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Reduced Model for Control in a Hydroelectric Unit at Off-Design
Operation

Simon Gerwig, Bilal Sari, Federica Garin and Carlos Canudas-de-Wit

Abstract—This paper describes the development of a
reduced-order linear mathematical model of a hydroelectric
unit subject to pressure perturbations in the draft tube of the
hydraulic turbine, as it is the case at off-design operation (par-
tial load or full load). The objective behind this development is
to design a control algorithm able to attenuate the effect of these
hydraulic pressure oscillations on the hydroelectric unit. First,
we develop the reduced-order linear hydraulic model of the
turbine and the pipes. Then this hydraulic model is combined
with a reduced order model of a single machine infinite bus
(SMIB) system. Finally we present simulation results of a
controller designed with this model.

I. INTRODUCTION

Hydroelectric power plants contribute to the stability of
the electrical network thanks to their fast time response in
comparison to other electricity sources. The hydraulic turbine
converts the potential energy of water stored in natural or
artificial reservoirs into rotating mechanical energy, which is
then converted to electricity by the electric generator. Fig. 1
is a drawing of a two-units hydroelectric powerplant showing
two reaction type turbines with their draft tubes and the
generators.

Typical Francis or pump turbines are designed for an
optimal flow and are operated around this point. With the
increase use of intermittent energy sources such as solar
panels and wind turbines, the operating range of the turbines
is extended. At off-design operation of the hydraulic turbine
(when the flow through the turbine is smaller or larger than
the optimal flow), some hydraulic phenomena set up in the
draft tube and produce pressure oscillations. At partial load,
for example, a helical vortex rope builds up in the draft
tube and induces pressure oscillations in the hydraulic system
with a frequency in the range of 0.2 to 0.4 times the turbine
rotational frequency [1]. These pressure oscillations are con-
verted into mechanical torque oscillations and eventually into
electric power oscillations. Therefore the idea is to design a
control algorithm able to attenuate the effect of these pressure
oscillations on the hydroelectric unit. An important effort
towards this aim is to find a suitable model of the physical
system, simple enough to make the control design effective,
but rich enough to capture the system behavior.
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Fig. 1. Hydroelectric power plant picture with 1) the hydraulic turbine, 2)
the turbine draft tube and 3) the synchronous generator.

A. State of the Art

The primary focus of the control literature of hydraulic
turbine is to tackle the two main features of the hydraulic
system, the non-minium phase characteristic and the nonlin-
earities of the turbine [2] [3]. Therefore mathematical models
have been developed to represent these two aspects and [4] is
the result of a working group on turbine modeling, where the
authors develop several models of nonlinear ideal turbines
along with models of pipes taking into account traveling
waves or not through the use of hyperbolic functions.

Several strategies have been developed to design a con-
troller able to control the nonlinear turbine, such as PID gain
scheduling [5] which uses linearized characteristic curves for
the turbine model, robust control [6] with the linear ideal
model described in [4] and adaptive control [7].

Predictive control has been developed on a six-units power
plant in [8] where the authors have developed a linear model
of the hydraulic turbines sharing a common penstock and a
linear model of the electric generator. They compare their
proposed algorithm with the classical PI controller in terms
of cross-coupling between the units.

One-dimensional dynamic models of pressure perturba-
tions occurring at partial or full load exist in the hydraulic
literature [9], [10] which rely on two parameters character-
izing the vortices. A more simpler approach is to represent
the pressure oscillations as an external perturbation as in [1].
The latter will be used here.

Some authors have considered the partial vortex effects on
the active power. In [11], they consider torque oscillations
at partial load and tune the power system stabilizer (PSS)



of a the synchronous machine to damp the active power
oscillations. In a similar manner, the author in [12] tunes
the PSS of the unit to damp the effect of the vortex rope
oscillations considering that there is an external perturbation
acting on the mechanical torque.

B. Paper Contribution

In this paper, we develop a reduced order mathematical
model of a hydroelectric unit subject to off-design pressure
oscillations. We consider that an external perturbation is
entering the system in the draft tube of the turbine, with the
perturbation modeled as a sine function of known frequency.
The hydraulic sub-system is represented by a linear model
taking into account travelling pressure waves into the pipes
using the finite elements method and the turbine is modeled
by a linearization of its characteristic curves. After an order
reduction, this hydraulic model is combined with a linear
third order model of a synchronous generator connected to
an infinite bus. We finally present simulation results of a
controller designed with this model.

II. NOTATIONS AND DEFINITIONS

TABLE I
HYDRAULIC NOTATIONS

TABLE I
ELECTRO-MECHANICAL NOTATIONS

P Q Active and reactive powers transmitted
© %1t | to the grid at machine terminals (p.u.)
FE¢, Iy | Voltage and current at machine terminals (p.u.)
Eyq | Excitation voltage (p.u.)
® | Power factor angle (rad)
6; | Internal angle (rad)
wr | Rotational speed (p.u.)
Kp | Friction coefficient (p.u.)
H | Inertia constant (p.u.)

ed,eq | Terminal voltage d, g-axis components (p.u.)
i4,1q | Terminal current d, gq-axis components (p.u.)
Epqg, EBq | Bus voltage d, g-axis components (p.u.)
6 | Load angle (rad)

Ep | Bus voltage (p.u.)
irq | Rotor field current (p.u.)
Waod, Yag | d, q-axis flux linkage (p.u.)
Xas,Xg¢s | d, q-axis saturated reactances (p.u.)
R, | Stator resistance (p.u.)

Ladu, Lags | Unsat. and saturated mutual inductance in d-axis (p.u.)
Xg,Rg | Line reactance and resistance (p.u.)
Ly¢q,Rpq | Rotor field leakage inductance (p.u.) and resistance

L; | Leakage inductance (p.u.)
X (lis Transient d-axis saturated reactance (p.u.)

Infinite
Bus

Inertia

Upstream

Reservoir | Turbine | _Pipe I

Penstock (PS) Pipe2

q(z,t) | Water flow in pipe at section x and time ¢ (m3 /s)
qt | Water flow through the turbine (m3 /s)
h(z,t) | Water head at section  and time ¢ (m)

>
Q3

Guide vane opening angle (degrees)
Mechanical torque produced by the turbine
Linear abscissa along the pipe (m)

Time (s)

Acceleration of gravity = 9.81 m/s?

Pipe length (m)

Pipe area (m?)

Pipe diameter (m)

Wave propagation velocity = 1200 m/s
Head loss constant

!

~o Ub e « 83

Water head difference between inlet and outlet of the turbine (m)
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Reservoir

Fig. 2. Hydroelectric system schematic diagram. The hydraulic subsystem
consists of an upstream reservoir, a penstock, a pump turbine which draft
tube is modeled by two pipes in series with a pressure source (PS), and a
downstream reservoir. The turbine provides rotating mechanical energy to
the synchronous generator which is connected to the electrical grid through
a line impedance.

Draft tube

where Ay, is the amplitude of the perturbation in meters, wp,
its frequency in rad/s and ¢ the time in seconds. With labo-

III. SYSTEM DESCRIPTION AND MATHEMATICAL MODEL
A. System Physical Description

We consider a hydroelectric unit where a penstock is
providing water from an upstream reservoir to a reaction tur-
bine (Francis for example), from which the turbine produces
mechanical torque. This mechanical energy is then converted
to electricity by a synchronous generator connected to the
electrical network.

Mathematical dynamic models for off-design pressure
oscillations in the draft tube have been developed in the
hydraulic literature [10]. While these models are useful to
understand the phenomena, they are too complicated for
control design purposes. This is the reason why we consider
a simpler approach where the pressure oscillations induced
by off-design hydraulic phenomena are considered to be an
external perturbation. This external perturbation h,, will be
mathematically represented by a sine function:

he = Ap sinwyt, (D

ratory and on-site measurements, it is possible to determine
wp,. The amplitude Ay, is difficult to determine because this
model of the perturbation is not directly measurable in reality
and because it depends on the operation point, it should be
treated as an unknown parameter.

B. Hydraulic Subsystem Mathematical Model

Turbine: The hydraulic turbine mathematical model is
made of characteristic curves [2]. These charts are built from
laboratory measurements and consist of nonlinear mappings:

qt = fl (hna Wr, a)
Ty = f2(hna ) a)-
Where g, hy,, wy-, @ and T}, are given in Table I and Table II.

We can linearize these equations around an operating point
(Gto> Png» Wry» @0, Ty ) and we get

2

Ags = a1 Ahy + asAw, + asAa
A:ern = ﬂlAhn + ﬁ2Awr + BSAav

where the «;, 8; are the tangents of curve at the considered
operating point.

3)



Pipes: The dynamics of the conduits is described by the
hyperbolic partial differential equations:

pduet) | Oht)
9q(x,1) Oh(z,t) = f _

We discretize these equations by using the finite elements
method, we now consider that the pipe of length L is made
of N, pipe elements of length dx = L/N,. The number
of elements IV, has to be arbitrarily high to be as close as
possible to reality. We can apply (4) on each small element
and linearize around the operating point (hg, qp). For ¢ =
1,..., N, we obtain:

Agiv1 — Agi + 01% =0
dAg: )
Ahiyr/2 —Ahi_141/2 + o2+ 03Aq; = 0,
where
oy = Agdx oy = dz - flgoldz ©)
a? ’ Ag’ 2gDA2"

Finally, the full model of a pipe discretized in IV}, elements
can be expressed by

Aq Aqy Ahiy
Ahiy1)2 Ahyiy1)2 0
d Aqy Aqa 0
A— : by : = :
Agn, Agn, 0
Ahpy, 412 Ahn, 112 0
Aqn, 11 Aqn, 41 —Ahout
(7N
where A and ¥ are defined by
1 1
A:diag(idg,Ul,Ug,...,0'2,0'1,50’2) (8)
%0'3 1 0
-1 0 1 0
0 -1 o3 1 0
Y= .9

0 -1 o3 1 0
0 -1 0 1
0 -1 ioj

Full reduced-order hydraulic subsystem: We use 40
elements for each pipe of the hydraulic system using (7) to
have a good accuracy for the low frequency eigenvalues, and
combine these equations with the turbine equations (2). This
high order nonlinear model is implemented in the software
package Simsen [13] and will be used later for the numerical
simulations.

This model is linearized around the operating point gy =
0.5 p.u. where we observe the partial vortex rope. The head
deviations at the upstream and downstream reservoirs are
neglected and the external perturbation adds a difference in
head between the outlet and the inlet of pipe 1 and pipe 2
respectively, see Fig. 2.

TABLE III
PARAMETERS OF THE CONSIDERED SYSTEM

Rated active power 130 MW
Rotational speed |136.36 rpm
Rated head 71 m
Rated flow 200 m3 /s
Penstock length 400 m
Perturbation frequency 0.5 Hz

Magnitude (dB)

-100

-120
10

10° 1

10
Frequency (rad/s)

Fig. 3. Bode diagram comparison between the high order and the reduced
order models for the transfer function from the perturbation in the draft tube
to the mechanical torque.

The hydraulic model obtained has 241 states hence we
need a reduced-order model more suitable to control design.
We carry out a frequency analysis of the transfer functions
from the guide vane opening « and the perturbation h,, to the
mechanical torque T,. For this purpose numerical values of
a physical system are needed, and as an example, the data of
a real project developed by Alstom are considered. We also
have used the laboratory and on-site measurements at off-
design operation of the turbine necessary to characterize the
perturbation. The main specifications of the physical system
can be found in Table III.

For the model reduction, we make the assumption that
the actuator bandwidth is limited to 5 Hz, and the pressure
perturbation induced by the partial load vortex rope has a
frequency, w, = 0.5 Hz in (1). Hence, we keep the poles and
zeros of the system in this frequency range. Fig. 3 shows the
Bode diagram comparison for the transfer function between
the perturbation input h,, and the mechanical torque 7,.

The resulting state-space hydraulic model of order 7 is
represented by

Xy, = Ap Xy + Bra + Bhew, + Bhuwhu

10
YhZTmZChXh-i-Dh(j), (10)
where X is the state vector, o the guide vane opening
(control input), w, the rotational frequency, h,, the head
perturbation from (1) and Y}, the output. All these variables
are deviations around an operating point.



The matrix entries of Ay, Bhe, Bhw, Ch and Dy, can be
found in Appendix I.

C. Electro-Mechanical Subsystem Mathematical Model

We model the generator and the electrical network as the
well known SMIB (Single Machine Infinite Bus) [3]. The
third order nonlinear model is linearized around an operating
point (P, , Et,, Q,)- The resulting linear state-space system
is described by

Xe = A(’Xe + Be <ATm)

AEjq (11)

Y, = C.X..

where the algebraic expressions of the variables are defined
as follows:

Aw,
Aw, AP,
Xe = Ad ) }/e = AQt y
A\I/fd AE,
a1l a2 a3 bip 0
Ao=lan 0 o), B.=[0 o],
0 aip 0ai13 0 b32
1 0 0
C. = 0 co2 93
0 c32 c33

The expressions of the a;;, b;; and c;; constants and of
the initial conditions can be found in Appendix II and the
numerical values in Appendix I.

D. Full Hydroelectric Mathematical Model

We aggregate the two subsystems together to obtain a
state-space model of a hydroelectric unit with a hydraulic
perturbation in the draft tube:

T = Ax + Bu + Byhy (12)
y = Cu,

where the state vector x is a concatenation of the hydraulic
state vector X; and the electric state vector X., y is the
output vector, u is the control input and h,, is the hydraulic
perturbation input.

_Xh _ _0[
= () e = (i)

The concatenated matricoes gre defined as follows:
Ay, Bhe
A= 0 0 O ’
b11Cp .
0 0 A,
0 0
b11Dp, 0 O
A=A+ 0 0 0],
0 0 0
0
By, :
B = 7L,C=(0417‘Ce).
blth1 0
0 0
0 b2

IV. MODEL SIMULATION

We now compare our developed 10th order model to the
full nonlinear model through simulation in closed-loop with
the system subject to a pressure perturbation in the draft tube
represented by (1) with Ay = 0.055 p.u. and wy, = 7 which
corresponds to a perturbation frequency of 0.5 Hz. This
comparison is done with the classical controllers designed
to have both good tracking and regulation performance on
the active power for the turbine and the voltage for the
generator. The full nonlinear model is implemented in the
software package Simsen [13], which has been validated with
on-site measurements to simulate the hydraulic subsystem.
The turbine is modeled with the nonlinear hill charts (2)
and the hydraulic subsystem is modeled with a high number
of pipe elements in each pipe using (7). The generator
mathematical model is the 7-th order nonlinear model with
damper windings along with the second order network model
[3] with X = 0.3. The resulting model has an order 130.
The same controller topologies are used for both models,
the results are displayed in Fig. 4 for the active power and
the voltage. The deviations of the reduced model from the
full model are displayed in Fig. 5. Wee see that our reduced
model is close to the full model in this case.

V. CONCLUSION

We developed a 10th order model of a hydroelectric
unit subject to hydraulic perturbations in the draft tube,
for example pressure oscillations induced by partial or full
load vortex rope. This model captures the dynamics of the
water-hammer effet (travelling waves) in the pipes, we used
the finite element method in this purpose and the model
was reduced by keeping poles and zeros in the frequency
region of interest for the control loop. Finally, simulation
results were presented of our designed model compared
to the full nonlinear model when the system is subject to
pressure perturbation in the draft tube. The details of a
control algorithm designed with this model will be published
in a forthcoming paper.



Active power (p.u.)

15 55
Voltage (p.u.)
11.004

Fig. 4. Comparison of 10th order model (—) with the 130th order model (-
-) in closed-loop whith the system subject to a sinusoidal head perturbation
of amplitude 4 m and frequency 0.5 Hz from 15s to 55s.

Active power difference (%)
1+2.7

15 55 t(s)
Voltage difference (%)

10.45

||R.03

15 55 t(s)

Fig. 5. Deviation of the 10th order model from the 130th order model in
closed-loop whith the system subject to a sinusoidal head perturbation of
amplitude 4 m and frequency 0.5 Hz from 15s to 55s.

-0.81 131 74 0.52 1.1 5.1 5.8
-129 -1.0 3.1 1.8 5.2 4.0 -—-1.7
7.6 -34 -0.59 221 5.4 6.1 2.1
-07 -18 -—-222 -077 41 -84 -28
-094 -52 -50 =38 -12 46 —-43
-53 —-42 -6.1 8.6 -49 -11 -1.2
—6.2 2.0 —-2.9 3.0 4.4 1.1 —-11
—-0.33 0.027
—0.99 1.1
0.18 —0.68
By, = -1.6 Bhe = 1.9
1.2 -1.1
—-1.0 0.92
—-2.8 2.9
—0.15
—0.14
—0.10
Bhw = 0.040
—0.50
0.10
0.40

Cp= (14 -20 19 -35 28 —093 -5.2)
Dy = (-23 —4.6)

B. Electrical Subsystem

The electrical subsystem is linearized around the oper-
ating point P, = 0.5 pu, Ey, = 1 pu. and @y, =
0 p.u. which is equivalent to considering the bus voltage
Ep, = 1 p.u.. The matrices of (11) are expressed below.

0 -0.18 —-0.11 0.16 0
Ae = <314 0 0> B. = ( 0 0 )
0 —0.073 —-0.27 0 0.13
1 0 0
0 1.10 0.69

0 0.14 1.39

0 —0.0044 0.40
With the synchronous machine parameter numerical values
detailed in Table V.

Ce =

TABLE V
ELECTRICAL NUMERICAL VALUES

Xgs = 0.971 L; =0.175
Xgs = 0.682 Rg =258 x 1073
APPENDIX I Lggy = 0.918 X/ =0.277
NUMERICAL VALUES Lads = 0.796 | Lags = 0.507
Lyq=0.155 Rjq=3.92x 107"
A. Hydraulic Subsystem Xp =03 Rp = 0.03

The hydraulic subsystem is linearized around the operating
point T;,,, = 0.5 p.u. with the parameters given in Table IV.
The numerical values of the matrices of (10) are given here:

TABLE IV
HYDRAULIC NUMERICAL VALUES

Penstock Pipe 1 & 2 Turbine
L;=400m Lz =13m a1 =0.39 p1 =111
Np =40 az =1.34 B2 = 1.36
D=790m a3 =—1.64 B3 =-11.29
f=10"? Ymaz = 35.5°

APPENDIX II
ELECTRO-MECHANICAL MODEL

In this section, we define the matrices of the electro-
mechanical state-space model as well as the expressions to
calculate the initial conditions of the machine. Table II is the
nomenclature of all electro-mechanical variables.

A. Matrix Constants

We develop here the expressions for the matrix constants
of (11), [3].

Kp

a11 = — 577

2H

Ky
a2 = — 547 @13 =

2H

K2
2H



OJQRfd

a1 = wo = 27 fy azg = — I mi Lo g
fd
wolyq Ly /
= — 1 - aas + L ]
a33 Lfd Lfd maliggs
by = o _ woltsa
ne 2H 82 Ladu

Co2 = nl(\IjadO + Laqsid() - Raqu)
—m1(Vago + Lagsiqo + Raiao)

C23 = N2 (\IjadO + LaqsidO - Raqu)
li

) ) L. .
— ma(Vago + Lhysiqo + Raido) + L‘;‘ZS iq0

cs2 =mi(Vaao — (L + L,y )iao)
+ nl(\I’uqO - (Ll + Laqs)iqo)
cs3 = ma(Vaao — (Ly + Ly )iao)
!

. Ly, .
+ nQ(\I]aqO - (Ll + Laqs)qu) + d: 140

Lfd
e
Cyo = ﬂ(_Raml + Ling + Lagsni)
Eyo
@(—Ranl + Limq + Lgdsml)
Ey
e
C43 = ﬂ(_RamZ + Ling + Logsna)
Ey
er / ].
O ( Ry + L Lo | —
+Eto < n2 S s [Lfd m2D

Kl = nl(\lladO + LaqsidO) - ml(\llaqo + L:zdsiqo)
Ky = n2(¥ad0 + Lagsiao) — m2(Yaqo + Ligsiqo)

4 L:zds qu
Lyq

Ep(Xr, sindy — Ry cosdg)

mi =

D
Ep(Rrsindg + X1, cosdp)
ny =
D
XTq Lads RT Lads
mo = Ng = ——

D (Lgas + Lya) D (Lgas + Lyq)

XTq =Xg+ (Laqs + Ll) =Xg+ qu
Xr,=Xg+ Ly + L) = Xg + X)),

DZR%—&-XTQXTL{ Rr =R, + REg
;L 1
ads — 1 N 1
Lyas  Lya

B. Initial Conditions

Py, Qi and E;o at the operating point are fixed and
the following expressions are used to compute the initial

conditions [3].

V P+ QF P,
I _ t t (D — —1
t 7Et cos <Et-[t
5 — tan-! Xgslycos® — Ryl sin®
¢ Ei+ RyIicos @ + Xyol; sin ®

ed, = Eysind;
i, = It sin(0; + @)

eqo = Eicosd;
iqo = Iy cos(6; + @)

EBdO =eq, — REido + )(Eiq0

EBQO = €qo — REiqo — Xpgid,

Epqy
Ep, =./E%, + E? 8o = tan~? (°>
o Bdo Baqo Epa,
. €qo + Ratg, + Lysiq .
Lfdy = = an[; o Efdo = Laduzfdo
aas
\I/U«do = Lad8<_id0 + ifdo) \I’GQO = _LaqSiQO
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