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A Review of Power Electronic Converters for
Variable Speed Pumped Storage Plants:
Configurations, Operational Challenges,

and Future Scopes
Anto Joseph and Thanga Raj Chelliah, Member, IEEE

Abstract— Pumped storage power plant has gained a high level
of attention in recent years, mainly because of its ability to act as
a large-scale energy storage option and to improve power system
flexibility. Doubly fed asynchronous machine with the partially
rated power electronic converter is adopted in pumped storage
plants to provide variable speed operation and improve energy
efficiency. This paper summarizes the power converter topologies
in large rated variable speed pumped storage plant (VSPSP),
also covers the suitability of each converter topology, modulation
techniques, and parallel converter schemes. Also, it presents
operational issues of the parallel converter system in VSPSP
such as the shutdown of the plant due to insufficient converter
redundancy and lack of fault-tolerant control schemes, a power
outage due to the inadequacy of converter protection system, and
unbalanced power sharing due to circulating current. Further-
more, the reliable mitigating/additional techniques are discussed
for future research. It concludes that the refinement of these
aforementioned issues will provide continuous operation of the
plant.

Index Terms— Doubly fed asynchronous machine (DFAM),
hydropower generation, power converters, variable speed
pumped storage plant (VSPSP).

I. INTRODUCTION

SEVERAL possible technologies for electricity storage
are developed including high energy batteries, flywheels,

superconducting magnetics, compressed air, and pumped stor-
age power plants (PSPPs). Among the mentioned technologies,
PSPP is considered as a reliable and bulk energy storage
system [1]. The PSPPs that are constructed in the beginning of
the 20th century in the European continent were of fixed speed
type employing synchronous machine and the same were
continually established in Asian and American continents also.
The total installed capacity of fixed speed PSPP in India is
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4804 MW out of worldwide capacity of 130 GW [2]. However,
the fixed speed PSPP [Fig. 1(a)] suffers from major drawbacks
including: 1) inability to generate power over full range of
water head and 2) reduced efficiency during partial generation
and pumping modes of operation. The aforementioned draw-
backs can be overcome by the transformation of PSPP from
fixed speed mode to variable speed mode. In order to enable
variable speed operation, synchronous machines of fixed speed
PSPP need to be driven by power electronic converters with
a rating equivalent to the rating of machine. Such a design of
high capacity power electronic converter is not economical [3].
Furthermore, these full size converters (>200 MW) are very
challenging in size, cost, and site clearance in the case of
underground power houses. Therefore, variable speed PSPP
employing doubly fed asynchronous machine (DFAM) is an
acceptable option for the sites with wide variation in water
head [4]. A 400-MW variable speed unit (with cyclocon-
verters) is under operation at Ohkawachi since 1990 [5].
In India, the first variable speed PSPP having four numbers of
250-MW DFAM totaling to a capacity of 1000 MW is under
construction at the Tehri Dam of Uttarakhand state [2]. The
speed of machine (250-MW DFAM) was fixed at 230.77 rpm
based on hydraulic studies conducted in Tehri pumped storage
plant. Therefore, the design team has gone for DFAM with
26 poles to meet grid frequency. It is noted that a DFAM
with 18 poles is serving in Goldisthal PSPP (Germany) at the
rotational synchronous speed of 333 rpm [6].

Power converter redundancy and protection of power con-
verter connected in rotor circuit are considered the most
important operational challenges in DFAM-fed variable speed
PSPP [7]. However, HVDC–voltage source converter (VSC)
stations rated about 500 MW (between Ireland and Great
Britain, operating at ±200 kV, 2012) are in action and redun-
dancy in these power converter stations is not an immense
issue [8]. But, it is experimented/noted that multichannel
power converters connected in the rotor circuit of DFAM
produce over voltage in rotor windings during the operation
of breakers/contactors, placed in each channel of converters,
which causes insulation failure. Also it is known that, voltage
rating of DFAM rotor circuit is much lesser than stator due to
the usage of slip rings (typical 250-MW DFAM rotor windings
are ∼4.8 times lesser voltage handling capabilities than stator).
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Fig. 1. Machines serving to a typical 250-MW hydro generating unit. (a) Synchronous machine. (b) DFAM.

DFAM is also widely used in wind power generating
systems (WPGS) [9]–[11]. Issues on power redundancies (pos-
sibilities of overvoltage in rotor windings), protection of
power converters (dynamic variation of rotor frequency and
detection of dc component rotor current) are also applicable
to WPGS [7]. However, the rating of DFAM used in WPGS
(maximum of 8 MW [10]) is much lesser in comparison with
variable speed PSPP (e.g., 400 MW [5]). In addition, stoppage
of one machine in wind farm does not make any impact on
the stability of power grid. Furthermore, it is mandatory to
have power and control redundancies in large rated hydro
power plants (>100 MW) according to the country’s electric-
ity authority, e.g., Central Electricity Authority (India) [12].
Unlike WPGS, DFAM is operated as motor in variable speed
PSPP which has a dedicated control system for starting of
pump turbine.

In consideration of operational issues in DFAM (>100 MW
of unit capacity) mentioned before, brushless DFAM is an
alternative for variable speed PSPP. However, it is not pre-
ferred for large rated PSPP in view of quick voltage regula-
tion and large amount of reactive power support [13]–[15].
As far as author’s knowledge, brushless DFAM is not yet
installed or planned for large rated PSPP in any part of the
world. Hence, this paper focuses only on DFAM serving
to variable speed PSPP. High amount of current in rotor
circuit of DFAM through brushes and slip rings seems to be
challengeable due to: 1) operating temperature and 2) brush
voltage drop. However, it is practically acceptable in presently
available technology, e.g., a 400-MW Ohkawachi (Japan)
hydrogenating unit with rotor currents of 12 670 A and a
300-MW Goldisthal (Germany) hydrogenating unit with rotor
currents of 8970 A are currently in operation [5], [31].

The schematic of DFAM-fed variable speed PSPP is shown
in Fig. 1(b). The power electronic converters are connected
in rotor circuit of the DFAM, there by acting as ac excitation
system of the machine. The main advantage of such scheme
is the requirement of the power electronic converter with
rating equivalent to slip power, normally, will be a fraction
of the machine rating (typically about 10%–25% of machine
rating) [16]. The principle of operation of DFAM-based PSPP
is depicted in Table I, which is similar to the wound rotor
induction machine (mutual induction principle) whereas the
stator circuit is directly connected to grid and rotor circuit
(three-phase cylindrical winding) is also connected to grid

TABLE I

PRINCIPLE OF OPERATION OF DFAM

through back-to-back power converters. Magnitude and fre-
quency of rotor currents are controlled for adjustable
real (speed) and reactive power delivery [17]. The plant
is able to operate in three modes, namely, synchronous,
supersynchronous, and subsynchronous allowing the optimum
energy transfer from source to load (motoring), and vice-
versa (generating). This type of plants helps in improving
power controllability, grid balancing, increase energy effi-
ciency, and power quality in grid networks [18].

The application of semiconductor devices in DFAM-fed
variable speed PSPP ranges from naturally commutated
devices (Thyristor) to self-commutated devices (Insulated Gate
Bipolar Transistor (IGBT), Injection Enhanced Gate Transistor
(IEGT), etc.,) depending on the requirements such as switching
characteristics, ease of gate control, reliability, low on state
power losses, and voltage drop [19], [20]. In a similar way,
the advancement in power converter topology ranges from
cycloconverter to multilevel VSCs to achieve rotor current
harmonic distortion reduction, pure sinusoidal supply, etc.
In a situation where in the semiconductor devices ratings
are limited, it is preferred to employ parallel converters to
share the rotor circuit current [21]. Under the availability of
water head and grid supply, the power electronic converters
primarily dictate the continuity of operation of the DFAM-fed
variable speed PSPP. It is to mention that the power converter
redundancy is not yet adopted in any of the commissioned
variable speed PSPPs due to the occurrence of high voltage in
rotor windings while interrupting the circuit through contactors
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Fig. 2. Power converter topologies and their voltage waveforms. (a) Cycloconverter [30]. (b) 2L-VSC [42]. (c) 3L-NPC VSC [42]. (d) 5L-CHB VSC [42].

during power converter faults. Therefore, faults occurred in
power converter result shutdown of particular unit of the
plant [7]. Such unscheduled stoppage of the plant threatens
the grid security. On recognition of these facts about the
power electronic converters employed in variable speed PSPP,
a timely attempt is made to present about the operational issues
of the power converters in DFAM-fed variable speed PSPP.

This paper provides a comprehensive review of the power
converter topologies, parallel converters schemes and their
availability in variable speed PSPP equipped with the DFAM.
Moreover, operational issues of the parallel converter in large
rated variable speed pumped storage plant (VSPSP) is summa-
rized and assessed with simulation and experimental results.
Based on aforementioned scenarios, the organization of the
succeeding script as follows: Sections II and III summarize
the converter topologies and modulation techniques used in
variable speed PSPP, respectively, also, adoptability of each
converter topology in PSPP station is specified. The need
of parallel converters configuration and schemes are consid-
ered in Section IV. Section V summarizes the operational
issues of the power converter linked to the reliability and
Section VI provides the simulation and experimental results
of these operational issues in large rated DFAM-fed variable
speed PSPP. Section VII introduces the suitable techniques
for mitigating the operational issues of the power converter
as future research. Concluding remarks are summarized in
Section VIII.

II. POWER CONVERTERS EMPLOYED IN DFAM-FED
VARIABLE SPEED PSPP

Power converters play an important role in DFAM-fed
variable speed PSPP by facilitating variable speed operation,
smooth starting, braking (regenerative and dynamic), reac-
tive power compensation and also acting as active power
filters. Moreover, the converters are also responsible for
achieving real and reactive power control in generation

mode and speed and reactive power control in the pumping
mode [17], [22], [23]. The different power electronic convert-
ers that are employed in variable speed PSPP are presented
below.

A. Load-Commutated Inverters

Load-commutated inverters (LCIs) are employed in the fixed
pumped storage plants driven by synchronous machines are
in operation with the rating of 50–100 MW range [24]. Due
to lack of reactive power control, current distortion, and low
power factor, these inverters are not recommended for DFAM-
fed variable speed PSPP [25]. It is also to mention that the
installation of LCI-fed DFAM in variable speed PSPP is not
yet adopted in any of commissioned PSPP.

B. Matrix Converter

Matrix converter-fed DFAM used in wind power system is
discussed in [26] and [27]. However, back-to-back converter
topologies are preferred in such systems than matrix converters
due to: 1) output voltage stepup capability; 2) unconstrained
reactive power compensation; 3) simple feedback control of
the input currents independent of the output currents; and
4) single-phase operation capability [28]. In addition, consider-
ing the system operation under faulty conditions (open circuit
fault), back-to-back converter seems to be a preferred option
in industrial drives as it allows the process to continue even
at open circuit faults in rectifier side, i.e., ac–dc conversion
stage [29]. Also, high power density and power-to-mass ratio
are questionable in large rated, low switching frequency appli-
cations equipped with matrix converter [29]. In view of this,
matrix converters fed large rated DFAM is not yet adopted in
any of commissioned PSPP [30].

C. Cycloconverters

Cycloconverter [shown in Fig. 2(a)] is a type of power
electronic converter which provides variable ac voltage of
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variable frequency without dc link. Such type of converter
employing gate turn-OFF thyristors was adopted in the hydro-
electric variable speed plants at Ohkawachi power station
in Japan [31] and Goldisthal power plant in Germany [32].
The merits of cycloconverter over LCI are: 1) generation of
low-frequency ac voltage; 2) instantaneous real and reactive
power control; and 3) low on state power losses. However, the
cycloconverters suffers from demerits including: 1) inability
to generate output voltage with a frequency greater than
input frequency; 2) requirement of additional static frequency
converter (SFC) during starting in pump mode; 3) high dis-
torted rotor current in DFAM, thereby introducing the large
size of filters compare to VSC’s; and 4) reactive power
absorption from grid in rotor side [32], [33]. The preferable
number of switching devices used in cycloconverter is 72
(Conventional 12-pulse cycloconverter cascade) [31] for the
minimum distorted required rotor current waveform (adopted
in Ohkawachi power station, Japan), however, the number of
switching devices shall be increased as per the higher pulse
numbers to achieve better quality of rotor current, which leads
to increase in size and cost of the converter.

D. Back-to-Back Voltage Source Converters

Back-to-back VSCs are the converters which has wide-
spread applications including the control of DFAM-based
variable speed PSPP [34]. Such converters have an ability
to provide variable voltage and variable frequency supply
during starting of the machine resulting the reduction of startup
transients and energy losses [22]. Also, VSC with suitable
control technique finds applications in power conditioning
circuits such as STATCOM (reactive power compensation)
and active power filters (elimination of harmonics). The main
advantage of VSC is its ability to offer decoupled control of
real and reactive power with a significant reduction of load
current harmonics. The following are different types of VSC
that are used DFAM-fed variable speed PSPP.

1) Two-Level Voltage Source Converter: This converter
[shown in Fig. 2(b)] comprises six numbers of (three-phase)
IGBT or GCT switch with a freewheeling diode across each
switch. The merits of this converter are: 1) simple converter
topology and control scheme; 2) active and reactive power
control; 3) independent control of grid-side and machine-
side converter; 4) no need of auxiliary devices for startup
application in pumping mode; and 5) unity power factor at
grid side [34]. The demerits are: 1) due to cross-influence
of d- and q-axis, multivariable controllers are required for
grid-side and machine-side converter; 2) high THD, high
dv/dt, high harmonic losses compare to multilevel VSCs;
and 3) possibility of predominant harmonic injection into
the grid depending on the pulse width modulation (PWM)
carrier frequency. The Frades II variable speed pumped storage
hydropower plant (Portugal) has employed 2L-VSC [35].

2) Three-Level Neutral Point Diode Clamped VSC: This
type [shown in Fig. 2(c)] of VSC belongs to multilevel con-
verter family, in which odd number of levels are achieved due
to the availability of the neutral clamp structure. This converter
is maturely applied in large rating drives due to the lesser

voltage stress on devices, resulting in the reduction of failure
rate in semiconductor devices and generation of resultant
waveform with better spectral performance [36]. Further, THD
in rotor current is lesser than cycloconverter and 2L-VSC
which leads reduction of filter size in 3L-NPC. [37]. The
drawbacks of this converter type of VSC are: 1) requirement
of additional clamping diodes which increase the size and
cost of the system; 2) nonuniform power loss distribution
among switches due to switching logic; 3) complex control
system compared to that of 2L-VSC; and 4) voltage imbalance
problem in dc link capacitor due to clamping diodes [38].
This type of VSC is employed in variable speed PSPP at
Linthal, Switzerland. Also, Tehri Hydropower Development
and Corporation (THDC India Ltd) is planning to install
3L-NPC in stage III project of Tehri Dam.

3) Cascaded H-Bridge Multilevel Converter: This converter
[shown in Fig. 2(d)] circuit is having a special arrangement
with PSTs (phase angle 15°) employed for the input line
current/voltage THD improvement and common mode voltage
mitigation [39]. The major advantages of such converter
include: 1) very low rotor current THD, thereby requir-
ing lesser cost and small size rotor side filters compare to
3L-NPCs; 2) identical phase connections leading to optimized
circuit layout; 3) elimination of clamping diodes; and 4) the
output voltage waveform nearer to sinusoidal. However, the
cost of this converter is very high due to the requirement
of PST and associated cabling needs. In China at Xiang
Hong PSPP, CHB is adopted in startup applications of the
synchronous machines-fed pumped storage plant [40].

4) Flying Capacitor Multilevel Converters: The number
of switching devices used in this topology is reasonable
and the use of dc link capacitors provides more flexibility.
The voltage imbalance problem can be reduced by selecting
proper switching technique of charging and discharging of
capacitors [41]. The most important advantage of FC-MLC is
low rotor current THD, improved power quality, and capacitor
voltage balance. In addition, precharging of capacitors is
necessary and sometimes it is difficult [42]. These converters
are mostly used in static compensators and active filters in
PSPP’s. The summary of different types of VSCs is also
presented in Table II.

III. CONVERTER MODULATION TECHNIQUES FOR

VARIABLE SPEED PSPP

The key factors to be considered while formulating the
modulation technique in power converters are: 1) minimization
of utility line harmonics; 2) minimization of load current
harmonics; 3) good utilization of dc link voltage; 4) minimiza-
tion of switching frequency and losses; 5) uniform switching
losses; and 6) uniform switching frequency for all switching
devices; and 8) voltage balance in dc link capacitor [43]. The
following are the different modulation techniques adopted in
variable speed PSPP applications.

A. Sinusoidal PWM

In electric drives, SPWM is the widespread modulation
scheme used in power converter control [44]. In this tech-
nique, the low frequency modulating signal (sinusoidal wave)
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TABLE II

COMPARISON OF CONVERTER TOPOLOGIES (USED IN DFAM-BASED VSPSP >200 MW)

Fig. 3. Operating waveform for modulation techniques for 2L-VSC [43]. (a) SPWM. (b) SVM. (c) SHE-PWM.

is compared with the high frequency (switching frequency)
carrier signal (triangular wave) in a logic device that provides
PWM pulses, which in turn control the switching devices.
The amplitude and frequency of converter output voltage
depend on the modulating wave amplitude and frequency,

respectively, [45]. The output voltage waveforms and equation
are shown in Fig. 3(a). The maximum value of modulation
index selected for SPWM in large rated electric drives is
0.7885 [39] and the value of switching frequency is limited
to less than 1.5 kHz [46], [47] considering semiconductor
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TABLE III

COMPARISON OF MODULATION TECHNIQUES (USED IN DFAM BASED VSPSP >200 MW)

losses and filter requirements for the large rated converters.
However, the third-harmonic injection in the modulating wave
can be utilized to ensure better utilization of dc link voltage in
the high rated plant [20]. SPWM strategy is commonly used
in starting of the DFAM-fed variable speed PSPP (pumping
mode) [48], [49].

The selection of dc link voltage for SPWM

Vbus = Vout/

(√(
2

3

)
.2.M

)
(1)

where M is the modulation index.

B. Space Vector PWM

SVM technique is derived from space vector theory and
generates modulation signal according to the switching sector
and angle. Basically, it produces the acting and null vectors
based on the level of converters, which decide the switching
of power devices [51]. The output voltage waveforms and
equation are shown in Fig. 3(b). Compared to universal
SPWM, space vector modulation utilizes 15.4% additional
dc supply [51]. In addition, SVM fired converters generate
waveforms with less THD in rotor current and also suitable
for fast dynamic response application [52]. Moreover, it can
accommodate maximum modulation index (0.907) and provide
less switching losses [53]. The dynamic control of real and
reactive power in variable speed PSPP is desirable through
SVM for low switching frequency operation, e.g., Linthal
variable speed PSPP, Switzerland.

The selection of dc link voltage for SVM

Vbus = Vout/

(√(
2

3

)
.
√

3.M

)
. (2)

C. Selective Harmonic Elimination PWM

This PWM technique is framed based on frequency switch-
ing theory. The main advantage of this technique is that
the harmonics of higher order (e.g., 11, 13, 17, etc.) can

be eliminated by selecting the switching angle correspond-
ing to the harmonic order as per predetermined lookup
table [54], [55]. The output voltage waveforms and equation
are shown in Fig. 3(c). In general, Newton–Raphson iteration
method is used to formulate the lookup table. Due to the
elimination of higher order harmonics it is possible to obtain
superior sinusoidal output waveform with a lower value of
switching frequency comparatively. This technique is widely
used in active power filters. However, the dynamic response
of the converter in closed loop control is low due to the
prespecified values [56], [57]. Due to selective harmonic
elimination capability, this PWM technique finds application
as active power filters in variable speed PSPP. The summary
of different types of modulation techniques is also presented
in Table III.

IV. PARALLEL OPERATION OF CONVERTERS

IN VARIABLE SPEED PSPP

Due to the limitation in the semiconductor device rating,
it becomes difficult to design a single converter for large
power ratings. In such a situation parallel converters can be
adopted to share high power in rotor circuit of the machine.
The main criteria for the parallel operation of converters are
that the output voltage of all converters connected in parallel
should be equal in amplitude, frequency and phase. In such
a configuration it is possible to have equal/unequal power
sharing depending on the power rating of each converter. The
application of parallel converter results in improvement of
reliability, flexibility, and power quality of the plant. Further,
the parallel converter operation increases the efficiency of the
plant as the participation of each converter can be controlled
depending upon the output requirements [58]–[60]. A typical
parallel converter is driven DFAM-fed variable speed PSPP
shown in Fig. 4.

A. Power Sharing in Parallel Converters

In general: 1) passive current sharing; 2) droop control
method; and 3) active current sharing methods are utilized for
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Fig. 4. Parallel converters serving to DFAM-fed Variable speed PSPP.

the effective power/current sharing in parallel converters. Pas-
sive current sharing and droop control methods deal with low
power circuits including uninterruptable power supplies (UPS)
and islanded micro grid applications. Master–slave control
used in active current sharing method is also preferable for
UPS applications [61]–[65]. Hence, these methods are not
discussed in this paper as it focuses on large rated power
converters serving in variable speed PSPP.

The active current sharing method is most suitable for the
parallel converters in large rated variable speed PSPP. In active
current sharing method, each converter to be connected in
parallel is connected by wired communication. A control
system is developed to generate the reference current for power
sharing [66], thereby eliminating the need of large impendence
for current sharing. Depending upon the control the following
are the different types of active current sharing methods.

1) Central Limit Control: In this configuration [Fig. 5(a)],
the number of converters is preknown and each converter is
of same rating/topologies. Depending upon the load current
requirement, the central control system sends a signal to each
converter for sharing the load current. However, such scheme
is less reliable due to the fact that the failure of any one
converter renders the system to a standstill [67], [68].

2) Circular Chain Control: In this method [Fig. 5(b)],
the converter controls are formulated in the circular configura-
tion, wherein, each converter tracks the power of the preceding
converter to achieve equal current sharing of the load [69].
This chain control requires more communication wires in
between the converters and hence making the control com-
plex. In addition, the implementation of redundant converter
operation is not easy [70].

3) Active Current Distributed Logical Control: In this
method [Fig. 5(c)], there are two types of controllers are

employed, namely, individual controller and coordinated con-
troller. Coordinated control systems track the load current
and give the reference current to the individual controller of
each converter, which in turns regulates the sharing of load
current. In addition, the individual controller is designed with
a capability to limit the circulating and harmonic currents
in parallel converter configuration [71]. The merits of this
method are: 1) the converter of different rating and topologies
can be connected in parallel; 2) extension of parallel con-
verter is simple; 3) isolated/redundant operation of converters
are possible; 4) for low power application it is possible to
select the required number of converters in parallel config-
uration; and 5) no need of external fault monitoring and
detection schemes as in-build controller can identify defective
converter [72].

B. Circulating Current in Parallel Converters

Circulating current is an important issue in the parallel
connected converters during the sharing of current between
them. These circulating currents are formed due to: 1) unbal-
ance impedance in phases of the converter; 2) characteristic
of the converter components; and 3) asynchronous switching
operations [73]–[75]. The following are the schemes used to
reduce the circulating currents in parallel converters.

1) Phase Shift Transformers: The provision of phase shift
transformer (PST) in parallel converters is used to prevent the
common mode over voltage and suppressing the circulating
current by designing with certain turn’s ratio and phase shift
[76], [77]. These PST’s are also used to reduce the line current
harmonics e.g., Linthal variable speed PSPP, Switzerland
(2011), PST vector group is Yd1 (−12°) d1 (−6°) d1 (0°) d1
(+6°) d1 (+12°). In olden days (1995s), dc choke had been
used to suppress the circulating current [18] in variable speed
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Fig. 5. Parallel converters control strategies. (a) Central limit control [68]. (b) Circular chain control [70]. (c) Active current distributed logical control [71].

PSPP instead of PST’s. e.g., 300-MW Goldisthal variable
speed PSPP, Germany.

2) Space Vector Modulation: The interleaved PWM with
discontinuous space vector modulation techniques can be used
to reduce circulating currents. The interleaving techniques,
maximizes the cancelation of harmonics between parallel
modules, thereby reducing the filtering requirements [78].

3) Individual Voltage Oriented Control: This techniques can
be used to eliminate the circulating current in the respective
power converter module. An each module having its own mod-
ulator and controller with the closed loop system [79]. This
independent regulation of each parallel module is adjusted the
zero-sequence voltage to restrain the circulating current [80],
[81]. Each power module has its own modulator and controller
which makes system expandable to any number of modules in
parallel.

In summary, PSTs with multichannel VSCs are preferable
in rotor circuit of DFAM in variable speed PSPP. This setup
offers reduction in line current harmonics and maintain unity
power factor of the system. Starting of pump turbine at
motoring mode of operation is done by energizing rotor
circuit through power converters. The stator circuit is short
circuited while starting. Active current sharing method is
desirable in multichannel power electronic converter-fed large
rated hydrogenating unit. Space vector modulation with less
switching frequency (300–500 Hz) is widely used in such units
for real and reactive power control. The operational issues of
such multichannel power converter fed-DFAM are explained
in Section V.

V. OPERATIONAL ISSUES OF POWER CONVERTERS IN

VARIABLE SPEED PSPP

In fixed speed pumped storage plants, thyristor-based power
electronic converters are used in the excitation system (dc)
having a lower power rating in comparison with machine
rating (Ex: For a typical 250-MW synchronous machine,
the excitation system needs around 0.58 MW of power, i.e.,
0.23% of the machine capacity). In addition, the failure rate of
the thyristor is low and it can handle high power compared to
self-commutated power semiconductor devices. Moreover, the
power converters are not much affected by the stator side grid
disturbances (voltage drop, short circuit, and frequency drop)
due to the design of the synchronous machine. Therefore, the

protection of the converter is not much complicated and the
ability to fault ride through in plant is easygoing. Furthermore,
providing redundancy in both power and control circuits is
also easy in case of a fault in converter module, as the power
handling of the converter is less. In Tehri (India) hydropower
plant (Phase I), redundancy is ensured by means of two fully
automatic power converter units with independent control.

On the other hand, the rating of excitation system (ac)
equipped with power electronic converter is quite large in
DFAM-fed variable speed PSPP which handles slip power
of the machine [Ex: For a typical 250-MW DFAM with the
target of ±10% speed variation, power converters need to
handle 25 MW (slip power) of power with the current rating
of 11 600 A]. Due to the high power rating requirement,
there is a critical necessary to opt for the parallel operation
of converters in DFAM-fed variable speed PSPP. The self-
commutation switches (IGBT, IEGT, etc.) can be used as
switching devices in view of better sinusoidal rotor current
and minimizing the harmonics.

The operational issues associated with the power converters
serving DFAM-fed variable speed PSPP’s are as follows:

A. power redundancy during the converter fault;

1) contactor used in series with each power converters
in parallel converter system;

2) detection of dc component during a fault;

B. control redundancy;
C. deficiency in the protection of power converter;
D. circulating current in parallel converters;
E. operating at synchronous speed.

Each operational issue is presented in detail below.

A. Power Redundancy During the Converter Fault

Around 38% of failure in an electric drive is due to the
faults occurred in power converters which includes power
devices failure, dc link capacitor failure, and driver circuit
failure [82]. In power converters, open and short-circuit faults
are due to: 1) electromagnetic interference; 2) malfunction
in the driver circuit; 3) rapid voltage dip/swell; 4) auxiliary
power supply failure; and 5) avalanche stress, and temperature
overshoot in power devices [83], [84]. Moreover, if any
disturbances (voltage drop, short circuit) occur in the stator
circuit, results in higher current/voltage in the rotor circuit,
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which easily affects the power converter connected in the rotor
circuit of the machine.

In addition, a typical fault in converter circuit (without
redundant converters) employed in variable speed PSPP may
result in stopping of the plant for more than 8 h, leading to
huge financial losses. To illustrate, consider a plant having five
units with each unit rated at 300 MW. If a converter fault at
any one unit results in stopping of a unit for 8 h, the estimated
financial losses will be U.S. $176 560/fault/unit (considering
U.S. $0.07/kWh). Further, if it is assumed that every unit
encounters a fault per year, the estimated financial losses of
the plant will be U.S. $882 800/plant/year. The assumption
of one fault per year was taken by considering: 1) IGBT
triggering circuit failure rate is 0.96 failure per year (i.e.,
1 failure occurs at 1.04 years) [85]; 2) motor drive failure rate
is 0.27 failure per year (i.e., 1 failure occurs at 3.7 years) [86];
and 3) IGBT failure rate is 500 FIT (1 FIT equals 10−9 failures
per hour) [87], [88]. It is noted that the probability of failure
of power converter serving in PSPP is high as it has more than
300 power devices (IGBT and Diode) [36].

In order to overcome the power converter failure, redun-
dancy phenomena need to be incorporated so as to allow
for the sustained operation of the plant. In India, the Central
Electricity Authority has mandated that all the hydropower
plants having rating more than 100 MW must have power and
control redundancy in excitation circuit [12]. However, there
is no redundancy in any of the practical parallel converter
system-fed DFAM-based variable speed PSPP in the world.
Generally, providing contactors/ mechanical breaker connected
in series with each converter is a solution to have redundancy.
This contactor can be connected in either dc side or ac side
of the converter. The following issues are identified when
contactors are considered for the isolation of converters in the
high rating plant.

1) Contactor Used in Series With Each Power Converters
in Parallel Converter System: The contactors connected in
series with the power converter produces triangular transient
recovery voltage (TRV) (high amplitude and high frequency
of short duration) during interruption of the fault current
in the high power rated circuit [89], [90]. This very high
steep voltage causes the insulation of the rotor winding of
the DFAM to be stressed and can result in breakdown. This
rapid change in the voltage has deleterious effects on the
power devices and sometimes this will also affect the healthy
converters that are in service. The developed transient voltage
is given by (3). Moreover, provision of contactors increases
the risk and maintenance related issues in the high rated
plant [91], [92]. Hence, this contactor configuration is not
preferred for redundant operation of the converter

VTRV = √
2I f ωLeq

[
(1 − e−αt )

(
cosh βt + α

β
sinh βt

)]

α = 1

2ZeqCeq
β =

√
α2 − 1

LeqCeq
ω = 2π f (3)

where

VTRV transient recovery voltage across the breaker
contacts;

I f fault current magnitude (in kA rms);
Zeq equivalent source impedance in ohms;
Leq equivalent source inductance in henrys;
Ceq equivalent source capacitance in farads.

As per the standard ANSI/IEEE C37.013-1993, the accept-
able level of TRVs for 10–50 MVA generator is 1.5 kV/μs
during the interruption of circuit breaker and the production
of peak voltage is 1.84 times rms value of maximum input
voltage [93]. However, the maximum permissible rotor voltage
is limited to 1.34 times rms value of the rotor voltage and the
TRV rate is limited to 0.6kV/μs for considering the insulation
of the rotor winding of a DFAM based variable speed unit
[94]. Hence, the interruption of circuit breaker will definitely
cause overburden to insulation used in rotor winding of DFAM
and converter redundancy is challengeable.

2) Detection of DC Component During a Fault: During
faults in the converter, due to the large time constants (high
X/R) a current of high amplitude and very low frequency is
produced, typically with the absence of zero crossing. The
magnitude of dc component depends on fault current and fault
inception in the cycle [95]. This high dc component can pose
problems/challenges in diagnosis of fault current and interrupt
difficulties. According to the standards IEC 62271-100 and
IEEE C37.013-1997 that the interruption of current by a high-
speed circuit breaker should be completed in not more than
40 ms, otherwise results in serious damage to the contactors
and equipment [96], [97]. The detection of dc component and
to break such a current during this fault by contactors is very
difficult, prolonging the fault isolation process resulting in the
damage of other converter modules due to the fault current.
Moreover, a suitable circuit breaker break such a high dc
component in power converter circuits is high challengeable
[98], [99].

ALSTOM jointly with EPFL, Switcherland suggested a
possible solution for detecting dc component or extremely low-
frequency rotor current by using digital substation technology
which incorporates Rogowski current transformers and resis-
tive voltage dividers with IEC 61850-9-2 LE [7]. Nevertheless,
the solution of these findings is not yet adopted in any of
variable speed PSPP.

B. Control Redundancy

Field oriented vector control provides the good dynamic
performance of the DFAM. This dynamic control works with
the aid of controllers, sensors (speed, voltage, current, etc.),
and accessories. These sensors and controllers can be affected
by electromagnetic interferences, internal and external faults.
Moreover, the complexity of the control circuit involving
parallel converters, sensors, controllers, etc. will increase the
chance of failure. Any failure in sensors at DFAM drive results
to current transients in the rotor winding, produces grid distur-
bance in higher magnitude and decisive process of the machine
is interrupted. In variable speed drives, 53% of faults [82]
are due to control circuit failure, therefore, much attention
needs to be given to the control circuit faults and provide
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possible redundancy/fault tolerance in the control circuit of
large rated VSPSP. Furthermore, the power converters are
precisely controlled with the suitable modulation techniques
by the use of driver circuit. If any faults occur in driver circuit
leads to open circuit fault in the converter, which in turn
produces nonsinusoidal current waveforms. These waveforms
introduce the thermal overstress on the power semiconductor
devices resulting in a short-circuit fault [83], [84].

C. Deficiency in Protection of Power Converter

Rotor side power converter facilitates real and reactive
power control in DFAM-fed variable speed PSPP. These
converters are easily affected by grid disturbances and external
faults. In general crowbar protection circuit is used for the
protection of power converters and it is enabled based on
the threshold value of dc link voltage [100]. This circuit
is connected in rotor terminals of the machine in parallel
with power converters. It consists of resistors and power
switching devices to offer short circuited rotor at the time
overvoltage experience by grid disturbances. The value of
resistance is selected based on the dc link clamp effect and this
resistance should be sufficiently high to limit the short-circuit
current and low enough to avoid the high voltage while in
operation [101], [102]. If any disturbances occur in the grid,
then the value of dc link voltage will increase and crowbar
protection circuit will come to operate. The crowbar circuit
should not be turned ON for the transient faults (short term
faults, switch ON/OFF of electrical equipment) and if it is
triggered, the circuit gets to turn OFF when the transient is
reduced. Hence, the self-commutating device (e.g., IGBT) is
a better solution for the power devices in crowbar circuit [103].

Nowadays, crowbar protection is the only protection avail-
able for converters in variable speed PSPP. Once the crowbar
protection is enabled, DFAM acts as the conventional induc-
tion machine (squirrel cage induction machine) and draws
more reactive power from the grid causing voltage instability
in the weak grid [104]. Therefore, the controller is instructed
to stop the machine by enabling shutdown procedure in
hydropower plants. To illustrate, consider a machine operating
in generation mode at subsynchronous speed, during which
compensation frequency is supplied by the power converter to
get the synchronization frequency for the delivering power to
the grid. The sudden removal of the power converter in this
situation leads to the cutoff of compensation frequency, end
up in delivering power with a different frequency in reference
to grid frequency which results to instability in the machine.
Hence, it is clear that the plant will get shut down as soon
as crowbar protection acts. The aforementioned consequences
do happen for even small disturbances occur in the grid (i.e.,
0.05 p.u. depth voltage sag) and stoppage of the plant further
increases. However, once the plant is shut down, it will take
several minutes to get restarted leading again to high economic
losses. In addition, the fault ride-through capability of the plant
is a major problem in the aforementioned situations. Hence,
additional protection is needed for the plant to increases
the fault ride-through capability and thereby ensuring the
continuity of plant operation.

D. Circulating Current in Parallel Converters

Circulating current is an important issue in the parallel
connected converters. These circulating currents are more
vulnerable to the high rated parallel power converters in large
rated variable speed PSPP. Such circulating currents will dis-
tort the current waveforms, increase the losses and introduced
unbalance currents in rotor side of the machine [75], [79].
DC chokes are employed in 300-MW Goldisthal variable
speed PSPP to suppress the circulating current [18]. In addi-
tion, circulating current controller is also enabled in the vector
control structure of the power converters. Also, it is to mention
that the research has been continuously carried out to eliminate
circulating current in large rated parallel power converters with
better robust characteristics [105], [106].

E. Operating at Synchronous Speed

When DFAM is operated at synchronous speed, due to
the low frequency of the rotor currents, unbalanced thermal
heating (unequal distribution of losses among the power
devices) is produced in power converters [107]. In addition,
it is noted that the junction temperature in power semicon-
ductor devices (IGBT) during low-frequency rotor voltage is
higher which results high junction temperature swings [108].
Hence, the large rated DFAMs are not preferred to operate at
synchronous speed and it is considered as an insensitive band.
However, the research has been continuously undertaken to
reduce the dead band around the synchronous speed [109].

VI. SIMULATION AND EXPERIMENTAL RESULTS

In order to demonstrate the operational issues, the DFAM-
fed variable speed PSPP is simulated in MATLAB software
through Simulink and the structure is executed based on
Fig. 12 (in the Appendix) at hydropower simulation labo-
ratory of Water Resources Development and Management
Department, IIT Roorkee. A 306-MVA, 0.95 power factor
DFAM is considered with five channel back-to-back IGBT-
based converters connected in parallel (5 MW each) with
a redundant converter of 5 MW rating (see Fig. 4) and
simulation is carried out in 3.40 GHz i7 core CPU 8 GB
ram computer. The Simulink model is developed considering
pump load characteristics. During simulation, the machine is
operated at the speed of 1.014 p.u. rpm (Syn. Speed +0.7%)
considering load torque of 1.028 p.u. The results obtained dur-
ing normal operation of DFAM are as follows: stator current—
10135 A (rms); stator voltage (P–P)—15 750 V (rms); rotor
Current—10 225 A (rms); rotor voltage (P–P)—435 V (rms)
and the results of each test (operational issues) are discussed.
The machine parameters are listed in the Appendix (Test
machine 1).

Experimental setup with available facility in laboratory,
shown in Fig. 6, is developed to validate the results obtained
from simulation tests. Machine parameters are given in the
Appendix (Test machine 2). Vector control of DFAM is
achieved through a two level back-to-back IGBT based con-
verter module (PEC16DSM0-45). Grid-side converter (GSC)
controls the dc link voltage and rotor-side converter (RSC)
controls the speed and reactive power delivery of machine.
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Fig. 6. Experimental setup.

GSC and RSC are controlled by a dSPACE 1104 real time
controller (TMS320F240 DSP). SPWM pulses (carrier fre-
quency of 2200 Hz and dead band of 6 μs) generated
in MATLAB Simulink are given to converters through the
controller. Inbuilt Hall effect current sensors in converter
module is used for measuring rotor and stator currents and
quadrature encoder pulse (QEP) type encoder (1024 pulses
per revolution) is used for speed and position measurement.
Current, voltage, and power are measured by Fluke-435 power
quality analyzers (both stator and rotor sides) and recorded
through dSPACE control desk 3.7.3 automation. The dc link
voltage of back-to-back two-level converter is maintained at
325 V and the sample time is 0.001 s. During experimental
tests, machine is instructed to operate in supersynchronous
pumping mode with the rotating speed of 1.04 p.u. and load
torque is considered as 0.7 p.u. In consideration of available
facility in the laboratory, few simulation results are validated
with the experimental tests conducted in the laboratory and
remaining simulation results are validated with experimental
results reported in [7] and [110].

A. Test 1: Power Redundancy

A 250-MW with 5×5 MW power converters in rotor circuit
is considered, as shown in Fig. 4, for simulation. A single
leg open circuit fault in RSC is injected at 125 s and the
results are shown in Fig. 7(a). When fault occurs, one of the
phase current in rotor goes to zero and the conduction mode is
equivalent to the single phase converter with other two healthy
legs. The magnitude of currents in healthy legs reaches to
1.15 p.u. [Fig. 7(a)]. Stator phase currents reach to 1.42 p.u.
to drive the load.

During experiment, at laboratory, single leg open circuit
fault is injected at 25 s and results are shown in Fig. 7(b).
Results obtained from the experiment validate the results
obtained from simulation. It is noted that both stator and rotor
currents exceed their rated values which causes shutdown of
hydrogenating unit. On the other hand, if circuit is having
power converter redundancy, the faulty converter in rotor

Fig. 7. (a) and (b) Simulation results of dynamic performance of
250-MW DFAM under faults (RSC-single leg power converter fault).
(c) and (d) Experimental results of dynamic performance of 2.2-kW DFAM
under faults (RSC—single leg power converter fault).

circuit shall be replaced with the standby converter for the
continuous operation of generating units.

B. Test 2: Effect of Contactor Employed to Provide Power
Redundancy

As discussed in Section IV-A, the provision of contactor in
series with the power converter provides power redundancy
during the converter fault. In order to investigate the effect
of this option, a contactor is connected in series with each
converter as shown in Fig. 4. The simulation is carried out
by introducing a single leg open circuit fault within any
one of the main converter [Fig. 7(a)] at 125 s and the fault
is detected by the desaturation and circulating current fault
detection techniques. The faulty converter is isolated from the
system by contactor as well as redundant converter comes to
the action for continuous operation of the plant. It is observed
that phase voltage in rotor winding reaches to 1.75 p.u., shown
in Fig. 8 during isolation of faulty converter. Over voltage in
rotor windings leads to deteriorate the life of insulation.

C. Test 3: Detection of DC Component During a Fault

Rotor side short circuit faults (phase–phase and single leg)
are injected at 125 s. During faults, high magnitude (about
1.85 p.u.) and very low-frequency (<0.5 Hz) rotor phase
currents are produced as shown in Fig. 9(a). High magnitude
and dynamic variation of frequency in rotor fault currents are
challengeable in detection. Further, high dc or extremely low-
frequency fault currents are also challengeable in disruption
by contactors. Experimental results reported in [7] validate
the simulation results obtained.

D. Test 4: Control Redundancy

Closed loop vector control system to facilitate desired
dynamic performance of DFAM-fed variable speed PSPP
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Fig. 8. Response of contactor used isolation and redundant operation of
power converter—250 MW DFAM.

Fig. 9. DC component current. (a) Response of rotor side short-circuit
fault (P–P). (b) Response of rotor side—short-circuit fault (IGBT—single leg).

requires encoder, dc link voltage, grid voltage, grid current,
stator current, and rotor current sensors. The encoder omission
fault is injected in the closed loop control system and observe
the performance of the drive (omission fault is modeled by
setting the sensor output to zero). The performance measures
are set for speed, dc link voltage, current and settling time.
The performance bounds are considered as follows: 1) speed
variation is ±0.05 p.u. rpm; 2) dc link voltage variation
is ±0.1 p.u.; 3) current is acceptable up to 1.2 p.u.; and
4) controller settling time is less than 250 ms.

The encoder fault is injected at 125 s and the results
are shown in Fig. 10. During fault, speed controller reads
input as zero and increases proportional gain of the con-
troller which increases the speed of machine. Consequently,
frequency of rotor current increases, shown in Fig. 10(a), until
the speed gets saturated. From the test results, it is summa-
rized as: 1) speed of the machine increases until the q-axis
rotor current (Iqr) gets saturated; 2) increase in Idg (direct
axis current—grid) to maintain the dc link voltage; and
3) reactive power delivery/consumption during encoder fault
is unchanged. The probability of the survival of DFAM under
the said fault is analyzed with the performance bounds. Results
show that the unit fails to continue its operation under encoder
omission faults, hence control redundancy is necessary
to increase the continuity of operation of hydrogenating
units.

E. Test 5: Deficiency in Protection of Power Converter

Single stage protection (crowbar protection) of the power
converter in doubly fed induction machine is continuously
disturbed the service of the plant even the fault is not severe.
Voltage sag of 0.3 p.u. depth is applied between 125 and 140 s
(duration15 s) and results are shown in Fig. 11. Perfor-
mance bounds are considered as discussed in test 4. Results

Fig. 10. Response of Encoder fault. (a) Rotor current—machine side.
(b) Stator current. (c) Speed.

show (Fig. 11) that the parameter measures are near or slightly
above the performance bounds, the crowbar protection is acti-
vated for this disturbance and the plant gets shut down. But if
we are adjusting the parameter limits with the consideration of
modest performance degrades will increase the survival of the
plant under this fault. Otherwise, the suitable circuit is required
to suppress the rotor current with the considerable limit helps
to continuous operation of the plant of the disturbance.

Experimental results reported in [110] validate the simula-
tion results obtained. It was observed that dc link voltage of
the back-to-back VSC rises up to 1.3 p.u. and consequently
crowbar protection is activated during the grid disturbances
(voltage sag).

VII. FUTURE RESEARCH CHALLENGES

As reported in [2], [5], [17], and [29], many projects
are under construction or at planning stage with the
consideration of DFAM-fed variable speed PSPP. Sec-
tions V and VI explained various operational issues of these
plants with test results. These sections provide some research
initiations/directions to cancel out the above said issues. These
are considered as the future research challenges and are given
as follows.

1) The significant advantages of improved dynamic perfor-
mance, unity power factor, reduction in THD are the
main reasons that multilevel VSCs are applied in vari-
able speed PSPP. However, inventions in power semi-
conductor devices, modulation schemes, and converter
topologies will intensely influence the future growth of
power electronics in large rated variable speed PSPP.

2) From the test 2 results presented in Section VI, it was
observed that overvoltage occurred in rotor windings
during the interruption of contactors. In view of this
issue, future research shall be initiated to design a power
redundancy system suitable for PSPP without contactors.
It may be planned to be removed PWM pulses from
faulty converters (for open circuit and other faults except
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Fig. 11. Response of voltage sag of depth 0.3 p.u. and duration 15 s.
(a) Grid voltage. (b) Rotor current—machine side. (c) Stator current.
(d) Speed.

short circuit in two/more legs) and issue PWM pulses
to redundant converters in a short time governed by the
master controller.

3) It was observed from test 4, presented in Section VI,
that sensor failure or a fault occurred in controller result
to stoppage of hydrogenating unit. Hence, an effective
control redundancy is highly recommended to increase
the continuity of operation of such generating units. V/f
scalar or sensor less vector control may be considered
as back up control upon the faults occurred in sensors.

4) As discussed in Section V-C and Test 5 shows that the
protection deficiency in DFAM drive results to more
stoppage of the plant and also leads to instability in
the grid. So, it is recommended to add the dc link
chopper protection system [dc link chopper circuit has
to be installed in every converter module to dissipate the
excess energy in the rotor circuit of the machine] in the
large rated plant with the crowbar protection system to
improve the fault ride-through capability and continuous
operation of the plant.

The main theme of dc link chopper protection is to protect
the converter and the rotor windings from grid faults and it
does not affect crowbar protection based on the severity of the
fault, then the plant is in continuous service. (e.g., consider a
voltage sag in the grid as 0.1 p.u. and it produces the distur-
bance in rotor current that increases to about 1.1 p.u., during
this time dc link chopper protection is enabled that dissipate
the energy via resistance and essentially crowbar circuit should
not be enabled). But if the fault is very severe (voltage sag is
more than 0.4 p.u. with a considerable time period or short-
circuit faults occur in grid) then both (crowbar and dc link
chopper circuit) protection circuit will be enabled and the unit
gets shut down. A combination of these two protection circuits
provides better fault ride-through capability and reduces the
stoppages in large rated plant.

TABLE IV

PARAMETERS OF TEST MACHINES

Both crowbar and dc link chopper-based protection circuits
for DFAM serving in wind power systems are discussed
in [112] and [113]. Research is also deliberated on such
protection schemes for a mini pumped hydropower plant [114].
Nonetheless, the adaptation of both protection circuits are not
yet applied in any commissioned large rated variable speed
PSPP.

5) DC chokes, PSTs, interphase reactors, interleaved PWM
with discontinuous space-vector modulation techniques
and individual control strategies are the practically used
methods to mitigate the circulating current. However,
zero and negative nonzero sequence circulating current
cannot be eliminated by the aforementioned methods,
hence, coordinated control of an individual controller is
to be implemented to limit such a circulating current
component.

6) The design of capacitance and dc link voltage is selected
by considering the extra burden that occurs during the
grid disturbances (voltage drop, short circuit fault, and
frequency drop).

VIII. CONCLUSION

This paper has reviewed the power converter topologies,
modulation techniques, and their suitability in DFAM-fed
variable speed PSPP. In addition, it is clearly presented the
operational issues of the parallel converter in large rated vari-
able speed PSPP with the simulation and experimental results.
The importance of converter redundancy is presented with
economic benefits, hence, the converter redundancy in parallel
converter system is essential for the continuous operation of
the plant which increases the reliability and provides more
economical benefits. Also, the status of the protection circuit
is analyzed and it is to be noted that the plant should have
an additional protection circuit for converters with crowbar
protection and improves fault ride-through capability. In view
of operational issues, it is concluded that the suitable parallel
converter scheme should be utilized for the proper power
sharing with converter redundancy and the accurate control
system is to be implemented for mitigating the circulating
current. Furthermore, it is decided that the importance and
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Fig. 12. Control diagram for DFAM serving in variable speed PSPP.

increasing technical requirements of the converter in variable
speed PSPP drives will require substantial efforts and research
in the future.

APPENDIX

See Fig. 12 and Table IV.
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