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a  b  s  t  r  a  c  t

Pumped  storage  hydro  (PSH)  based  generation  of  electricity  is a  proven  grid  level  storage  technique.  A
new  configuration  i.e.,  adjustable  speed  PSH  (AS-PSH)  power  plant  is modeled  and  discussed  in this  paper.
Hydrodynamic  models  are  created  using  partial  differential  equations  and the  governor  topology  adopted
from  an  existing,  operational  AS-PSH  unit.  Physics-based  simulation  of  both  hydrodynamics  and  power
system  dynamics  has  been  studied  individually  in  the  past.  This  paper  demonstrates  a co-simulation  of
an AS-PSH  unit  between  penstock  hydrodynamics  and  power  system  events  in  a  real-time  environment.
Co-simulation  provides  an  insight  into  the  dynamic  and  transient  operation  of  AS-PSH  connected  to a
bulk  power  system  network.  The  two modes  of  AS-PSH  operation  presented  in  this  paper  are  turbine
eal-time simulation
ower systems
ransients
o-simulation
ydrodynamics
ydroelectric power generation

and  pump  modes.  A  general  philosophy  of  operating  in  turbine  mode  is prevalent  in  the  field  when  the
prices  of  electricity  are  high  and  in the  pumping  mode  when  prices  are  low.  However,  recently  there  is
renewed  interest  in  operating  PSH  to also  provide  ancillary  services.  A real-time  co-simulation  at  sub-
second  regime  of AS-PSH  connected  to the  IEEE  14  bus  test  system  is  performed  using digital  real-time
simulator  and  the  results  are  discussed.

© 2017  The  Author(s).  Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the  CC

ower system stability

. Introduction

Electric grids around the world are undergoing a pro-
ressive transition towards a more modernized, resilient, and
elf-governing architecture and operation. All three – generation,
ransmission, and distribution sectors are experiencing significant
mprovements and upgrades in terms of infrastructure develop-

ent, increased penetrations by variable renewable generation,
nd novel management techniques. The generation sector of the
uture may  be well characterized as a unique blend of conventional
esources and non-conventional, non-dispatchable variable out-

ut resources. The optimum combination of generation resources

s based on their capability to complement one another, and to
upply real-time daily evolving demand according to established
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.0/).
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

reliability criteria. The transmission sector is rapidly evolving with
infrastructure upgrades of transmission line design and opera-
tion including extra high voltage alternating and direct current
transmission lines, multi-phase designs, hi-fidelity measurement
systems such as phasor measurement units, localized real-time
capacity monitoring, dynamic line rating, high speed commu-
nications, and, deployment of flexible AC transmission devices
(FACTS). In the context of deregulation, the Federal Energy Reg-
ulatory Commission (FERC) issued Order no. 888 that requires
utilities to provide fair open-access of transmission resources to all
market participants led a significant transformation [1]. The distri-
bution sectors are adopting innovative concepts such as microgrids,
distributed energy resources, reconfigurability and self-healing
network.

Wide-band semiconductor based power electronic converters
and their applications have a potential to provide a greater flexibil-
ity in all these three sectors of the grid. Prior to deregulation, power
generation plants in bulk power electric grids were deterministic

and dispatchable; hence they are predictable. However, the current
and future trend of increasing penetration levels of wind and solar
photovoltaic installations on the grid impart non-trivial stochas-
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Variable interpretation

x location variable (m)
t time variable (s)
U flow velocity in (m/s)
H head of the flow (m)
a pressure wave velocity (m/s)
g gravitational acceleration
D internal diameter of pipe (m)
f frictional factor
h height (m)
kfp normalized friction coefficient
h height (m)
P̄m mechanical power (p.u.)
At, Dturb turbine specific constants
ω̄ angular velocity (rads/s)

 ̨ constants for simplification
C1, C2, C3, C4, C5 boundary level constants (p.u.)
T(s) hydraulic circuit transfer function

¯hnum per unitized head values
¯unum per unitized flow values

T time constant of hydro channel
Z impedance of hydro channel
i(ra), i(rb), i(rc) rotor circuit currents in 3 phases
i(rd) direct axis rotor circuit current
i(rq) quadrature axis rotor circuit current
  phase difference
Ptotal total electrical power generated
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Pms, Pmr stator and rotor power
slip slip of the induction machine

icity to the generation dispatch [2]. The renewable energy sources
re connected in both aggregated and standalone configurations,
hus, diversifying the portfolio. The increase in renewable energy
ources coupled with the retiring of thermal power plants is leading
o reduced inertia in the grid [3].

System operators and utilities need adequate flexible resources
uch as hydropower, to dispatch within quick time during con-
ingencies and sudden loss of renewable energy generation.
rocedures to account for generation outages (N-1 contingencies)
xist with the system operators since the advent of interconnec-
ions and are developed to adopt the relevant North American
lectric Reliability Corporation (NERC) standards to maintain reli-
bility of the grid. FERC has approved NERC’s agreement with
he eight regional reliability organizations to ensure and enforce
he compliance of operations with the reliability standards [4].
hese procedures are based on theory of interconnected networks,
hysics of power systems and their control, and practical expe-
iences in grid operation. The generation variability introduced
y interconnection of renewable variable output energy sources
equires a different approach as compared to the one based on
ispatchable generator units [5,6].

Hydroelectric generation can be very effectively utilized in an
ptimization framework to accommodate the increasing pene-
ration of renewable energy resources [5,6,8–10]. The pattern of
lectricity generation using hydroelectric generation and other
enewable sources in the U.S. is shown in Fig. 1. The inference that
an be drawn is that hydropower technology is the largest producer
f clean energy in the U.S. It is expected, that renewable generation
ill continue to increase for the foreseeable future. Coordinated
ydro power generation can improve the grid reliability [11]. In
eneral, the growth in installed hydropower generation has fluctu-
ted in the past few decades but it is projected to increase in the
ear future as noted in the Hydropower Vision by the Department
Fig. 1. Electricity generation by hydro and renewable energy sources in the U.S.
(X-axis: year and Y-axis: electricity generated in million MWh).

of Energy (DOE) [12]. Fig. 2 shows the fraction of electricity gen-
erated by all hydropower technologies (including PSH) for leading
hydropower producing countries of the world [7]. According to the
National Hydropower Association (NHA) in the U.S. PSH plants exist
at 40 locations with installed capacity of approximately 22,000 MW
and future plants at 60 new locations with a total of 51,130 MW are
pending approvals [13]. The magnitude of storage potential using
PSH technologies is of significant value. Other potential attributes
of AS-PSH are frequency regulation in both pumping and gener-
ating modes, grid scale inertial response based storage, part load
pumping and ancillary services (load following, voltage support,
and flexible spinning reserve). The utilities in Japan were the first
to realize the benefits of adjustable speed pumped storage [14].

Specific benefits of AS-PSH operation include improvement of
system stability, better dynamic performance, use of multi-level
converters to enhance operational efficiency, enhanced market
prices, and smoothing of renewable energy are demonstrated for
the European and Asian grids in [15–20]. However, the aforemen-
tioned benefits are applicable to any grid interconnections and are
generalizable. Besides generating dispatchable power, hydroelec-
tric power plants were historically utilized to provide regulation
services and they can act as sources of spinning reserves. PSH can
also serve as a critical resource for black start procedures and sys-
tem restoration hence is an added advantage. The fast ramp rates
and quick response of hydroelectric power plants make them a
viable source as providers of balancing services and daily load
following [16]. The quantification of value of AS-PSH to the grid
as a critical task was identified and presented in [21,22]. For the
quantification of value, especially rotational inertia-like response
that the AS-PSH can provide to the grid, accurate modeling is
necessary for simulation, assessment, and market frameworks.
After a rigorous assessment of existing models in hydroelectric
power engineering a DOE report identified two major research gaps
namely, research and modeling of AS-PSH and modeling of Ternary
PSH units [23]. The challenges associated with PSH are high invest-
ment cost, licensing procedures, and availability of water especially
with power generation being a lower priority.

Dynamic models for AS-PSH available for power system stabil-
ity analysis are presented by treating the water column as a rigid
(transient) and elastic (long term dynamics) body both described
in [24,25]. The model proposed uses conventional hydro turbine
and pump head-flow curve with gate control for generation and
pump mode respectively. Models are also proposed based on com-
binations whether the plants have a common tunnel and multiple

penstocks [26,27]. One of the fundamental publications in analyz-
ing the transient response of AS-PSH based on a Hitachi design that
is operational in Japan is presented in [28]. The operational and
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ig. 2. Percentage of hydro power generation to the total electricity generation for le
eneration) [7].

ontrol philosophy during both generation and pump mode in the
itachi design is based on ‘active power control’. Two noteworthy

ontributions of this paper (1) controls are similar for both modes
n steady state whereas they vary considerably while in transient
tate and (2) advantage of active power based control over rotation
peed based control. Reference [29] explains the design consider-
tions and control implementation for both generation and pump
odes of a pioneering AS-PSH project at Okawachi, Japan in 1993.

he design considerations are based on active power control, speed
ptimization and stability, and frequency stability of the grid.

It is necessary that the active power and speed controls be com-
atible with one another for stable operation of the AS-PSH. The
ontrol strategies of AS-PSH and its implementation along with
he advanced governor design are of paramount importance for
uccessful operation. The advancement of the AS-PSH technology
equires novel control implementations and suitable testing mech-
nisms. As described and implemented in [27,30], there are two
rimary techniques of AS-PSH control namely, active power and

requency controls. Numerous control algorithms have been pro-
osed in this regard to optimize the performance of AS-PSH and
ested using both real-time and non-real-time (or offline) simula-
ion environments [7,23,24,26–32]. Real-time cosimulation of the
ydrodynamic and power system events to assess transient stabil-

ty is regarded as one of the most accurate means of understanding
he interaction of the two energy systems [33–35]. There are several
ther advantages of performing real-time simulation of AS-PSH as
roposed here namely, performing hardware-in-the-loop of power
onverters, machines, and controllers for testing under real world
onditions.

Multiple modeling efforts of PSH plants to date are based on
rdinary differential equations for the hydraulic circuit, reser-
oir, penstock, turbine, etc. [31,36–39]. However, AS-PSH modeling
ased on ordinary differential equations may  not be adequate
or studying transients in power systems. The main reason is the
ransfer function coefficients obtained from ordinary differential
quations are not valid in the milli-second time periods. Hence, an
S-PSH model based on coupled partial differential equations is
sed for a co-simulation in a real-time environment [22]. Transient
tability analysis of a test system is examined on the virtue of fast
ctive power control AS-PSH. A thorough account of the develop-
ent of the AS-PSH model and associated control models is also
rovided.
Section 2 describes the AS-PSH configuration modeled in this

aper. Additionally, modeling attributes of the AS-PSH for both gen-
ration and pump modes of operation based on a novel technique
 hydro producers of the world (X-axis years and Y-axis total fraction of hydroelectric

are briefly described in this section. Section 3 describes the IEEE 14
bus test system modeled in the Digital Real-Time Simulator (DRTS)
along with a description of the simulation. Section 4 describes sev-
eral scenarios that were simulated with pertinent observations to
assess the stability of the test system under fault conditions. Section
5 summarizes the results of the analysis performed in this study.

2. Adjustable speed pumped storage hydro model

The objectives and applications of developing the real-time AS-
PSH model in this paper are multifold and are based on extensive
literature review as presented in Section 1. In this paper the first two
objectives are demonstrated and the rest are noted as information.

(i) Creating physics-based, vendor-neutral generic model that can
provide a dynamic and transient response in real-time.

ii) Capability of simulating both turbine and pump modes of oper-
ation of AS-PSH.

iii) Capability to co-simulate the hydro-dynamics with other
domains i.e., electrical, mechanical, and thermal (power con-
verters) at microsecond level time-steps.

iv) Demonstrate the provision of both real-time energy and ancil-
lary services.

(v) Capability of providing an environment for Controller-
Hardware-In-the-Loop (CHIL), Hardware-In-the-Loop (HIL),
and Power-Hardware-In-the-Loop (PHIL) to serve as a verifi-
cation and validation platform.

AS-PSH units differ from conventional hydroelectric power
plant single-speed salient pole synchronous generating units in
two major ways – (1) recirculation of water between the upper and
lower reservoir and (2) the reversible doubly-fed induction electric
motor/generator connected to a pump/turbine water wheel, and
the rotor excitation with power electronic converters. Most practi-
cal AS-PSH configurations use the Francis water wheels with wicket
gates with suitable control configuration. This design philosophy
is similar to the Type 3 wind turbines based on power electronic
converters that assist in controlling the operation of the Doubly
Fed Induction Machine (DFIM) [40]. It is important to note, that
in DFIM topologies the rotational speed of the generator is fully
decoupled from the grid frequency unlike conventional PSH (syn-

chronous generator based) plants. The architecture of the AS-PSH
allows three modes of operation with – generation, pumping, and
idling capabilities [41]. In fact, with AS-PSH it is possible to pro-
vide both load following and frequency regulation. All these modes
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ation of the AS-PSH power plant.
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Fig. 3. A pictorial represent

f operation can be optimally utilized to enhance market participa-
ion and hence increase revenue. Fig. 3 depicts the AS-PSH modeled
nd presented in this study.

AS-PSH models have two main subsystems – hydraulic and elec-
ric. The hydraulic subsystem includes upper and lower reservoirs,
urge tank (typically used in modern designs), penstock, wicket
ates, unit shut-off valves, governor, and turbine/pump. The elec-
ric subsystem consists of the reversible electric motor/generator,
ower converters (machine side and line side), auxiliary power sup-
ly systems, and main power transformer. The rating of the power
onverter is a function of the desired range of speed adjustment of
S-PSH unit. A sample derivation of the power converter rating is
rovided in [42].

The objective of modeling AS-PSH hydraulic circuit was to obtain
 physics based representation of the mechanical, rotational inertia,
nd hydrodynamic loads during both turbine and pump mode of
peration. The methodology for modeling adopted in the proposed
ase is based on coupled partial differential equations solved for the
xpected boundary conditions between the different components
f the hydraulic subsystem. The basis of the modeling is the water
ow dynamic equations in a water conduit given the time evolution
f the pressure head H(x, t) and fluid velocity U(x, t). These equations
re also alternatively known as ‘water hammer equations’ [42] and
re summarized in (1) and (2) –

∂H
∂t

= −U ∂H
∂x

− a2

g

∂U
∂x

(1)

∂U
∂t

= −U ∂U
∂x

− fU|U|
2D

− g
∂H
∂x

(2)

In (1) and (2), H(x, t) is pressure head, U(x, t) is the fluid velocity,
 is the pressure wave velocity, g is gravitational acceleration, D is
nternal diameter of the pipe, and f is a friction factor. In addition
o (1) and (2), two more equations are critical for the formation of
he AS-PSH models and these are related to the flow velocity at the
urbine wicket gate and the turbine mechanical power. The flow
elocity of a particle under acceleration due to gravity at any point
an be determined from basic laws of motion and is given in (3).

eferring to Fig. 4 and considering the fact that the water flow in the
urbine is controlled by the gates located at the base of the penstock,
pplying the water hammer equations all the locations numerically
esignated for the hydraulic conduit. Stable solutions are obtained
Fig. 4. Hydraulic circuit of the AS-PSH with locations to solve boundary conditions
highlighted.

based on suitable boundary conditions is the proposed approach.
Combining all the five solutions representing the five hydraulic seg-
ments provides the transfer function between the upper reservoir
and the turbine gates i.e., between locations 1 and 5 as shown in
Fig. 4.

v =
√

2gh (3)

U5 = Ḡ
√
H̄5 (4)

where the function Ḡ defines the control operation of the opening
and closing of the wicket gates. Wicket gates are typically provided
by the turbine manufacturer.

Using the law of conservation of energy, the mechanical power
of the turbine is equal to the power transferred from the fluid.
The power transferred from the fluid computed as fluid veloc-
ity times pressure at the turbine gate less the no-load losses that
are accounted using a damping term that is proportional to speed
changes. With these considerations the mechanical power can be
written as:

P̄m = At
(
Ū5 − ¯UNL

)
H̄5 − Dturb (ω̄ − ω̄o) (5)
where the constants At and Dturb are turbine specific values pro-
vided by the manufacturer. The five equations (1)–(5) describe the
dynamics associated with the hydraulic subsystem of the AS-PSH
including the water hammering effects.
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There are several techniques for solving a set of partial differ-
ntial equations. Under conditions where simplifying assumptions
an be made, the integral transform method allows an analytical
reatment of the problem. In particular, the Laplace transform with
espect to time is a suitable candidate. When simplifications can-
ot be made, the full equations can be solved using a technique
hat transforms the ‘water hammer’ equations (1) and (2) to a set
f ordinary differential equations (ODE) that are then solved using
stablished numerical methods for solving ODEs, this method is
nown as ‘the method of characteristics’. A third method consists
f solving the partial differential equations directly, using the finite
ifference method. There are other solution approaches, but these
hree methods are the most commonly used. The choice of the

odel and solution method usually depend on the required fidelity
f the model in describing the important physics effects, the numer-

cal stability and numerical errors introduced by the method, and
omputation overhead (based on simulator type and its capacity).
he solution method used in this paper to solve the partial dif-
erential equations is the integral transform method. Noting that
he pressure wave velocity a in Eq. (1), typically 1000 m/s, is much
igher than the fluid velocity U, usually 10 m/s, the terms U ∂H

∂x

nd U ∂U
∂x

in Eqs. (1) and (2) can be neglected. A further simplifi-
ation can be obtained by neglecting the friction term in Eq. (2).
pproximations of the effect of the friction loss term can be added

o the frictionless solution afterwards [43]. The frictionless ‘water
ammer’ equations can be expressed as:

∂H
∂t

= −a
2

g

∂U
∂x

(6)

∂U
∂t

= −g ∂H
∂x

(7)

Using the integral transform method and applying Laplace
ransform to H and U:

L(x, s) =
∫ ∞

0

e−stH(x, t)dt (8)

L(x, s) =
∫ ∞

0

e−stU(x, t)dt (9)

Assuming the initial conditions of H(x, 0) = U(x, 0) = 0; and com-
ining the above equations:

∂H
∂t

= sHL(x, s) = −a
2

g

∂UL(x, s)
∂x

(10)

∂U
∂t

= sUL(x, s) = −g ∂HL(x, s)
∂x

(11)

Substituting  ̨ = g
a2 , the transformed water hammer equations

ave a general form as:

l(x, s) = − C1√
g˛

sinh
(
sx

a

)
− C2√

g˛
cosh

(
sx

a

)
(12)

l(x, s) = C1 cosh
(
sx

a

)
+ C2 sinh

(
sx

a

)
(13)

here C1 and C2 are the constants determined by the boundary
onditions. These equations represent the simplified form of water
ammer equations and can be applied to different locations i.e.,
1)–(5) in Fig. 4.

Applying the simplified water hammer equations to the top and
ottom of the penstock:
L4 = UL(0,  s) = C4 (14)

L4 = HL(0,  s) = − C5√
g˛

(15)
tems Research 154 (2018) 276–286

At the downstream end of the penstock, marked as location 5 in
Fig. 4:

UL5 = UL(L, s) = C4 sinh
(
sL

a

)
+ C5 sinh

(
sL

a

)
(16)

HL5 = HL(L, s) = − C5√
g˛

cosh
(
sL

a

)
− C5√

g˛
sinh

(
sL

a

)
(17)

Replacing C4 and C5 using the equations above and rearranging
the terms based on trigonometric identities:

HL5 = HL4 cosh(sTe) − UL1√
g˛

sinh(sTe) (18)

UL5 = UL4 sinh(sTe) + √
g˛HL4 sinh(sTe) (19)

where Te = L
a is the penstock elastic time. Now the friction loss is

accounted as a first order approximation and then subtracting it
from the pressure head as computed above:

f |UL5|UL5
2D

≈ f |UL50|UL5
2D

= kL5UL5 (20)

where UL50 is the steady state value of flow velocity at the penstock
downstream end, and kL5 = f |UL50|UL5

2D is the friction factor. Inserting
the friction terms for from the head:

HL5 = HL4 cosh(sTe) − UL1√
g˛

sinh(sTe) − kL5UL2 (21)

UL5 = UL4 sinh(sTe) + √
g˛HL4 sinh(sTe) (22)

Eqs. (21) and (22) provide the flow velocity and pressure head at the
penstock downstream location i.e., at the turbines gates, as a func-
tion of their values at the penstock upstream location, i.e., where
the water conduit and the surge tank meet. This procedure allows
the set-up of the boundary conditions when several devices are
connected in a hydraulic network such as in the model shown in
Fig. 4. Converting these equations to the per unit format for ease
and dropping the term ‘L’ for ease. Additionally, normalizing the
penstock impedance and friction factor and expressing in terms of
deviation terms we  get:

h̄5 = h̄4sech(sTe) − Zpū5 tanh(sTe) − kfpū5 (23)

ū4 = ū5 cosh(sTe) + 1
Zp
h̄5 tanh(sTe) (24)

where h̄5 = H̄ = H̄0 and ū4 = Ū − Ū0.
In a similar manner, solving the simplified at all locations 1

through 5 as shown in 4 and solving the boundary level conditions
with the suitable values of head and flow the final transfer function
can be obtained at location 5 and is shown below:

T(s) = ū5

h̄5
=

−
(

1 +
[
Zc tanh(sTec) + kfC

]
1 +

[
Zc tanh(sTec) + kfC

]
sTST

tanh(sTeP)
ZP

)
[
Zc tanh(sTec) + kfC

]
1 +

[
Zc tanh(sTec) + kfC

]
sTST

+ ZP tanh(sTeP) + kfP

(25)

tanh(x) = x − x3
+ 2x5

+ 17x7
+ · · · (26)
3 15 315

tanh(sTeC ) ≈ sTeC

tanh(sTeP) ≈ sTeP
(27)
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T(s) = ū5

h̄5
=

−
(

1 +
[
ZcsTec + kfC

]
1 +

[
ZcsTec + kfC

]
sTST

sTeP
ZP

)
[
ZcsTec + kfC

]
1 +

[
ZcsTec + kfC

]
sTST

+ ZPsTeP + kfP

(28)

T(s) = ū5

h̄5
=

−(ZP + ZP
[
ZCsTeC + kfC

]
sTST +

[
ZCsTeC + kfC

]
sTeP)

ZP
[
ZCsTeC + kfC

]
+

(
ZPsTeP + kfP

)(
1 +

[
ZCsTeC + kfC

]
sTST

)
ZP

(29)

The transfer function of interest for the entire hydraulic segment
s shown in Fig. 4 at the position 5 is derived as:

(s) = − n0 + n1s + n2s2

d0 + d1s + d2s2 + d3s3
(30)

The coefficients of the transfer function are: n0 = Zp,
1 = ZpkfcTST + kfcTep, n2 = ZpkfCTSTTec + ZcTecTep, d0 = Zp(kfP + kfC),
1 = ZpkkfPkfCTST + ZpZCTeC + Z2

p Tep, d2 = Z2
p kfCTePTST +

pZCTeCTSTTeCkfP , and d3 = Z2
p ZC ∗ TSTTeCTeP . Variables T and Z

re the time constant and impedance of channels denoted by the
ubscripts. Subscripts ‘P’ and ‘C’ identify penstock and conduit
ariables. The set of equations (4), (5), and (30) now represents
he hydrodynamic model that can be used in simulation models of
S-PSH systems.

. Models of DFIM and governor controls

An advantage of a DFIM in the PSH configuration, such as the
ne under consideration, is that it requires a line side converter
ith MVA  ratings significantly less than the MW rating of the DFIM.

ecause cost is a major driver especially for AS-PSH units with rat-
ngs greater than 100 MW,  the use of the machine-side converter
as reduced initial cost as compared to a converter fed machine
ith 100% line-side power conversion. With a DFIM AS-PSH unit

he machine-side converter rating is a function of the +/−  range of
peed operation sought for adjustable speed operation. A rule of
humb in determining the rating of the converter for DFIM – for a
ange of +30% to −30% of slip variation, a power converter of rating
qual to 30% of the machine is needed [42]. Total speed variations in
he operation of AS-PSH in the range of +4% and −13.8% are reported
n practice [21]. The total power delivered to the grid from an AS-
SH unit is equal to the summation of the power drawn from the
tator and rotor, both. Independent control of active and reactive
ower of DFIM is possible by the means of its power converter.
sing the space vector representation a physics-based model of a
FIM is given by the following equations, with reference to Fig. 5.
he d − q frame of reference is chosen here as it is one of the most
ommon implementations. Conventional naming of voltages, cur-
ents, inductances, and resistances are used with subscript s for
tator variables and subscript r for rotor variables. This is a standard
onvention used in electric power system literature to address sta-
or and rotor side variables for creating theoretical framework. In
he d − q frame of reference the rotor currents can be expressed as:

rd = 3
2
ira cos(ωot −  )  − 3

2
(irb − irc) sin(ωot −  ) (31)
rq = 3
2
ira sin(ωot −  )  − 3

2
(irb − irc) cos(ωot −  ) (32)

Finally, the rotor shaft can be modeled as a single mass or a two-
ass shaft to represent coupled turbine and generator shafts. For a
Fig. 5. Space vector graphical representation with rotor current ‘oriented’ in the
direction of stator flux.

single mass shaft the dynamic equation when operating in turbine
mode is:

d ω̄m
dt

= 1
2Hs

( ¯Tm − T̄e) − Df ω̄m (33)

where d�
dt = ω̄m is the angular velocity of the machine. Hs is the com-

bined inertia of the generator/motor and turbine/pump. ¯Tm and T̄e
are the mechanical and electrical torque of the machine in per unit,
respectively. The total power delivered to the grid can be computed
as:

Ptotal = (Pms − Pmr) = (1 − slip) ∗ Pms (34)

The DFIM equations above are written in a format amenable to
both field-oriented and active power control. The governor con-
trols used in this study are based on active power controls. The
stator and rotor side converter controls utilize the real and reactive
components of currents to provide desired power output from both
stator and rotor, respectively [42]. The implementations of hydro-
governor control for turbine mode, pump mode, hydrodynamics,
and DFIM and its controls in RTDS

®
(a commercially available real-

time simulator) are shown in Figs. 6–9 respectively. The integrators
used in the hydro-governor controls for turbine, pump, and hydro-
dynamics of operation as shown in Figs. 6–8 have a time constant of
0.01 s. The hydrodynamic constants shown in Fig. 8 are – a0 = 3.267,
a1 = 0.02668, a2 = 0.002668, b1 = 0.0042, and b2 = 0.004075). The
look up table used in the hydrodynamics as shown in Fig. 8 is
elaborated in Table 1. The units for X and Y are in p.u.:

4. Real-time co-simulation

4.1. Real-time co-simulation test set up

Fig. 9 shows the connectivity of the IEEE 14 bus test system.
The data required for modeling this system is available [44]. Fig. 10
represents the actual power systems representation of the IEEE 14
bus test system with the AS-PSH model. This test system is well-
established for testing research results and is based on a legacy
American Electric Power system. Bus no. 2 in this system has a
40 MW generation capacity of which a 25 MW AS-PSH plant is sub-
stituted for this co-simulation. The rating of AS-PSH can be changed
as required. The AS-PSH connected to the IEEE 14 bus test sys-
tem is modeled in a digital real-time simulator and is based on the

mathematical formulation described in Sections 2 and 3. The tran-
sient response of the AS-PSH is obtained via co-simulation with
standard electrical events based on electrical faults. The real-time
model of AS-PSH consists of standard modules i.e., hydro-governor,
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Fig. 6. Hydro-governor controls for turbine mode of operation.

Fig. 7. Hydro-governor controls for pump mode of operation.

Fig. 8. Hydrodynamic simulation developed based on the theory discussed in Section 2.

f AS-P

h
t
p
t
c

d
t

Fig. 9. Real-time co-simulation o

ydrodynamics, doubly-fed induction machine, and power elec-
ronic converter as shown. Fig. 9 shows a block diagram of the
hysics based AS-PSH model developed and implemented in real-
ime environment for this study. Faults are applied at bus no. 2 to

apture the response of the AS-PSH to these events.

The real-time simulation consists of the hydro-governor, hydro-
ynamics, and the IEEE 14 bus test system simulated in the ‘large
ime-step’ whereas the power electronic converter and the DFIM
SH and IEEE 14 bus test system.

are simulated in the ‘small time-step’. Both ‘large and small time-
step’ modules are solved in the RTDS

®
with the resolution of 50 and

2 �s, respectively. A unique aspect of the proposed work; i.e., multi-
scale real-time models of ‘large’ and ‘small’ time steps, and the

mathematical formulation adopted to generate them, are neces-
sary to generate accurate responses. Fault scenarios (both balanced
and unbalanced) are simulated and presented in this section. The
faults presented in this paper are of three cycle duration. Faults
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Table  1
Look up table for the hydrodynamic simulation shown in Fig. 8.

Sr.No. X Y

1 −0.1 0.005
2  0 0.01
3  0.1 0.05
4  0.2 0.15
5  0.3 0.27
6  0.4 0.38
7  0.5 0.49
8  0.6 0.595
9  0.7 0.696
10  0.8 0.797
11  0.9 0.898

a
f
t
p
i
c
c
t
t
b
t
b
D
i
c
T
t

4

t
c
s

the machine rating itself as described in [45].The reactive power
12  1 0.999
13  1.1 1.09
14  1.2 1.19

re typically cleared within a specific time (so-called self-clearing
aults) determined by the protective relay settings, fault identifica-
ion, and circuit breaker operation. Three cycle fault clearing time
rovides an understanding of the momentary disturbances and its

mpacts in the power systems. The results of these simulations indi-
ate transient stability of the IEEE 14 bus test system under two
onfigurations. The first configuration is the IEEE 14 bus test sys-
em with a conventional generator connected at the bus no. 2. For
he second configuration, the conventional generation is replaced
y an AS-PSH unit. The transient responses of these two configura-
ions are recorded and presented in the next subsection. It should
e noted that Fig. 9 summarizes the details for the AS-PSH unit with
FIM only, whereas a similar picture for the conventional generator

s possible with minute details. The figure providing details of the
onventional generator are not shown for the sake of conciseness.
he location of faults will determine the magnitude and nature of
ransients that the AS-PSH will experience and hence respond to.

.2. Real-time co-simulation results
A real-time co-simulation of the hydrodynamics (representing
he hydraulic circuit) and power systems is performed. The first
onfiguration with conventional hydropower generation, based on
ynchronous generator, is operated at a fixed speed i.e., the syn-

Fig. 10. Real-time model of the
tems Research 154 (2018) 276–286 283

chronous speed. For the second configuration, with the AS-PSH,
the co-simulation is started with the DFIM operating in the ‘lock’
model. This implies, that the DFIM is started at a fixed speed of 1.05
p.u. After 10 s of fixed speed operation; the DFIM is switched to the
‘free’ mode in which the swing equation determines the speed of
operation. This ensures the simulation stability of the grid leading
to accurate results. For the sake of simplicity, the response of AS-
PSH for the generation mode of operation is presented. However,
the model developed here is capable of operation in both generation
and turbine modes as described in Section 2.

Single-line to ground (SLG), two-line to ground (LLG), and
three-line to ground (3LG) faults are applied at bus no. 2. In the
co-simulations, the following variables are recorded: (1) electri-
cal (real power, reactive power, and frequency) and (2) hydro
(speed, mechanical torque, electrical torque, governor output, etc.)
and results are shown in Figs. 11–14. The output of the hydrody-
namic circuit is ‘Pmech’ represents the boundary variable of the
co-simulation between the hydro and electric circuits. The response
of the conventional generator and AS-PSH unit in all figures is
shown in blue and green, respectively. For the three-fault scenarios,
the transient and dynamic response and system stability is demon-
strated by the exponentially damped oscillations of real power.
The scenarios with a conventional generator show lower frequency
swings immediately following the application of a fault. Both gen-
erator types demonstrated a dampening of power and frequency
swings. The largest frequency swing (61 Hz) is observed for the
LLG fault for the AS-PSH operation. In general, the two configura-
tions are critically damped and hence the responses become stable
within a few seconds. The power and frequency oscillations with
AS-PSH, settle down to steady state in a relatively short time as
compared to the case with the conventional generator.

The reactive power responses are significantly dependent on
the ratings and controls of the power converters used and hence
the difference in responses. The controls of power converters can
be suitably tuned to obtain optimal voltage support. DFIM config-
urations use power converters with ratings that are a fraction of
response of the AS-PSH is similar in all fault scenarios. Fig. 14
shows the speed of AS-PSH, mechanical, and electrical torque while
responding to a 3LG fault. The mechanical torque shown is the

 IEEE 14 bus test system.
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Fig. 11. Transient response of AS-PSH and a conventional generator to LG fault.

Fig. 12. Transient response of AS-PSH and a conventional generator to LLG fault.

Fig. 13. Transient response of AS-PSH and a conventional generator to 3LG fault.

Fig. 14. Rotor speed, mechanical torque, and electrical torque of the AS-PSH with
response to a 3LG fault in the test system.
tems Research 154 (2018) 276–286

response in the hydraulic circuit to the 3LG fault. Based on the
magnitude of the dip in the real power output of the AS-PSH,
the hydro-governor controls the gate operation and increases the
flow resulting in the speed deviation shown. The electrical torque
oscillation shown, is similar to a typical DFIM response. The co-
simulation of hydraulic and power systems allows the model to
capture the actions of governor, water flow and velocity, and other
intricate details. Additionally, with the same fault conditions the
AS-PSH operating in the pump mode with a speed of 0.95 p.u. is
connected and the transient responses are captured and shown
in Fig. 15. Real power transients of the AS-PSH operating in the
pumping mode for all three faults (LG, LLG, and 3LG) are captured.
Fig. 16 shows the short circuit current contributions of AS-PSH and
conventional synchronous generator in response to a 3LG fault.

Also, Fig. 17 shows the rotor angle oscillation for both AS-PSH and
conventional synchronous generator and both curves demonstrate
transient response to a 1LG fault. Fig. 18 shows the details of voltage

Fig. 15. Real power transients of the AS-PSH operating in the pumping mode for all
three faults (LG, LLG, and 3LG).

Fig. 16. Short circuit current (in kA) contributions of AS-PSH and conventional syn-
chronous generators during the 3LG fault.

Fig. 17. Rotor angle plots of AS-PSH and conventional generator.
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ig. 18. Voltage measured in kV at bus no. 2 for AS-PSH and conventional generator
or 3LG fault.

easured at bus no. 2 before and after a 3LG fault for both AS-PSH
nd conventional generator. The voltage stability demonstrated by
he conventional generator is superior to that of the AS-PSH due
o low ripples. Details of every variable from the hydraulic circuit
re not shown for the sake of conciseness. These results can also
e used to evaluate the impacts on plant structural loading during
uch transient events.

. Concluding remarks

This paper describes a modeling effort of a DFIM AS-PSH
nit using partial differential equations together with water-
ammering equations of flow and head. The water-hammer
quations are solved using the integral transform method. This
echnique provides a unique advantage of solving partial differ-
ntial equations, such as the ones here, with numerically stability
nd accurate results. The AS-PSH model is capable of demonstrating
everal modes of operation as observed in practice. A real-time co-
imulation of hydro and power systems is performed and compares
ransient response of AS-PSH and conventional hydro generators.
ransient stability is observed in the test system with AS-PSH for
tandard faults. Being a major grid level storage technology, the
tability attribute is extremely essential, especially with growing
enewable energy penetrations and reductions in total system iner-
ia. The model also allows a unique environment to test controllers
s well as power converter hardware in real-time. This testbed
ill hence act as a rapid prototyping environment for controllers

nd power converters. Future work involves the quantification of
tability benefits of hydropower based storage systems, dynamic
tability, and market analysis.
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