approximately £10% around the synchronous speed al-
lows to size the part-load converter of the DFIM topology
to only a small portion of the rated machine power. This
constitutes a decisive economic advantage of the DFIM
topology, currently making it the predominant technology
for high power (= 100 MW) applications, with several ex-
amples of commissioned power plants, see, e.g., [9, 10, 11].
Hence it is a variable speed PSPP employing the DFIM
topology that is considered in the present contribution.

Mathematical models of the PSPP are required for the
dynamic simulation, the controller design and the optimi-
zation of the operation of PSPPs. Thus, one goal of this
contribution is the derivation of a comprehensive mathe-
matical model of a variable speed PSPP. In particular,
special focus is laid on the accurate description of the dy-
namic behavior as well as of the losses of the overall plant,
incorporating both the mechanic as well as the electric key
components. In literature, see, e.g., [10, 12, 13], simplified
pump turbine models are often used, which are not suit-
able to properly reflect pump turbine losses in a larger
operating range. A more sophisticated PSPP model in-
tended for power system simulations is presented in [14].
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Figure 1: Setup of the considered variable speed pumped storage power plant (PSPP). The pipe segment numbering corresponds to Table 3.
The electric system of each plant consists of a DFIM, a step-up transformer (S), a converter transformer (C) and a voltage-source converter
(VSC), comprising a grid side inverter (GSI) and a rotor side inverter (RSI). Vector notation is applied for the respective dg-quantities, e.g.,

T
p _[,D .D
U1 = [udl uql] -

Here, the hydraulic system is modeled in a similar way
as in this paper, i.e. modeling the pump turbine in a
quasi-stationary manner by its characteristics and nume-
rically solving the pipe model’s partial differential equa-
tions (PDEs) by the Method of Characteristics (MOC).
The mathematical model of the electric system, however,
is not described in detail. This might be reasonable for
power system simulations, but is not appropriate for con-
troller design and optimization. In [4] a variable speed
PSPP is modeled based on the hydraulic modeling appro-
ach of [15, 16], which applies a finite difference scheme for
the numerical solution of the pipe PDEs. The simulation
builds upon an existing software tool, which was originally
developed for the simulation of electric systems [16]. Thus,
also the hydraulic components are described by equiva-
lent electric models. As the pump turbine characteristics
are interpolated with continuity of order 0, it is, howe-
ver, difficult to directly use this model for optimization
purposes. In [17] a simulation model based on the MOC
and a continuously differentiable surface interpolation of
the pump turbine characteristics [18] is applied for water
hammer studies. This modeling approach is also described
in [19]. A continuously differentiable interpolation of the
pump turbine characteristics allows for the application of
numerically efficient gradient based optimization methods.
Therefore, a similar interpolation scheme is also provided
in the present work, combining a state-of-the-art modeling
approach of the hydraulic system with a detailed model of
the electric system, particularly modeling the energy los-
ses of the electric subsystem in more detail compared to
above mentioned works.

Since PSPPs involve remarkable investments, suitable
building sites are limited and due to liberalized energy
markets, efficient operation is becoming increasingly im-
portant. In particular, the additional degree of freedom
gained from variable speed operation is utilized to incre-
ase the efficiency of hydraulic machines. Reference [20]
briefly describes the determination of optimal stationary
operating points of a hydro power plant, where the hydrau-
lic components and the generators are taken into account

in a special software tool. Stationary operating points of
maximum efficiency are determined by an iterative pro-
cess. Since the generators are modeled as active power-
depending efficiencies, their operating constraints are not
systematically considered in the optimization process. In
[4] control strategies for the optimized stationary opera-
tion of variable speed pump turbines are suggested. In
turbine mode, the optimal set point of the turbine speed
is determined for a given net head and a desired output
power from a lookup table. Similarly, in pumping mode
an optimal guide vane opening is calculated for a given
rotational velocity and a given net head by a stationary
law. In these cases, operating constraints are not explicitly
taken into account and in [4] optimality is solely based on
the pump turbine characteristics.

The mathematical model proposed in this paper is in-
tended to serve as a basis for the analysis of the static and
dynamic system behavior (e.g., water hammer studies),
the design and test of control strategies and the determi-
nation of optimal system operation. In this paper, the mo-
del is used to calculate optimal stationary operating points
of the PSPP for different modes of operation, which yield
minimal energy losses of the overall system while adhering
to operating constraints.

The paper is organized as follows: Section 2 introduces
the considered variable speed PSPP and summarizes the
mathematical models of its components. In Section 3, the
dynamic behavior of the PSPP is analyzed by simulation
studies. Section 4 describes the optimization problem for
optimal stationary operating points and presents its nume-
rical results. Finally, Section 5 gives some conclusions.

2. Mathematical Model

The overall system, depicted in Fig. 1, consists of two
plant units A and B, which are coupled by a common
pipe system. Assuming constant grid voltage amplitude
and frequency, the coupling over the common electric grid
segment can be neglected. Further, it is assumed that
both plant units have an identical configuration, which al-
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lows to apply the same mathematical model to both plant
units. If necessary, the superscripts A and B are utili-
zed to distinguish the different plant units. Subsequently,
quantities in per unit representation are often used, which
will be marked by ().

2.1. Electric Subsystem

The equations of the electric system are given in a
per unit dg-representation, normalized with respect to
the stator of the DFIM. The reference frame is synchro-
nously rotating with the constant grid frequency wgriq =
2750rad/s, which is also used as the base frequency w;, in
the per unit representation, i.e. wy = wgyriq, see Table 1.
The respective 0-components are not taken into conside-
ration, since they do not influence the dynamic behavior
of the system. The base values of power S, and voltage wuy
for the per unit representation of the electric subsystem
are derived from the rated stator values of the DFIM, see
Table 1. The other base quantities are selected in accor-
dance to [21], e.g., the base current and the base torque
read as

2.5

ip=—-—— and T, =
3Ub Wy

MppSh

, (1)

see Table 1, with the number of pole pairs ny, = 7.

Table 1: Base quantities.

Description Parameter Value Unit
apparent power Sh 182.50 MVA
peak value of phase voltage Up 15\/g kV
phase current i 9.93 kA
grid frequency Wh 2750 rad/s
torque Ty 4.07 MNm

The electric grid is modeled as a balanced three-phase
voltage source of constant amplitude tg4riq = 1 and, as
already mentioned before, a constant angular frequency
wgria = 2mb0rad/s. The corresponding dg-components of
the grid voltage are constant and coincide with the dqg-
components 11317 ﬂfl of the step-up transformer, see Fig.
1. Using proper alignment between grid voltage and the
reference frame, these voltages can be written as

iz = 0. (2)

The electric system of each plant incorporates a DFIM (D),
a step-up transformer (S), a converter transformer (C) and
a voltage source converter (VSC), see Fig. 1. The trans-
formers are necessary to adjust the corresponding voltage
levels. As discussed before, the DFIM can operate both
in generator mode (turbine mode) and motor mode (pum-
ping mode). To allow for operation in both directions of
rotation, switching facilities are incorporated to reverse
the phase order at the stator terminals, see, e.g., [22]. The
start-up of the DFIM and the transition between pumping
and turbine mode require additional measures, both in the

~-S -
Ug1 = Ugrid = 17

electric and the hydraulic system, see, e.g., [23, 24]. These
operations are, however, not considered in this contribu-
tion and thus not further discussed.

A magnetically linear model, which includes the influ-
ence of iron losses, is used to describe the dynamic be-

havior of the DFIM, see, e.g., [25, 26]. The differential
equations for the stator flux components ¢d1 and w read
as

1 dgh - _

S - PR AR IRl G

1ddh - i

Jb d?;l = _RlquDl synwdl + qu17 (3b)

with the stator resistance RP, the components i5) and i}

of the stator currents, and the components 1](?1 and ﬂqDl of
D

the stator voltages. Moreover, wy,,, is equal to the sign of

the rotation frequency @ of the rotor, i.e. wg}n = sign(@).

The rotor fluxes 7/),12 and 1/1q2 are given in an equivalent

form
1 doR i o
g = R @0, @) iR ek ()
1dgg - )
TR Rl A AR R G

Here, RY is the rotor resistance, i%, and i5 denote the
rotor current components, and 1]52 and ﬂqDQ are the corre-
sponding rotor voltage components. The dynamic model
of the DFIM is completed by the differential equations,
see, e.g., [25, 26]

1 dyg, _ RP (;PD _;D _iD ~D 7D 5
(*Tb dt — 1Yy (de —lq1 — ZdQ) + wsyanm ( a)
1 dijy, pD (D _ 3D _ D
Wp d;T” = 7R’L (qu - qu Zq2) synwdm? (Sb)
describing the magnetization flux components &fm and
qu as functions of the magnetization current components

D

dm
Therein, the resistance R{j is used to represent the iron
losses of the DFIM. The fluxes of the DFIM are connected
with the currents in the form

17 and z -, and the stator and rotor current components.

'J)dl 1/)dm + LDZdl /J)(ﬁ = J)gn + EDTD
1/412 wdm ZdDZ qD2 = + L2 Z112 (6)
wdm = LDde qum = L?QL qu7

with the leakage inductances LY and L& of the stator and

rotor, respectively, and the magnetization inductance Lpb.
Finally, the torque 7" of the DFIM reads as

T = Ly (igylgm — ighidm)- (7

The mathematical models of the converter transformer

(superscript C) and the step-up transformer (superscript
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S) are directly obtained from the model of the DFIM (3)-
(6) by setting @ = 0, @5, = @, = 1 and exchanging
superscripts. Different to the stator and rotor windings of
the machine, the transformer windings are connected in
the vector group Yd5. This is incorporated into the model
by multiplying the voltages and currents of the secondary
side by appropriate constant rotation matrices, see, e.g.,
[27].

The frequency converter is the essential component to
allow for a variable speed operation of the pumped storage
plant. There are a number of possible converter topologies
available in the medium voltage range and for the required
power ratings of approx. 20 MVA [28]. These converter to-
pologies certainly have large differences in their setup and
the control strategies used to operate them. However, the
objective of the mathematical model derived in this pa-
per is to describe the essential dynamic behavior of the
overall pumped storage plant. Thus, a rather generic ap-
proach, which is capable of describing the average behavior
of many converter topologies, is used. It is an extension
of the so-called fundamental frequency or pseudo continu-
ous converter model, see, e.g., [4, 29] and based on the
following assumptions:

e a back-to-back voltage source converter topology is
used and

e the switching rate of the VSC is much faster than the
remaining dynamics of the electric system.

The converter allows to directly assign the average voltage
components ﬁdCQ, ﬂqCQ at the secondary side of the converter
transformer and 115’2, an2 at the rotor of the machine within
certain limits.

Simplifying the results in [30], the losses of the grid side
inverter (GSI) and the rotor side inverter (RSI) are ap-
proximated by

~ b b ~ b ~C\ 2

Pgsr = kasro + kasr 11§ + kgsi o (ZQC) (8a)

~ = = ~ > ~D\ 2

Prsy = krsro + krsr1i% + krsr2 (i3) (8b)
with the current magnitudes

~ ~ 2 ~ 2 ~ ~ 2 ~ 2
15 =\ (i%)" + (i%)" and iy’ =/ (i%)" + (i)~ (9)
and estimated parameters IEGS[J, IERSIJ, j=0,1,2. The

power PS and PP transferred by the converter to the
transformer and the DFIM, respectively, read as

PY = aGiG + u%iS, and PP = alil, +aldl.  (10)
Using the balance of energy, the dynamics of the DC-link
voltage Uupc can be written in the form

1 did, 3 o - o
- -2 (BC+P PP 4+ P ) 11
T CDC( > + Pasr+ Py + Prsr), (11)

with the effective DC-link capacitance Che.

The mathematical model of the electric system is com-
pleted by the electric interconnection of the transformators
and the DFIM in form of the following constraints, see Fig.
1:

1. The voltages at the common node are equal, i.e., in
terms of phase voltages of the three-phase system,

~ g ~D ~S ~D
I tel |ty
u%2 = ubD1 or u%2 = u% (12)
Uca Uey Uco Up1

holds, depending on the switching state at the stator
terminals of the DFIM. Neglecting the 0-components,

this reads as
=[] -x[H] o
gy gy gy

in dg-representation, with K = diag[1, sign(w)].
2. The sum of the currents at the common node is zero

%S O D
La2 a1 tar| _ 0}
S+ EFK S| = , 14
[152] chl] [Z?J {0 (14

which implies that only four of the six currents are
independent. In the following, 152 and i§2 are chosen
as the dependent currents.

The resulting mathematical model of the interconnected
electric components can be represented in the form

1 dx,. -
U~Tb dt = 8e (Xevwvueaugrid) (15)
with
T _ _[S 7S 7§ =S -C zC C C
X, = [zdl,zqhzdm,zqm,zdl,qu,de,qu, (16a)
~ ~Cc D D D D D D ~
Lams Lgms Ld1s Lq1s Ud2s Lg2s tdms Lgmo UDC] )
T _ _[~C ~C ~D ~D
u, = [ud27uq27ud27uq2} . (16b)

The corresponding active and reactive power output of
the pumped storage plant to the grid Py,iq, Qgriq are de-
fined at the secondary side of the step-up transformer by!

__-D= -D* ~csC _ ~CiC
Pyria = —lgyigy — Ugyigy — Ugyiqy — Ugiig (17a)
~ _ (~D3D _ ~DID\ i (~ ~ciC _ ~C5C
Qgrid = (udlqu — uqlzdl) sign(@) + Ggyigy — Ug1idr-
(17b)

2.2. Hydraulic Subsystem

The hydraulic system of the pumped storage power
plant consists of two reservoirs which are connected to two
Francis turbines via a hydraulic pipe system, see Fig. 1.
The hydraulic system is responsible for a major part of the

11n these equations, the voltages are functions of the system state
; =D _ =D =D _ =D ~C _ = ~C _
Xe, Le. tg = g (Xe), Uy = Ug (Xe), 4§, = 4, (xe) and ugl =
~C
uql (x@)'
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dynamics and losses of the system. Thus, special emphasis
is laid on an accurate modeling of the hydraulic compo-
nents.

The central hydraulic component is the Francis turbine,
which operates both in pumping and turbine mode. Since
the transients of the pressures and volume flows inside the
turbine are considerably faster than the dynamics of the
remaining hydraulic system, it is possible to describe its
behavior by a quasi-stationary characteristics, see, e.g.,
(16, 31, 32]. It is common practice in literature to represent
the turbine characteristics by using the specific speed Nyq,
the specific volume flow g1 and the specific torque Ti1,
which are related to the physical quantities in the form

ND,
vH,’

see, e.g., [4, 33]. Here, N is the rotational speed, ¢pr is
the volume flow, Tpr describes the torque and D, is the
reference diameter of the turbine. Further, the net head
H,, (also called dynamic head) is defined as

Tpr

arT
Ny = =2 Ty=-—
11 q11 D2JH, 11 D3H,

(18)

_ 2 .2
H, = PUs — PDS LA+ Vus vDS’ (19)
P9 29

with the fluid mass density p, the gravitational accelera-
tion g = 9.81m?/s, the upstream pressure pyg, the do-
wnstream pressure ppg, the corresponding fluid veloci-
ties vys and vpg as well as the height difference Az =
zus — zps between the inlet and the outlet of the turbine,
see, e.g., [31]. Fig. 2 shows the measured characteris-
tic maps of the Francis turbine as a function of the guide
vane opening . Here, the quantities are normalized to the
operating point of best turbine efficiency, which is charac-
terized by X, N11,r, q11,r, T11,r-

The S-shape characteristics in the transition from tur-
bine mode (N11, q11, 711 > 0) to the inverse pumping mode
(N11 > 0, q11,T11 < 0) is problematic for the interpolation
of the data points in a simulation model due to ambiguous
operating points for the same values of x and Ny;. To ci-
rcumvent this problem, the polar coordinates r and 6 are
introduced in the form

N 2 2 g

2 11 q11 n,r

re = =+ = - N, s 20a

(Nll,r) <Q11,r> H, f( qPT) ( )
911 qarPT

6 = arctan ( e ) = arctan (%) ; (20b)
Nii,r N,

see, e.g., [16]. Here, the abbreviation f(N,gpr) reads as

f(N,qpr) = (g)Q + (quTJ)i (21)

and the reference values gpr,r, Hy », Tpr,» can be calcula-
ted from the best efficiency point by (18) for a given value
of N = N,.. In this work, N, is chosen? as the synchronous
rotational speed of the DFIM, see Table 2 for a definition

1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5

-2.0
2.0

1.0 2y
0.0
“LOF | ey =000y =0.06
20 |—=—x=017——x=0.33
30}|{—*x=0.55—=—x=0.76
40l | x =095

q11/q11,

Ti/Thi,

-1.5 -1 -0.5 0 0.5 1 1.5 2
N1 /Ny,

Figure 2: Normalized characteristic maps of the Francis turbine,
parametrized by the guide vane opening x.

Table 2: Pump turbine parameters.

Parameter Value Unit
Niir 81.37 rpm
q11,r 0.20 m> /s
Tiir 211.05 Nm

Xr 0.55

N,. 428.57 rpm
H, 355.53 m
qpPT,r 4759  m3/s
Tprr 3.44 MNm

D, 3.58 m

Az 11.50 m

of the pump turbine parameters. Using these new coordi-
nates allows to calculate the transformed charactistic maps
in the form

Hy
1 Hoor
Wg=—=—-""— 22a
B2 f(N.gpr) (220)
T YTPT
11 PT,r
Wg =W, - S 22h
B HTll,r f(N7 qPT) ( )

see, e.g., [16, 31], which are shown in Fig. 3. While this
transformation eliminates the problem with ambiguous
operating points, it is no longer possible to represent the
case of a fully closed guide vane x = 0 by the transformed

2Instead of choosing N, it would also be possible to choose Hy, r,
e.g., as the nominal value of the net head.
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characteristic maps. This case is, however, only of minor pressure p and the fluid velocity v = % in the form, see,

practical interest and thus not considered in this paper. As  e.g., [31, 35, 36, 37]
already discussed before, an at least continuously differen-

tiable approximation of the characteristic maps is required 1 @ v@ l%v @ =0 24a
2\or Tor) P Ae VT o 70 (340)
for the simulation model and for the usage in gradient ba- pa t x x x
. . . . . . _ . 1 a 8 a A
sed optlpllzatlorl §trategles. In this work,'cu.blc B-Spline 1dp Jdv v v n v |v] +gsin(a) =0, (24b)
surface interpolation based on surface skinning [34] was p Oz ot ox 2D

applied. The resulting interpolated characteristic maps

are given together with the measured data points in Fig. where a s the wave s.peed,. A(z) is the cross s.ectlf)nal area,
3 D(z) the corresponding diameter, « the inclination of the

pipe segment and A the Darcy-Weissbach friction parame-

‘ er. Table 3 summarizes the parameters of the raulic
ter. Table 3 izes th t f the hydrauli
30 X B 822 "X - 8;; pipe system of the power plant. It is assumed that the dia-
< 20| °X ~ 0.76 X _ 0'95 S meter D(z) of a pipe element varies linearly with the posi-
EN NIRRT tion z along the pipe, i.e. D(z) = D(0)+(D(l)—D(0))z/l,
10 < B ST ] with the diameters D(0) and D(I) corresponding to the
- areas an at the beginning an e end of the
0 —— — A0 d A(l) at the beginning and th d of th
0.0 < e e pipe segment, respectively.
0.204 ,*‘i(mjummﬂmmu DD§4 o 05
0.60 ] ant 25 15 05 Y
X ©1.04.5 3.5 : Table 3: Parameters of the pipe system according to Fig. 1.
i 1 li :21_(0) ;?Zi Q5 a; )\, X 1
10 max max max
8 |- 1 20x107'  1.00 1.00  —3.7° 1250m/s 5.3
= 2 B 2 6.2x107%  1.00 0.85 —3.7° 1250m/s 5.3
% < 3 38x107! 0.85 0.85 —90°  1250m/s 5.3
oL 4 59x107% 085 043 0°  1200m/s 5.3
0.0, 5 97x107% 043 043  0°  1200m/s 5.3
6 3.0x1073 0.21 0.23 0° 1200 m/s 5.8
7 27x1072 0.23 0.23 0° 1200m/s 5.8
8 4.9x107? 0.32 0.32 6.1° 1250 m/s 5.8
Figure 3: Transformed pump turbine data points from Fig. 2 and 9 31x107° 0.32 0.21 6.1° 1250 m/s 5.8
interpolated characteristic maps Wy (x, 6) and Wg(x, 6). 10 4.0 x 1072 0.43 0.43 6.1° 1250 m s 5.3
11 62x1073 0.43 1.00 6.1° 1250m/s 5.3
Using (22), the net head H,, and the pump turbine tor- 12 1.0 1.00 1.00 5.6°  1250m/s 5.3

que Tpr

The interconnection of the pipe segments and the con-
nection with the pump turbine or the reservoirs is repre-
Ha(6 N apr) = Hy,e W O 0N, gpr)) F(N, qu)2’3 sented by suitable boundary conditions. Assuming that
(232) the filling levels of the reservoirs are approximately con-

Tpr(x; N.qrr) = Tpr, We(X,0(N,qpr)) f(N,qpT) stant during the considered short time scales of the dyna-
(23b) mics simulations, the upper and the lower reservoir intro-

) duce the following boundary conditions
are defined for given volume flow ¢pr, rotary speed N and

guide vane position y of the pump turbine. p1(0) =pyr and pi2(li2) = prr, (25)

Note that in [18] the specific quantities Ni1, g1 and
T1:1 are interpolated on B-Spline surfaces, which allows to
represent fully closed guide vanes. In some circumstances,
however, it might be considered a drawback, that instead
of # a more general parametrization variable has to be

with the pressures pygr and ppr at the inlets of the upper
and lower reservoir.

The lossless connection of two pipe segments ¢ and ¢ +
1 with differing parameters is modeled by the boundary

applied, which doesn’t have an immediate relationship to conditions

any physical variable of the system. pi(list) = pip1(0,1), (26a)
The pump turbines of the power plant are connected. to (L t) = qi11(0, 1), (26b)

the upper and lower reservoir by an arrangement of pipe

segments, cf. Fig. 1. Assuming a one-dimensional axial i = 1,...,11. The boundary conditions for a lossless

flow, a single pipe segment is modeled by the PDEs for the  junction of the pipe segment ¢ into the two pipe segments
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7 and k are given by

and the boundary conditions for the junction of pipe seg-
ments j and k to pipe segment i read as

4i(0,t) = ¢; (L, t) + qr(li, ).
Finally, the connection of a pump turbine to the up-
stream pipe segment ¢ and the downstream pipe segment
j is described by the boundary conditions
pi(li;t) = p;(0,t) + Appr

qi(li,t) = ¢;(0,t) = gpr,

(27a)
(27b)

(28a)
(28b)

(29a)
(29b)
where the pressure drop Appr = pys — pps is defined as

a function of the volume flow ¢pr, the guide vane position
x and the rotary speed N of the pump turbine by

1 1
A ()2 T (A;(0)2
AppT=pg<Hn—Az—q?vT( ) 29( 1) ) (30)

cf. (19). Here, the net head H,, = H,,(x, N, qpr) is defined
by (23a).

In conclusion, the overall hydraulic part of the power
plant is represented by a set of coupled PDEs, which needs
to be numerically solved for a dynamic simulation of the
power plant. For this task, it is useful to apply a number
of simplifications to (24): (i) In the present application,
the fluid velocity is much smaller than the wave speed, i.e.
v < a, which allows to neglect the convective terms vg—g
and v2% in (24), see, e.g., [37]. (ii) It is further feasible
to assume a constant mass density p = 1000 kg/m? and a
constant wave speed® a. This yields a simplified PDE of
the form

1 op 10A ov
ot taee T -0 Bl
L9p  0v  Avpl + gsin(a) =0, (31b)

pdx Ot = 2D
which can be numerically solved by applying the well-
established MOC, see, e.g., [31]. To do so, the simplified
PDE (31) is transformed to

dp dv  pa®? 0A v |v| . B
dt:l:padt 1 8mv:|:pa 5D +gsin(a) | =0,
(32)
which is defined on the characteristics
dx
= — 4q. 33
g” a (33)

To solve this set of differential equations, a discretization
in time and space is used in the subsequent simulations,
see, e.g., [31].

3Note that the wave speed summarizes the effects of the fluid
compressibility and the pipe wall elasticity.

2.3. Drive Train

The drive train couples the turbine with the generator
and thus the hydraulic with the electric subsystem. Using
the base quantities in Table 1, the balance of momentum
for the drive train in per unit representation is given by

do - -
2Hd—‘: =T + Tpr — dgsign(@) — d,@ @], (34)

with the inertia constant H, see, e.g., [21], comprising the
inertia of the pump turbine and the rotor of the DFIM.
The torque T of the DFIM and the torque Tpr are given by
(7) and the per unit representation of (23b), respectively.
The mechanical losses of the drive train are split into a
Coulomb part d, sign(@) and a quadratic part due to ven-
tilation losses d,@ |@|. Table 4 summarizes the essential
parameters of the mechanical system.

Table 4: Parameters of the mechanical system.

Parameter Value Unit
H 3.86 s
d. 412 x 1073
1 6.13 x 1072

3. Transient Simulation

As it is discussed in the introduction, the mathematical
model developed in the previous section serves two pur-
poses: (i) First, it is capable of accurately simulating the
transient system behavior. Thus, it is suitable for an ana-
lysis of the dynamic system behavior and for testing diffe-
rent control and operating strategies in simulation studies.
(ii) Second, the mathematical model also serves as a ba-
sis for reduced models, which are used for the design of
control and estimation strategies. In this context, optimal
operating and control strategies, which allow for energy-
optimal (dynamic) operation of the power plant, are of
particular interest.

In the next section, a simplified model is derived and
optimal stationary operating points are calculated. In this
section, some main features of the pumped storage po-
wer plant are discussed using transient simulations of the
mathematical model. For this purpose, the model is im-
plemented in MATLAB/SIMULINK. The MOC is applied
for the numerical solution of the PDEs of the pipe system,
using a total of 594 spatial discretization points.

At first, it is assumed that both plant units A and B are
operated identically. In the following simulation results,
values of volume flow and pressure are depicted in per unit
representation. Therefore, the base volume flow g, = gpr
and the base pressure p, = Sp,/q, are defined, see Table 5.

Fig. 4 depicts simulation results of the open-loop beha-
vior of the power plant for filtered (first order delay with
100ms rise time) step-like changes of the inputs ul =
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Table 5: Base quantities of the hydraulic subsystem.

Parameter Value Unit
ab 4759  m3/s
Py 38.35 bar

[aS,, ﬂch, ak, ﬂ{l:’g] of the electric system and yx of the hy-

draulic system. The input values in Fig. 4(a) correspond to

stationary operating points with P/, = P, =160 MW
and P;}.id = PgB;.id = 55 MW active power, respectively,

using a power factor of cos(p) = 0.9 to calculate the cor-

. . A _ B
responding reactive power Qg.,; = Qg.4-
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0.00 [y N

-0.25

2.5 w T - - -
hol ) Pus Pps e gpr ----Ww

15[

2]

=
=
=]
=

—

1.0 R m iyt | e Ll D mdmmsooioooioooooo]

05 | A
0.0 |

Pgrid - Qgrid

Mechanical variables

[\®]
(e
[«)

—_
W
(e}

Powers in MW
—_
o
S

0.75 | | | |
0 10 20 30 40 50

Time in seconds

Figure 4: Fast change of operating points from P4

— B —
grid P)grid -
160 MW to PgA”.d = Pﬁid = 55MW: (a) System inputs, (b) mecha-

nical system variables, (c) active and reactive power and (d) magni-

tude of the stator voltage ﬂ?.

Fig. 4(b) shows the upstream pressure pys = pr(l7), the
downstream pressure pps = pg(0), the volume flow Gpr
and the rotational speed @ of the pump turbine. The rapid

reduction of the guide vane opening causes a fast decrease
of the volume flow Gpp. Furthermore, large oscillations
are induced in the upstream and downstream pressures,
which propagate through the pipe system as pressure wa-
ves. The peak value of the upstream pressure exceeds the
stationary pressure by almost 35%, which poses a possi-
ble threat to the pipe’s mechanical integrity. A similar
problem occurs for the downstream pressure which almost
reaches zero. In this case, cavitation can occur, which also
results in large stress of the pipe system and the turbine.
These simulation results show that water hammer effects
are immanent hazards to pumped storage power plants if
fast changes between operating points occur.

In Fig. 4(c) the active and reactive output power of one
plant unit are shown. The pronounced oscillating behavior
after changing the operating point indicates a significantly
faster dynamics of the electric system in comparison to the
hydraulic and mechanical system. This fact can be advan-
tageously used for the design of a control strategy, where,
e.g., a cascaded control of the electric and hydraulic sy-
stem is employed. Note that the oscillations in the electric
system can be easily suppressed by a suitable control of
the inverter of the DFIM. Finally, the magnitude of the
stator voltage

ap =/ (if)" + ()" (35)
is depicted in Fig. 4(d), which also shows large variations
during the fast transition. Fig. 5 illustrates this transition
in the pump turbine characteristic map.

15[x=095" ‘ Trajectory
¥ =0.76
R Y =055 + Start
= 1F x End
3: x =0.33
S os5lX= 0.17 N
x =0.06
|

0 | | | | I | | |
05 06 07 08 09 1 1.1 12 13 14 1.5
Ny /Ny,

Figure 5: Fast change of operating points from PgAM.d = Pf”.d =

160 MW to PgA”.d = Pﬁid = 55 MW: Trajectory in the pump turbine

characteristics.

To point out the strong dynamic coupling between the
plant units, the simulation is repeated applying the step-
like changes in Fig. 4(a) only to unit A, while keeping
the inputs of unit B constant. Fig. 6 reveals that the
pressure waves initiated at pump turbine A travel along to
pump turbine B, driving it away from its initial stationary
operating point. At the end of the simulation horizon, the
system is in a condition of slowly decaying oscillations.
Apparently, in the case of independent operation, the plant
units can cause remarkable mutual disturbances, which
have to be thoroughly treated by a control strategy.

Large oscillations in the pressures and the active and re-
active power are inadmissible in practical application and
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Figure 6: Fast change of operating points for independent operating
plant units: (a) Upstream pump turbine pressure pys and pump
turbine volume flow ¢pr of units A and B, (b) Downstream pump
turbine pressure ppg and angular velocity @ of units A and B.

are prevented by limiting the rate of change of, e.g., the
guide vane position y in existing pumped storage power
plants. This, on the other hand, also limits the rate of
change of the output power, which is a major drawback
if the power plant should be used for the stabilization of
fast fluctuations in the grid. An accurate model which cor-
rectly predicts the water hammer phenomena in the pipe
system, as the one presented in this paper, is thus indis-
pensable for the design and test of control strategies which
allow for a fast reaction to fluctuations in the distribution
network.

4. Optimal Stationary Operating Points

The presented dynamical model can be used as the basis
for dynamic simulation studies, the design of control and
observer strategies and the calculation of optimal statio-
nary and dynamic operating strategies. In this section, op-
timal stationary operating points are calculated for given
values of the active and reactive power, Py.iq and Qgrid,
respectively, based on a minimization of the overall sy-
stem losses. To do so, a stationary solution of the pipe sy-
stem model is determined in the subsequent section. This
stationary pipe model in combination with the stationary
equations of the electric system serves as the basis for the
formulation of the optimization problem to minimize the
system losses.

4.1. Stationary Solution of the Pipe System

If the time derivative dp/dt in (31a) is set to zero, it is
immediately clear that the volume flow ¢(z) is independent
of z, i.e. ¢(x) = g = const.. Using this result and dq/0t =

0 in (31b), and integration over the pipe length [, gives
the pressure drop p(l) — p(0) over this pipe segment in the
form

1
p(1) = p(0) — g(1)?p 22"

_ 1
(A(0))?

2

_ @ 171 T — sin(a

qW1gOIG [ s = palsin(e)
(36)

Application of this stationary solution to the equations of
the interconnected pipe system gives, after some calcula-
tions, the stationary solution of the overall pipe system in
the form

2
0=pg(Hy — Ho(x*, N*, qpr)) + (apr) co

— (gpr + aBr) |Q£T + qu| a1 — qpr ’qu‘ C2
(37a)

2
0= pg(Hy — Ho(x®, N®,4870)) + (aBr) " co

— (gpr + aBr) |Q§T + qu| a —qBr |QET| c2,
(37h)

where A and B refer to the two pump turbines of the
pumped storage power plant. The overall gross head H,
is given by

12
Hy=PURZPLR L N, 31, sin(as)
Py i=1

and the coefficients co, ..., in (37) are defined as

SHESRED)

P A S o
@ =535 ) S

Therein, the set I. refers to the pipes which are common
to both pump turbine units, I, = {1,...,5,10,...,12}
and I summarizes the branched pipe segments, i.e., I, =
{6,...,9}.

The hydraulic input power for the turbine operation is
defined as

Payain = pg (air +afir) Hy + ((apr)" + (aFr)") co.
(39)
Utilizing the stationary solution (37), the balance of hy-
draulic power can be formulated as Phyq,in = P/ + PE +
Pyiss, with the hydraulic input power PZ-’;‘L and Pfl of pump
turbine A and B, respectively, and the dissipated power
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Pj;ss due to the friction in the pipe system. Finally, a stationary operating point is obtained by (37)
and by setting the right hand sides of (15) and (34) to

P{: = PQQéTHn (XAa NAv ‘J?T) (40a) Zero.
PB = pgqB,H, (XB7 NB, qlij) (40b) For a stationary operating point to be feasible, the con-
traints of the real system have to be met. The guide vane

P = (g2 B y2|,A B 40 s ! Y - g
aiss = (apr + qI;T) lapr + qPTlcl (40c) position 7 is limited by Xmin < X’ < Xmaz, Which can be
+ ((qéT) |q£T’ + (qET) ’qIED’TD c2 equivalently formulated by
; o
4.2. Constrained Nonlinear Optimization Problem h1(x,u) =X’ = Xmaz <0 (44a)
In this section, optimal stationary operating points for R} (x,1) = —x? + Xumin <0, (44b)
the pumped storage power plant comprising two pump tur-

bines, which share a common pipe system, are calculated. ~ for j € {A, B}. The stator and rotor current amplitudes
The main goal is to minimize the losses P, of the over- of the DFIM are limited due to thermal constraints in the

all hydraulic and electric system. The stationary system form
losses consist of ) b i\ 2 b 9
J _ J Dj *Dj
e pipe friction losses, h3(x, u) = (Zdl ) * (qu ) B (Zl’m‘”) <0 (44c)
J _ (7Dj 2 D3 2 zDj <
e hydraulic losses in the pump turbines, hy(x,u) = (145 ) + igs ) — "2max) <0 (44d)
e mechanical friction and ventilation losses and

and the rotor voltage amplitude is basically limited by the

e electric losses including losses of the VSCs as well as DC voltage of the VSC

copper and iron losses of the converter transformers ] b D2 b
and the DFIMs. hi(x,u) = (%12]) + (anJ) - (UQ inax) <0, (44e)

A per unit representation of the complete system is applied
for the numerical treatment of the optimization problem,
using the respective base quantities, see Tables 1 and 5.

j € {4, B}. Finally, the rotor active power is limited due
to the thermal constraints of the VSC by

Instead of summarizing all the individual losses, the j DjxDj |, ~DjiDj 3
’ hg(x,u) =U 5075 + U510 PP <0 44f
overall losses can be formulated as the difference of the 6( ) dZDdzD qQDq2D % ";” - (44f)
hydraulic input power Phyd in and the power supplied to h(x,u) = *Udzjldzj - quj q2] Pyas < 0. (44g)
the distribution network P orid T Pg”d, o ) )
The respective limits are summarized in Table 6.
P(x,u) = Pryd,in — Pgéid - Pﬁiw (41)
Therein, the input and output power are (nonlinear) Table 6: Limits for the inequality constraints (44).
functions of the system state x and system input u Parameter Value
T B B T B T Xmin 0.06
x = [qﬁT ot (x)T @By &P (xB) } (42a)
Ymas 0.95
ul = [XA (ugx)T B (uE)T} . (42Db) PP 0.082
i mas 1.000
In addition to minimizing the overall system losses, the 7P 1.346
stationary operating points should be calculated such that ~ L’)maz 0121
the active and reactive power P’ " rid and ngd, j € {A, B}, Y2,maz .
supplied to the grid by the two DFIMs are equal to the
desired values PJ” , and an ;- This is considered in the In order to avoid results outside of valid area of the
optimization task by the equality constraints interpolated pump turbine characteristic maps, cf. Fig. 3,
) the auxiliary inequality constraints
g{( ) Pgrld ngmd 0 (43&) .
j * h (x Pl — Pl <0 45
g%(x’u) = g]ri,d ;”d 0, (43b) 8( ) out in = Y ( )

j € {A,B}. Furthermore, in order to reduce the losses  j € {A, B}, are introduced. Therein P!, = &IT},. and
of the grid side 1nverter it is common practice to set the P! represent the per unit mechanical output power and

reactive power Q1 at the converter transformers to zero,  the per unit hydraulic input power, cf. (40a) and (40b),
ie. of the respective pump turbines.
Putting together the equality and inequality constraints
J 769569 _ ;€565 — ; )
g3(x,0) = Ui’ ig —Ugitel =0, J€ {4, B} (43¢) the task of calculating optimal stationary operating points
10
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is formulated as the constrained nonlinear optimization
problem

min  P(x,u)
u

s.t. g(x,u)=0 (46)
h(x,u) <0.

This optimization problem is numerically solved by a gra-
dient based method using the fmincon command of MAT-
LAB. The utilization of a B-Spline interpolation of the
pump turbine characteristics of Fig. 3 allows to provide
analytical expressions for all required gradients, which sig-
nificantly improves the accuracy and speed of the numeri-
cal solution.

In the following, optimal stationary operating points are
presented for four scenarios: (i) In the first scenario, both
plant units are operated identically, i.e. with the same
inputs, states and output power, which is a possible ope-
rating mode when the two plant units are owned by one
company. (ii) For small values of the desired grid power,
the results of (i) are compared with the optimal operation
using only a single plant unit, while the other plant unit
is switched off. (iii) Typically, both plant units distribute
their power to the same transmission line. Thus, the third
operating scenario examines if there are any benefits of a
coordinated operation of the two plant units. (iv) Finally,
the advantages of a variable speed system in view of the
overall efficiency of the plant and the operating range is
examined in the fourth scenario.

It has to be noted that the optimal operating points
are strongly influenced by the interpolated characteristic
maps Wg(x,0) and Wg(x,0), cf. Fig. 3. Therefore, the
reliability of the optimization results strongly depends on
the accuracy of the pump turbine characteristics.

4.3. Identical Operation of Plant Units

In this first scenario, it is assumed that both plant units
are operated identically in turbine mode, distributing the
same active power P;:id = Pﬁid to the grid. A series of 200
optimal stationary operating points is calculated for three
different gross heads Hy, = 275m, Hy, = 335m and H, =
395 m. Here, the first value corresponds to the minimum
gross head for almost empty upper reservoir and almost
completely filled lower reservoir, while the last value is
given for an almost completely filled upper reservoir and
almost empty lower reservoir. The range of the desired
active power Pg*r,id delivered to the distribution network is
then defined in the form

Pyiqg=100MW, ... 250 MW for H, =275m
Pyiq =100MW,...,340MW for H, =335m
Pyiq=100MW, ..., 350 MW for H, = 395m,

: * _ Ax Bx
with Pgrid - Pgrid + Pgrid'

;”.d = Q‘g“r*id + er’;d > 0 is set according to the power

The desired reactive power
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Figure 7: Optimal stationary operating points for identical operation
of the plant units: (a) guide vane opening X, (b) volume flow of a
plant unit ¢gpr and (c) angular velocity @.

factor cos(¢) = 0.9, which is the equivalent choice as has
been used in the dynamic simulations in Section 3.

The resulting values of the guide vane position y, the
volume flow gpr and angular velocity @ are depicted in
Fig. 7. Fig. 7(b) reveals that smaller gross heads H, im-
ply higher volume flows in order to produce the same hy-
draulic input power, cf. (39). This in turn leads to larger
guide vane openings, as depicted in Fig. 7(a). Fig. 7(c)
shows that the angular velocity of the plant units is gene-
rally decreased for lower desired grid power. The minimum
velocity is, however, limited by the constraints of the elec-
tric system described in (44c)-(44g), in particular by the
maximum rotor voltage which can be supplied by the VSI,
see also Fig. 9(b).

The overall system efficiency for the turbine mode

"’] =
Phyd,in

is depicted in Fig. 8(a), showing differing points of maxi-
mum efficiency for the three values of the gross head H,.
For all cases, however, a high overall system efficiency is
obtained in a rather wide operating range of the desired
grid power. To a significant degree, this can be attributed
to the variable speed operation of the plants, which, in
the case of H, = 335m, will be shown in Section 4.5. The

11
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Figure 8: Optimal stationary operating points for identical operation
of the plant units: (a) overall efficiency n and (b) operating points
in the pump turbine characteristics.

sticks to its upper bound for Py.;q < 206 MW resulting in
the limitation of the angular velocity in Fig. 7(c).
Finally, Fig. 10 shows the contribution of the different
parts of the plant to the overall system losses. Obviously,
the majority of the system losses results from the losses
in the pump turbine. On the other hand, with an over-
all amount of approximately 10 MW, consideration of the

(a) remaining losses (mechanical, electric and pipe friction los-
1.0 ‘ : ses) is certainly important and relevant for the calculation
2 0.8 |- i ===-al I of optimal operating points.
g 061 g, ﬁgz M
Eﬁ 041 B 4.4. Independent Operation and Single Plant Unit
E 8(2) | In the last subsection, it was assumed that both plant
: units operate identically. The purpose of this subsection
-0.2 is to analyze if an improvement of the overall system ef-
3 0 ] ficiency can be achieved by an independent operation of
S the two plant units, which means that the assumption
E 0.5 = Pgﬁ*g 1= me*d is dropped in the calculation of optimal ope-
2 00 i rating points. Moreover, it is examined in which cases it
N B I is more efficient to operate only a single plant unit and
g -0.5 _IJD/ lfg” “"13512;”2;” . to switch off the second plant unit. The subsequent op-
é 10 5 { ”lmaf ‘ P {szmax‘ ‘ timization results are calculated for H; = 335m, and the
100 150 200 250 300 350 entire possible pumping and turbine mode of operation is
Pyyiq in MW considered. The corresponding maximum and minimum

Figure 9: Optimal stationary operating points for identical operation
of the plant units and Hy = 335m: (a) electric system inputs and
(b) constrained electric variables.

operating points are represented in the characteristic map
of the Francis turbine in Fig. 8(b), where again the ope-
rating area with constant angular velocity can be clearly
identified.

Fig. 9(a) displays the electric system inputs, i.e. the ro-
tor voltages 45, ﬁqDQ and the grid side converter voltages
ﬂdCQ, 11(102, necessary to obtain the desired grid power for the
case H, = 335m. In Fig. 9(b), the corresponding constrai-

values of the grid power P ., are limited by the system
constraints. The desired reactive power Q;”-d > (0 is again
set according to the power factor cos(y) = 0.9.

Fig. 11(d) reveals that there is some room of impro-
vements in terms of overall efficiency in the case of inde-
pendent operation compared to the identical operation of
the plant units, in particular for the pumping mode. These
improvements of efficiency primarily result from reducti-
ons in pump turbine losses caused by asymmetric opera-
ting points, cf. Fig. 11(a)-(c). A larger share of the total
power is transmitted over a pump turbine unit that is ope-
rated at higher efficiency. Furthermore, Fig. 11(d) shows
that it is far more efficient to use a single plant unit for
small values of the grid power P,,;q, up to cases of almost
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Figure 11: Optimal stationary operating points for independent ope-
ration of the plant units and single plant unit: (a) guide vane opening
X, (b) volume flow of a single plant unit gpr, (¢) angular velocity @
and (d) system efficiency 7.

the maximum possible grid power of a single plant unit.
This results from the fact that the dominating part of the
overall system losses are the pump turbine losses, such
that it makes sense to choose operating points of the plant
where the efficiency of the pump turbine is best. Given
the results of Fig. 11(d) this is the case for large values of
the guide vane opening.

4.5. Variable and Fized Angular Speed Operation

In this final simulation scenario, the benefits of a va-
riable angular speed operation compared to an operation
with fixed angular speed with respect to the overall system
efficiency is examined. For this scenario, again an identical
operation of both plant units is considered.

Fig. 12(a) shows that the overall system efficiency can
be significantly increased by the variation of the angular

a
0.95 \( )
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Figure 12: Optimal stationary operating points for variable and fixed
angular speed operation: (a) overall system efficiency 7, (b) and (c)
operating points in the characteristic map of the pump turbine.

speed of the pump turbine, in particular in operating ran-
ges with a power below the rated power of the plant. Mo-
reover, the overall feasible operating range of the pump
turbine is increased by variable speed operation, which
is most visible in the pumping mode of the power plant.
Fig. 12(b) and 12(c) show the operating points in the cha-
racteristic map of the pump turbine.

Finally, Fig. 13 shows the values of the guide vane posi-
tion, the volume flow of a single plant unit and the angular
speed corresponding to the optimal operating points. It
can be deduced from these plots that in the pump mode
more water can be pumped from lower reservoir to the up-
per by the variable speed plant compared to a fixed speed
plant, while using the same electric input power. Analo-
gously, less water is necessary to generate the same power
using a variable speed plant compared to a fixed speed
plant. These results clearly show the advantages of using
a variable speed pumped storage plant system.
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Figure 13: Optimal stationary operating points for variable and fixed
angular speed operation: (a) guide vane opening X, (b) volume flow
of single plant unit ¢pr and (c) angular speed @.

5. Conclusions

In this contribution, a detailed mathematical model of
a variable speed pumped storage power plant is presented.
The behavior of the electric and mechanical key compo-
nents are considered to obtain a comprehensive description
of the overall dynamic system behavior. In particular, the
infinite-dimensional nature of the pipe system is properly
handled by the application of the Method of Characteris-
tics, accurately reproducing important dynamical effects
like wave propagation due to water hammer. This mathe-
matical model can therefore serve as a basis for dynamical
simulation studies and the development and test of (opti-
mal) control strategies.

The proposed model is also utilized to calculate optimal
stationary operating points of minimum energy losses. The
most important energy losses including pump turbine los-
ses, pipe friction, mechanical friction as well as several elec-
tric losses are systematically included in the model. The
nonlinear optimization problem also takes into account the
constraints of the system states. Optimization results for
different operating scenarios are presented, which clearly
show the advantages of a variable speed plant compared
to a fixed speed plant. Moreover, some important conclu-
sions on the optimal operation of variable speed pumped

14

storage power plants with double fed induction machines
are drawn from these optimization results.
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