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Abstract

Pumped storage hydropower plants (PSHP) are widely used for bulk energy stor-
age around the world. The variable speed operation of these plants further enables
their capability to regulate the power in pump mode as well. In most PSHPs, the
variable-speed operation is achieved by the combination of a doubly-fed induction
machine (DFIM) and a reversible pump turbine (RPT). The importance of this en-
ergy storage system is increasing at the same rate as the penetration of intermittent
renewable energy sources like wind and solar into the grid. To better utilize these
pollution-free energy sources, the PSHPs with fixed-speed synchronous machine
units are being considered for conversion to variable-speed operation.

The variable-speed operation of a synchronous machine in a fixed-speed PSHP can
be executed by introducing a full-size converter between the generator transformer
and the stator of the machine. The converter decouples the machine rotation from
the grid frequency, and thus the speed of the machine can be adjusted to vary the
pumping power and to allow the RPT to run at the maximum possible efficiency
over a wide range of operations.

There exist several converter topologies for variable speed drives in industrial ap-
plications. This thesis focuses mainly on the converter topologies and their control
to enable the variable speed operation of the synchronous machine in a fixed-speed
PSHP.

First, the converter topologies like neutral point clamped converter, active neutral
point clamped converter, and modular multilevel converter have been evaluated
and compared for this application based on the application-associated require-
ments. The analytical loss equations for the semiconductor devices have been
derived and used for analyzing the loss at different operating conditions of the
converter.
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Second, the control method of these converters has been proposed for fast startup
of the plant in both pump and turbine operation, fast mode transition from the
turbine to pump and vice versa, and during low voltage ride through (LVRT) con-
ditions on the grid terminals. The methods have been tested and verified in the lab-
oratory using a full-size two-level three-phase converter, a synchronous machine,
and a hardware-emulated reversible pump turbine.

With the full-size converter, critical operations like the startup in pump mode and
the mode transition from the turbine to pump and vice versa can be executed quite
faster than the existing DFIM technology. The startup can be accomplished in less
than 30 seconds, and the mode transition can be performed in less than a minute
which is crucial in following the varying power generation from intermittent re-
newable energy sources.

The summary of contributions of this PhD research is listed as follows:

1. Analytical loss equations for the PWM modulated ANPC converter and
Modular Multilevel Converter have been derived. These equations are a
useful tool for loss analysis of these types of converters and determining the
rating of the semiconductor devices.

2. A detailed loss analysis of multilevel converters has been carried out and the
best possible converter solution to enable the variable speed operation in a
fixed speed pumped storage power plant has been proposed. This method
can serve as a converter selection method for this technology.

3. A Control strategy to start and stop the power plant in turbine (generation)
mode and pump mode has been proposed and verified in a laboratory with a
100 kVA prototype experimental arrangement.

4. Control strategy for the transition of mode from the turbine to pump and
vice versa has been proposed and verified in the laboratory. This feature is
crucial in adapting intermittently varying power generation from renewable
sources like wind and solar.
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Chapter 1

Introduction

1.1 Background
At present, pumped storage hydropower plants (PSHPs) are realized with a re-
versible pump turbine (RPT) and an AC machine (generator/motor) connected to
the same shaft. In most PSHPs, the AC machine is a synchronous machine di-
rectly connected to the grid, and therefore, the set of machines runs at a constant
speed depending upon the frequency of the grid regardless of the amount of water
flowing into the turbine/pump. This also leads to constant power consumption in
pump mode. However, it is a well-proven theory that the turbine/pump operates
at optimal efficiency only if its speed is varied according to the variation in the
water flow. Further, the variation in speed also provides the control of power in the
pumping mode which contributes to the frequency stability of the grid.

In most PSHPs around the world, variable speed operation of hydraulic machines is
currently being achieved with the help of Doubly Fed Induction Machine (DFIM)
technology. In this technology, a frequency converter of approximately 20–30%
capacity of the stator rating is required to achieve a variation of ± 10% in speed
[1]. Even though the system has been widely used for over 30 years, it still ex-
hibits a long start-up procedure that takes 5–20 minutes. The procedure includes
depressing the water below the runner level, altering the phase sequence of the
stator connection, short-circuiting the stator winding, and synchronization to the
grid. Depending upon the type of converter connected to the rotor winding, it may
need an additional arrangement (e.g., soft starter or pony motor) to accelerate the
machine to the synchronous speed. Moreover, it makes the system unable to dy-
namically switch the operation from generating mode to pumping mode or vice
versa.

1



2 Introduction

The fast start-up, dynamic mode switching, and speed variation are important re-
quirements to balance the ever-increasing number of renewable energy sources
being introduced to the grid. The faster the control of the system is, the more ef-
fectively the pollution-free renewable energy can be utilized. This can be achieved
by decoupling the turbine/generator sets from the AC grid using a full-size back-
to-back converter-fed synchronous machine (CFSM). In a fixed-speed pumped
storage plant, the converter is placed between the AC machine and the generator
transformer to enable variable-speed operation. Such full-size converters can be
designed to deliver high starting torque, which in turn starts the system in 30–60
seconds in pump mode, and even faster in turbine mode. Therefore, this thesis
mainly focuses on the converter topology and the control of such a full-size con-
verter.

1.2 Scope of the research
The role of the pumped storage plants is becoming more prominent as more and
more renewable energy sources like wind and solar are being connected to the
grid. Fast start-up of PSHPs in pump mode and fast transition from generation to
pumping mode and vice versa are foreseen as important requirements to adapt to
the varying power generation from renewable energy sources. Therefore, the full-
size converter-fed synchronous machine is going to be the primary technology for
the pumped storage plants for variable speed operation and for the fast control of
power flow to the grid. However, there is no well-known method in the literature
for selecting the converter topology and its control for pumped storage plant appli-
cations. Therefore, the thesis focuses on addressing the methods for the selection
of converter topology and control of the converters for PSHP application as shown
in the schematic of Fig. 1.1. The details on the state-of-the-art of this technology
and the basis of the research questions are presented in Chapter 2.

The thesis is organized into multiple chapters, each dedicated to addressing spe-
cific research questions that have been formulated to explore and explain various
aspects of the chosen topic.

Research question 1: There exist many types of converter topologies for indus-
trial applications. What type of converter topology can fulfill the requirements of
converting a fixed-speed pumped storage plant with a synchronous machine to a
variable-speed pumped storage plant?

Research question 2: When the synchronous machine is isolated from the grid
using a back-to-back converter, can the speed of the machine be allowed to de-
viate more from its steady state value to contribute to the virtual inertia? The
conventional way of designing the mechanical time constant (Tm) of the electrical



1.3. Methodology 3

Generator
transformer

Back-to-back converters

SM

Synchronous
Machine

Exciter
converter

Exciter
transformer

Turbine

1

Figure 1.1: Schematic of Converter Fed Synchronous Machine Technology. The selection
of the converter topology and the development of control strategies for the back-to-back
converters (shaded in the figure) is the main focus of this research.

machine in a hydropower plant is Tm/Tw > 6, where Tw is the acceleration time
of the water through the penstock. Can this be relaxed for the electrical machine?

Research question 3: When the synchronous machine is connected to the grid
via a back-to-back converter, how the setup can be controlled to start and stop the
machine? How the transition of the mode from turbine to pump and vice versa
can be executed seamlessly to adapt to the power generation from wind and solar
energy sources?

Research question 4: What will be the consequences of a voltage dip on the grid
side in the operation of the power plant while running in the pump mode or in the
generation mode in such a full-size converter fed operation?

1.3 Methodology
The research in this thesis consists basically of two parts: the converter solution
for the application, and the control methods for the converters. The modeling
of hydraulics systems and simulation studies have been the basis for finding the
requirements of the converters. A set of analytical equations have been derived to
determine the loss at different operating points of the possible converter topologies.
A detailed evaluation and comparison of the converter topologies have been carried
out to determine the method of selection of the converter for this application.

The secondary layer control method for the operation of the pumped storage plant
does not rely on the converter topologies. Therefore, the proposed control strate-
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gies have been experimentally verified in a laboratory with a two-level three-phase
back-to-back converter-fed synchronous machine of 100 kVA. The reversible pump-
turbine characteristics have been emulated using another set of back-to-back con-
verters connected to a squirrel cage induction machine. The control software for
the synchronous machine converter has been developed during this work using
Avnet Picozed System-on-Module. The secondary control layer and the emulation
of the pumped storage plant components are executed in MATLAB-based OPAL-
RT real-time simulation system.

1.4 Major contributions of the thesis
The research conducted over the course of this Ph.D. program has resulted in the
following noteworthy contributions:

1. Analytical loss equations for the PWM modulated ANPC converter and
Modular Multilevel Converter have been derived. These equations serve as
useful tools for assessing losses in these converter types and for determining
the appropriate semiconductor device ratings.

2. A detailed loss analysis of multilevel converters has been carried out and the
best possible converter solution to enable the variable speed operation in a
fixed speed pumped storage power plant has been proposed. This approach
can serve as a converter selection method for this technology.

3. A Control strategy to start and stop the power plant in turbine (generation)
mode and pump mode has been proposed and verified with a 100 kVA pro-
totype experimental arrangement in a laboratory.

4. Control strategy for the transition of mode from the turbine to pump and vice
versa has been proposed and verified in the laboratory. This feature is cru-
cial for effectively adapting to intermittent power generation from renewable
sources like wind and solar.

1.5 Outline of the thesis
Chapter 1 presents the brief background of the application and identifies the re-
search questions. The contributions of the thesis and the list of publications are
also presented.

In Chapter 2, the state-of-the-art of variable speed operation of the pumped stor-
age plant has been discussed. Two major technologies, DFIM and CFSM are de-
scribed and the advantages of CFSM for the effective integration of renewable
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energy sources like wind and solar are presented. This chapter establishes the
identification of the research gaps the thesis has addressed.

Chapter 3 presents the overall model of a pumped storage plant including the wa-
terway, tunnel, and reversible pump turbine. The simulation results with various
control parameters of the governor are analyzed to check how the slow response of
the governor can contribute to less oscillation in the penstock and waterway. The
impact of the speed variation on the size of the converter is also discussed.

In Chapter 4, the modeling of a wound rotor synchronous machine, which is com-
monly used in fixed-speed pumped storage power plants, is presented. The model-
ing has been further simplified to mathematically determine the control parameters
for the stator and exciter current controllers.

Chapter 5 presents the possible converter topologies suitable for enabling variable
speed operation of a pumped storage power plant. Analytical loss equations are
derived to calculate the loss at critical speed points to dimension the semiconduc-
tor devices. The converter topologies are compared for various figures of merits
relevant to this application.

In Chapter 6, the converter topology for the grid-side converter is discussed. The
reactive power compensation and the virtual inertia contribution using the inertial
energy of the rotating shaft, and its impact on the size of the converter are also
outlined.

In Chapter 7, the overall control method for the full-size converter-fed operation
of a pumped storage power plant is presented. A method to seamlessly switch
the operation mode from pump to turbine and turbine to pump is proposed. In
addition, the low-voltage-ride-through cases in both pump and turbine modes are
tested. The results from a laboratory prototype to verify these control methods are
also presented.

Finally, Chapter 8 presents the conclusions of this research work and further sug-
gestions that could not be carried out within the time frame of this research.

1.6 List of publications

1.6.1 Publications related to this PhD research

J1: Raghbendra Tiwari, Roy Nilsen, Olve Mo, and Arne Nysveen, “Control
Methods for Operation of Pumped Storage Plants with Full-size Back-to-Back
Converter Fed Synchronous Machines”, IEEE Transactions on Industry Applica-
tions, Nov-Dec, 2023, DOI: 10.1109/IAS48185.2021.9677283.
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C1: Raghbendra Tiwari, and Roy Nilsen, “Analytical Loss Equations for Three
Level Active Neutral Point Clamped Converters”, IECON 2020 - 46th Annual Con-
ference of the IEEE Industrial Electronics Society, Singapore, 2020, pp. 1285–
1290, DOI: 10.1109/IECON43393.2020.9254393.

C2: Raghbendra Tiwari, Roy Nilsen, and Arne Nysveen, “Active NPC Converter
for Variable Speed Operation of Pumped Storage Hydropower Plant”, IECON
2020 - 46th Annual Conference of the IEEE Industrial Electronics Society, Singa-
pore, 2020, pp. 1211–1216, DOI: 10.1109/IECON43393.2020.9255403.

C3: Raghbendra Tiwari, Roy Nilsen, and Arne Nysveen, “Modular Multilevel
Converter for Variable Speed Operation of Pumped Storage Hydropower Plant”,
PCIM Europe digital days 2021; International Exhibition and conference for Power
Electronics, Intelligent Motion, Renewable Energy and Energy Management, Ger-
many, 2021, pp. 1361–1368.

C4: Raghbendra Tiwari, Roy Nilsen, and Arne Nysveen, “Evaluation and Com-
parison between Multilevel Converters for Variable Speed Operation of Pumped
Storage Power Plants with Full-size Converters”, 2021 IEEE IAS Annual Meeting,
2021, DOI: 10.1109/IAS48185.2021.9677283.

C5: Raghbendra Tiwari, Roy Nilsen, and Olve Mo, “Control Strategies for Vari-
able Speed Operation of Pumped Storage Plants with Full-size Converter Fed
Synchronous Machines”, 2021 IEEE Energy Conversion Congress and Exposition
(ECCE), 2021, pp. 61–68, DOI: 10.1109/ECCE47101.2021.959504.

The publications C1, C2, C3, and C4 are related to the content of Chapter 5, which
discusses the selection of the converter topology for this application. Similarly,
papers C5 and J1 are related to Chapter 7, which presents the control methods and
the experimental results. The overview of the publications and their correlation to
the contributions are presented in Fig 1.2.

1.6.2 Other publications during the PhD research

The following publications were prepared in the course of PhD study but have not
been included as part of this thesis.

C6: Raghbendra Tiwari, and Roy Nilsen, “Active Compensation of Unbalanced
Load Currents in Grid-Connected Voltage Source Converters”, International Con-
ference on Power Electronics and ECCE Asia (ICPE 2019 – ECCE Asia), May
2019, Busan, Korea (South).
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Figure 1.2: An overview of the publications and their correlation with the contributions
of this PhD research.
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Chapter 2

State-of-the-Art

2.1 Introduction
Pumped storage plants are normally realized in two ways. The first type is where
the synchronous machine is connected to two different hydraulic machines: a Fran-
cis or Pelton turbine and a pump, also known as the ternary set of machines. In
this case, the electrical machine always rotates in the same direction and the power
is produced when connected to the turbine. The power is consumed from the grid
when connected to the pump and the water is pumped from the lower reservoir to
the upper reservoir of the power plant. The second type is where the synchronous
machine is connected to a reversible pump turbine (RPT). In this case, the power
is produced when the RPT rotates in one direction (when the water flows from
the upper to the lower reservoir) whereas power is consumed, and the water is
pumped when the RPT is rotated in opposite direction. The direction of rotation
is changed by altering the phase sequence of the stator terminals of the electrical
machine. Normally, this is done using disconnecting switches either at low volt-
age switchboard or at high voltage switchyard. In both types of pumped storage
plants, the set of machines run at a fixed speed, and the power in pump mode can-
not be regulated. In addition, switching from pump mode to generation mode or
vice versa is not instantaneous. It takes several minutes to start up in pump mode
as the turbine casing needs to be dewatered and the machine set needs to be accel-
erated close to synchronous speed using an auxiliary arrangement (pony motor or
auxiliary turbine or coupling with the other machine in the same power plant).

However, it is a well-known theory that the speed of the hydraulic machines (pump
or turbine or RPT) needs to be varied as the water flow and the net head vary
to achieve the best efficiency point of operation. Moreover, the variable speed

9
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Figure 2.1: Efficiency characteristics of variable-speed and fixed-speed turbines (repro-
duced from [2]).

operation increases the efficiency in the longer range of power variation as shown
in Fig. 2.1 [2]. In the ’90s, variable speed operation of pumped storage plants
was introduced using doubly fed induction machine (DFIM) technology. In DFIM
technology, the stator of the induction machine is directly connected to the grid,
and the rotor winding is supplied by a frequency converter of approximately 20-
30 % power rating of the machine [1, 3]. The speed of the rotor is controlled
by regulating the slip frequency of the rotor supply, also known as slip power
recovery. This technology was introduced to control the power in pump mode
while keeping the base load plants, which were nuclear power plants, at relatively
constant power generation. There exist variable speed pumped storage plants with
DFIM technology ranging from a few megawatts to a single unit of 400 MW. A
list of large-scale plants with DFIM technology is presented in [4].

Cycloconverters, which are based on thyristors as semiconductor devices, are pri-
marily used as the rotor power converter in DFIM technology. Due to the natu-
ral commutation characteristics of the thyristors, the maximum output frequency
is typically one-third of the input frequency. Therefore, it cannot accelerate the
machine close to the synchronous machine, and it cannot be used as a startup con-
verter. An auxiliary arrangement as in the case of the fixed-speed pumped storage
plant is required to start the system in pump mode. With the development of IGBT,
there are a few new power plants where two-level three-phase back-to-back con-
verter topology is also employed. This type of rotor converter can be used to start
the machine in pump mode from a standstill by short-circuiting the stator wind-
ing. The water from the turbine housing needs to the dewatered as the converter is
not large enough to overcome the frictional torque produced by the rotation of the
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turbine in the water.

In the last decade, the development of renewable energy sources like wind and
solar has remarkably increased. The motive for the operation of the pumped stor-
age plant at variable speed has shifted from balancing the load to balancing the
intermittent generation. As the world is moving toward clean energy, the target is
always to avoid curtailment of production from these renewable energy sources.
Therefore, it demands pumped storage power plants and other energy storage sys-
tems to store and produce the power depending upon the status of these intermit-
tently varying sources. This may require a fast start-up of the pumped storage
plants and, in some cases, a fast transition from generation to pump mode and vice
versa. As described earlier, DFIM technology is unable to carry out fast start-up
and mode transitions. A full-size converter to the stator winding of the machine as
in the case of industrial drives is the solution to this problem if the required size
of the converter can be achieved. Considering the retrofit of the already existing
fixed-speed pumped storage plant, this solution is even more cost-effective as it
does not require the machine to be converted to DFIM by replacing it with a new
type of rotor and having a smaller converter. Even though DFIM can become a
competitive solution in terms of cost, it cannot provide dynamic features like a fast
start-up and fast transition of the operational modes.

Semiconductor devices and industrial drive technologies are still advancing toward
high-power converters. The commercially available size of industrial drives is
approaching 50 MW. The thyristor-based LCI converters in the range of 100 MW
already exist with some known issues of lower order harmonics torque ripple and
high harmonics current on the grid side as well. Therefore, this has not been
considered a proper solution for hydropower applications. In [5], it is claimed that
a full-size converter is justifiable for pumped storage power plants with a single
unit of up to 100 MW for those with today’s technology. Beyond that capacity, the
space occupied by the converter and the cost associated with it encourages the use
of DFIM technology where a smaller converter is required. Therefore, pumped
storage hydropower plants with machines in the range of hundreds of MW have
DFIM to achieve variable speed operation. As semiconductor device technology is
rapidly developing, this limit could increase in the future when devices with higher
current ratings are available. Referring to the high-power semiconductor devices
available, 100 MVA size has been taken as a reference for this research and the
possible solutions have been proposed and compared. A survey of the synchronous
machines in hydropower around the world shows that the synchronous machines
with a 100 MVA rating have a stator voltage of around 13–15 kV. The application
also demands that the retrofit of the fixed-speed plants to variable speed should be
carried out with minimum equipment. The additional transformers to match the
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stator voltage and the generator transformer voltage should preferably be avoided.
This leads to the fact that the converter must achieve an output voltage equal to the
rated voltage of the stator to deliver a transformerless solution. Transformerless
connection is important for a retrofit project because the space in an underground
power plant is well optimized during construction and it becomes very difficult
to accommodate additional transformers between the stator and the machine-side
converter and between the grid-side converter and the grid transformer.

The medium voltage industrial drives usually employ three-level neutral point
clamped (NPC) or active neutral point clamped (ANPC) converters for voltages
in the range of 3–6 kV. The two–level three-phase converters for medium voltage
drives application are not considered because of high harmonics and high voltage
steps at the output terminals. A matrix converter can produce an output voltage
up to 86% of its input voltage [6, 7], and hence, cannot provide a transformerless
connection in an existing setup. In [8], a comparison between NPC and ANPC con-
verters has been carried out for the pumped storage power plants and shows that
ANPC can yield approximately double the torque NPC can provide around zero
speed, i.e., during startup in pump mode. Modular multilevel converters had been
very popular for high-voltage DC transmission systems but during the last decade,
several studies have been carried out on employing them for the drives applica-
tion. Since the modular structure of MMC makes it easy to achieve any voltage
level, it is an attractive solution provided the challenge of capacitor voltage swing
in the low-frequency regions is addressed [9, 10, 11]. Due to the aforementioned
reasons, NPC, ANPC, and MMC topologies have been considered as the possi-
ble alternatives for the transformerless retrofit of the fixed speed PSHP to enable
variable speed operation.

The cycle efficiency of a pumped storage plant has been experienced to be in the
range of 70%–85% [12]. The cycle efficiency of the Linthal pumped storage plant
is claimed to be more than 80% [13]. The start-up time is 120 seconds (not men-
tioned whether gen mode or pump mode) and 240 seconds to switch from pump
mode to generating mode.

One of the advantages of variable speed operation is that the range of operation of
the turbine increases significantly. In a fixed-speed turbine, the power cannot be
changed to lower than about 40% of rated capacity due to cavitation [3]. The op-
eration of the Goldisthal power plant with variable speed using DFIM technology
demonstrates that the units with a variable speed system can be regulated from 40
MW to 265 MW, whereas the units with synchronous machines can be regulated
only from 100 MW to 265 MW [14].
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2.2 History of variable speed operation of pumped storage plants
The first pumped storage plant was built in Switzerland in 1907 [15]. At that time,
the plant was realized using a ternary set of machines: a pump, a turbine, and an
electrical machine. After the introduction of reversible pump-turbine by Voith in
1937, the size of the plant machinery became robust [16]. PSHPs became popular
for bulk energy storage even though the energy density is significantly low. Based
on the potential energy stored (ρgh = density of water x acceleration due to gravity
x head) in the water at the upper reservoir with a typical gross head of 500 m, the
energy density is about 1.36 kWh/m3 compared to the 250-670 kWh/m3 of Li-
ion batteries [17]. Despite having very low energy density, PSHP is cost-effective
because the storage pond is naturally available.

The first commercial power generation from a nuclear reactor came in 1954 at Ob-
ninsk Nuclear Power Plant of 6 MW [18] and continued to grow as base power
plants in several countries around the world. As the power ramp-up and ramp-
down time for nuclear power plants are very long and inefficient, pumped storage
power plants were considered for operation at variable speeds to produce and con-
sume variable power, especially in pump mode, to maintain the power balance
in the grid and a steady grid frequency. In that context, the first commercial unit
with variable speed capability using a Doubly Fed Induction Machine (DFIM) was
commissioned at the Yagisawa Pumped storage power plant in Japan in 1990 [19].
Since then, many large units of up to 460 MW have been installed around the
globe.

Due to the complicated and slow starting process of DFIM technology, full-size
CFSM technology is now being discussed extensively for fast integration of pollution-
free renewable energy sources like wind and solar. One of the four units of 100
MW in Grimsel-2 pumped storage plant in Switzerland has already adopted this
technology in 2013 to take advantage of the flexibility provided by it [20, 21].
In addition, a direct MMC ac/ac full-size converter of 80 MW has recently been
installed at Malta Upper Stage Project in Austria to enable the variable speed op-
eration of the existing fixed speed infrastructure [22].

2.3 Historical overview of power electronics in drive applica-
tions

The variable speed operation of the electrical machines in applications like passen-
ger lifts in mines and railway locomotives was first solved by tandem machines.
One of the most popular methods introduced by Harry Ward Leonard in 1891 was
named the Ward Leonard method. The invention of mercury arc vacuum tubes
in 1902 paved the way for the power electronics era. These vacuum tubes made
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possible the development of AC-DC rectifiers (1910), DC-AC inverters (1920),
and variable-frequency drives (around 1920) [23, 24]. The grid-controlled vac-
uum tubes (equivalent to gate-controlled thyristors) also led to the connection of
variable frequency sources.

The major revolution in power electronics took place in the 1950s with the in-
vention of the thyristor at Bell labs and its commercialization by General Electric
(GE). Thyristors replaced most of the vacuum tube-based converter topologies in
the following years [25, 26, 27].

Thyristors were used in the already existing cycloconverter topology for ac-ac con-
version without an intermediate link. Due to only natural commutation being pos-
sible in thyristors, the output frequency of the cycloconverter was limited to one-
third of the input frequency. Still, it proved to be useful for several applications
like railways and propulsion systems [24]. Later in the 1990s, pumped storage
power plants needed to be controlled in pump mode, and high-power converters
were required to feed the rotor winding of very large wound rotor induction ma-
chines. As the slip frequency of the induction machine is very low, cycloconverters
proved to be the best solution at that time.

The Gate turn-off (GTO) thyristor was introduced by GE in the mid-1980s and it
simplified the implementation of field-oriented control and ac drives became the
dominating technology in high-power industrial applications. The further modified
version of GTO with an integrated gate circuit called an Integrated Gate Commuted
Thyristor (IGCT) was developed by ABB and Mitsubishi in the 1990s with im-
proved performance. This semiconductor device is still preferred for high power
converter topologies [25, 26, 28, 29]. The applications of MOSFETs and BJTs
were limited to smaller drives and electronics.

The Insulated Gate Bipolar Transistor (IGBT) was introduced in the 1980s, and its
fast switching capability led to the development of highly efficient low-voltage and
medium-voltage drives. With the availability of IGBT for high-power applications,
various multilevel converter topologies were also introduced at different times:
Matrix converter (1980), Neutral point clamped converter (1981), ANPC converter
(2001), and Modular multilevel converter (2003) [25, 30, 31].

With the availability of high-power semiconductor devices and converter topolo-
gies, it became possible to achieve converter size for pumped storage power plants.
Since a small converter is required to enable variable speed in a doubly fed induc-
tion machine, it was introduced in this type of unit.
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2.4 Doubly fed induction machines (DFIM) technology
In a pumped storage plant with DFIM technology, the stator winding is connected
to the grid via a circuit breaker and a phase reversal arrangement, and the rotor
winding is fed via a converter as shown in Fig. 2.2. The type of converter can be
a cycloconverter, back-to-back two-level, multilevel, or any other type depending
on the voltage and power rating. The phase sequence of the stator connection is
altered while changing the mode of operation from the turbine to the pump or vice
versa. In DFIM, the speed normally varies in the range of ±10%, and the power
varies approximately by 30 % with this speed variation. The upper and lower limit
of the speed is limited by the suction and pressure side cavitation in the turbine.
The size of the converter required for such rotor side converters is typically 10-30
% of the stator rating for a ±10% variation in speed [32].

The Ohkawachi power plant installed in 1993 has one unit of 400 MVA Doubly fed
induction machines with speed variation from 330 rpm to 390 rpm and the rotor
is fed by a 72 MVA cycloconverter [33]. The Goldisthal pump storage plant has
two units of 300 MW (340 MVA) operating as doubly fed induction machine units
for variable speed operation and has cycloconverters of 100 MVA for each unit to
supply the rotor winding. The cycloconverter drives the machine from -10% to +4
% of the rated speed of 333 rpm. In addition, a 66 MVAr harmonics wideband
power filter is also installed at the point of common coupling to reduce the impact
of harmonics due to cycloconverters [34].
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Figure 2.2: Schematic of Doubly Fed Induction Machine Technology. The three-phase
winding on the rotor is fed by a cycloconverter or back-to-back voltage source converters.
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At Linthal Pumped Storage Plant, two units of 250 MW are of DFIM type and the
rotor winding is fed by a three-level NPC converter. The same type of converter
is used in 255 MW DFIM machines at Tehri pumped storage plant in India [35].
In Tehri PSHP, the speed variation is 230.8 rpm ±7.5% and the converter for the
rotor circuit is a five-channel three-level NPC converter of 25 MVA (5 MVA per
channel) [36]. The Frades II hydropower has also deployed a two-level back-to-
back converter for supplying the rotor winding of a 433 MVA machine. The size of
the rotor-side converter is 45 MVA and that of the grid-side converter is 62 MVA.
The speed variation is -6.67% to +1.67% around its synchronous speed of 375 rpm
which provides a power variation of 25-100% in generation mode and 78-100% in
pump mode [37].

The power plants that are incorporated with Cycloconverters for DFIM arrange-
ment still need a separate converter or soft starter while starting in pump mode
as the Cycloconverter cannot produce an output frequency close to the rated fre-
quency to accelerate the machine to the synchronous speed.

2.5 Converter fed synchronous machines (CFSM) technology
The CFSM technology requires a full-size converter for the stator winding in ad-
dition to the excitation converter as presented in Fig. 2.3. The load-commutated
inverter (LCI) topology was initially used for the control of CFSM and is still in
use for a few particular applications. The typical applications are compressors and
extruders in oil & gas industries, blast furnace blowers, wire rod mills in metal
industries, and starters for gas turbines and hydro turbines in pumped storage hy-
dropower plants [38].

One of the alternatives to enable variable speed operation in fixed-speed pumped
storage plants with a synchronous machine is to change the salient pole rotor of
the machine to the three-phase wound rotor and convert the machine to a DFIM.
The rotor can then be fed by a relatively smaller variable frequency drive as was
demonstrated by ABB as a pilot project in one unit of 10 MW, 13.8 kV at Com-
puerto Hydropower Plant in Spain [39].

The full-size converter-fed synchronous machine provides several operational flex-
ibilities like a fast startup in pump mode, a fast transition from the turbine to
pump mode, and vice versa. These features lead to integrating renewable energy
sources more effectively and efficiently. Such technology is foreseen as the future
of pumped storage plants. Grimsel-2 in Switzerland has one of its 100 MW units
running in pump mode with a 2 × 50 MW full-size back-to-back connected ANPC
converters [20] whereas Malta Upper Stage Project in Austria has incorporated 80
MW direct MMC for the same purpose [22].
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Figure 2.3: Schematic of Converter Fed Synchronous Machine Technology. The stator
winding is fed by a large converter of at least the same power capacity as the stator. The
field winding is fed by a dc supply directly from a converter as shown here in the case
of the static excitation system. In many cases, the field winding is supplied by a rotating
exciter and a rotating rectifier system mounted on the same shaft, known as a brushless
excitation system.

One of the major benefits of variable speed operation is that it can regulate the
power in both pump and generation mode whereas the conventional one can only
regulate in generation mode. The downside of variable-speed operation is that it
needs a large converter, which is challenging for an existing plant to accommodate
in the powerhouse cavern.

2.6 Advantages and disadvantages of CFSM over DFIM

2.6.1 Advantages

Besides the fact that CFSM requires a very large converter compared to that re-
quired in a DFIM configuration, CFSM exhibits several advantages over DFIM.

In a DFIM machine, the rotor carries a very high current and the expansion in the
rotor bars complicates the design of the machine. The monitoring of the expansion
and the handling arrangement requires special attention [40].

In the DFIM configuration, the phase sequence of the stator connection is altered to
rotate the machine in the opposite direction while changing the mode of operation
from pump to turbine and vice versa. This is normally done in a high-voltage
switchyard, and the process delays the transition of mode from one to the other.
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For retrofit projects with fixed-speed pumped storage plants, only a full-size con-
verter is required for CFSM configuration, whereas a new rotor, phase sequence
changer, and relatively small converter are required for DFIM configuration. Still,
the latter does not exhibit a fast transition of the operational modes.

In the case of a fixed-speed synchronous machine, the machine needs to be rotated
when used as a synchronous condenser. With a CFSM configuration, the grid-side
converter alone can be operated as a static compensator (STATCOM) to supply
reactive power to the grid.

Unlike DFIM, there is no need for a start-up converter or auxiliary turbine machin-
ery for CFSM.

The CFSM technology provides freedom in the design of the synchronous ma-
chine. The machine can be designed with higher synchronous reactance than in
conventional. This decreases the size of the machine and hence the cost [41, 42].
In addition, the machine can be designed for a unity power factor, and hence the
conductor size can be reduced as the reactive power can be supplied by the grid-
side converter.

Running the machine at synchronous speed is the best operating point for a full-
size converter in CFSM, whereas the same speed is the worst operating point for
the rotor-side converter in DFIM as it needs to drive dc current at this speed. This
leads to a very high imbalance in losses among the semiconductor devices in an
NPC or ANPC converter. Therefore, a dead band is created around synchronous
speed in the case of DFIM to avoid continuous dc operation of the rotor-side con-
verter. In the case of Linthal PSHP, it is ± 0.2 Hz [40]. The maximum loss in
the converter occurs at rated speed in the case of DFIM, whereas the same occurs
during startup in the case of CFSM, which lasts only for a short time.

The CFSM technology also adds advantages at the system level, e.g., it contributes
to the system stability in pumping mode by dynamically varying the load based on
a change in the grid frequency.

2.6.2 Disadvantages

The most critical disadvantage of the CFSM technology is that it requires a con-
verter of at least the same size as the rating of the synchronous machine. Consid-
ering the virtual inertial contribution, the size would be even larger than the rating
of the machine. The cost of the large converters in the range of 100 MVA would
be quite high compared to the smaller converter required in the DFIM technology.
In addition, such large converters are not yet commercialized for industrial drive
applications.
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The losses in the full-size converters with the available semiconductor technology
may become higher than the gain in efficiency from the reversible pump-turbine by
enabling variable speed operation. The wide band-gap devices SiC MOSFETs and
SiC IGBTs are now available with voltage ratings as high as 10–15 kV, but with
low current ratings [43]. High power converters using these devices have the pos-
sibility to achieve efficiency above 99% in the near future [44, 45]. Therefore, the
installation of CFSM technology requires to be justified from the benefits gained
on the grid integration level. The detailed study in this direction is not part of this
research.

2.7 Requirements of the application
The individual unit of the pumped storage power plant installed around the world
ranges from a few MW to 400 MW. A full-size converter for large machines in
the range of 400 MW would not be beneficial with commercially available semi-
conductor devices due to high losses in the converter. The cut-off point at the
moment is considered 100 MVA [5]; therefore, this size has been decided as the
requirement for the sizing of the converters.

Due to the high penetration of renewable energy sources, fixed-pumped storage
plants are the most attractive and viable energy storage units to better utilize these
sources. However, the existing power plants impose some requirements due to sev-
eral constraints associated with them. Therefore, the full-size converter is required
to fulfill the following features:

• high starting torque in pump mode.

• dynamic variation of load in pump mode to support the grid frequency.

• seamless transition of the mode of operation from the turbine to pump and
vice versa.

• boosting the grid performance in generating mode; turbine and machine in-
ertia can be used to temporarily allow further drop in speed on the machine
side until the power from the water comes. This feature is implemented in
the grid-side converter and is also called virtual inertia or synthetic inertia.

• since the converter will be connected between the stator of the machine and
the generator transformer, it should match the output voltage on both ends.
In other words, it should provide a transformerless connection to the existing
electrical machines.

From the torque speed characteristics of a typical reversible pump turbine as shown
in Fig. 2.4, the starting torque, i.e., torque at zero speed, is about 13%. This value
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Figure 2.4: Torque speed characteristics of a typical reversible pump turbine at different
guide vane openings (α). The speed is positive in generating mode and negative in pump-
ing mode. The shaded region shows the rated operating region. Courtesy: Water Power
Laboratory, NTNU, Trondheim.

differs widely in the literature. The higher the torque output from the converter in
the low-speed region, the faster the mode transition can be executed.

In the existing pumped storage power plants, the water from the turbine housing is
blown away by an air compressor to ease the start-up such that only an additional
small-size machine is required to start the machine in pump mode. In this case,
starting torque required to drive the pump–turbine system is 3–6% of the torque at
rated synchronous speed. For a fast startup, it is required to run the system with
water in the casing. In such a situation, the load torque produced at rated speed is
between 25–60% of the nominal torque with guide vanes (wicket gate) closed [46].
In [47], the same is mentioned to be around 22% of the nominal torque with the
turbine flooded into water. From [48, 49], the torque requirement for a reversible
pump-turbine at zero speed can be derived as 50–125% of the nominal torque at a
rated speed depending upon the opening of guide vanes.

2.8 Summary
This chapter has presented the state-of-the-art of variable speed operation tech-
nology for pumped storage power plants. The DFIM technology is still favorable
for very large machine units of several hundreds of MVA because of the feasible
size of the converter using commercially available semiconductor devices. The
CFSM technology is emerging as a better solution as it enables the more optimal
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utilization of pollution-free renewable energy sources. The future wide band-gap
SiC devices can make this technology attractive with a more compact and highly
efficient converter topology.

Additionally, the prerequisites for implementing CFSM technology, including a
torque requirement of approximately 13% of the rated torque when the RPT is
submerged in water are outlined.
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Chapter 3

Hydraulic System

In this chapter, an analysis of how a full-size converter-fed synchronous machine
can contribute to the grid transients is performed. Since the machine is decoupled
from the grid, the speed of the synchronous machine can be allowed to deviate from
the synchronous speed during dynamic conditions. The governor parameters are
adjusted to study its effect on the oscillation in the waterway and surge tank. The
size of the converter depends on the maximum current that the converter carries
during dynamic conditions. Hence, how much inertial contribution the converter
can provide during dynamics is presented at different loading conditions, which
addresses the Research question 2. A model of the reversible pump turbine is also
presented which is used in the simulation to study the dynamic behavior. The same
model is used in the laboratory prototype to emulate the reversible pump-turbine
using a converter-controlled induction machine.

3.1 Introduction
The pumped storage power plants usually consist of either fixed-speed synchronous
machines or variable-speed DFIM technology. In both cases, the stator winding
of the electrical machines is directly connected to the grid. Therefore, the tran-
sients due to disturbances in the grid reflect directly on the machine and hence
to the hydraulic turbine and the waterway systems. In addition, the inertia of the
machines in both cases is directly coupled to the grid. In the case of a full-size
converter-fed synchronous machine, the machine is isolated from the grid with a
back-to-back converter inserted between the stator of the machine and the grid.
However, the inertia of the machine is still coupled and the disturbances due to
the grid reflect the same way on the machine and the water system if there is no
additional energy storage system connected to the converter system. As the ma-
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chine is not directly linked to the grid frequency, it can, however, run at a different
speed than the grid frequency. Even during transient, it has the freedom to let the
speed increase/decrease to contribute with the inertial energy stored in the rotor of
the machine and the turbine. Yet, how much energy can be delivered to the grid
depends on the size of the instantaneous load on the machine and the size of the
installed converter.

This chapter presents how the steady state and dynamic operation regime influence
the selection of full-size converters for pumped storage plants. A simulation anal-
ysis is carried out with step change in load on the grid side and the consequences
on the waterway and turbine are analyzed. The waterway and reversible pump tur-
bine are modeled based on their characteristic equations. An equivalent electrical
model exhibiting the pump and turbine actions is also presented.

3.2 Modeling of waterway and reversible pump turbine
A simple schematic of a pumped storage plant is shown in Fig. 3.1 with the rel-
evant parameters of each section denoted as length (L), the cross-section of the
tunnel (A), and the discharge through the tunnel (Q). The modeling of the re-
versible pump-turbine and waterway then follows the following mathematical re-
lations based on [50]. The schematic of a typical hydropower plant is presented in
Fig. 3.1.

The water flow in the headrace tunnel is mathematically correlated to the other
hydraulic parameters as follows:

L1
gA1

dQ1
dt

= Hu − Z1 −K1Q1 |Q1| (3.1)

Hu

Hl

Z1

Z2
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Figure 3.1: Schematic of a typical pumped storage power plant.
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where,

K1 = Hloss,1
Q2
R

(3.2)

K1 is the head-loss coefficient of the headrace tunnel and Hloss,1 [m] is the head-
loss in the headrace tunnel at a rated flow of QR [m3/s].

Similarly, the water flow through a Francis turbine and penstock can be expressed
as:

L2
gA2

dQ2
dt

= Z1 − Z2 −K2Q2 |Q2| −Hturbine (3.3)

Here, Hturbine is the water head utilized for energy conversion and is expressed
as:

Hturbine = HR

(
Q2
κQR

)2
− 1
g
s
(
Ω2 − Ω2

R

)
(3.4)

where, s is the turbine parameter dependent on its geometry. The dependency on
the geometry is expressed as:

s = 1
8
(
D2

1 −D2
2

)
(3.5)

where, D1 and D2 are the inlet and outlet diameters of the RPT considering the
generating mode of operation.

Further, the water flow in the tailrace tunnel is also correlated to the hydraulic pa-
rameters in a similar way as for the headrace tunnel. The relation can be expressed
as:

L3
gA3

dQ3
dt

= Hl − Z2 −K3Q3 |Q3| (3.6)

where, K1, K2 and K3 are the frictional coefficients of the headrace tunnel, pen-
stock, and turbine measured in m/[m3/s]2, respectively.

The dynamics of the water level in the upper surge shaft is expressed as:

dZ1
dt

= 1
As1

(Q1 −Q2) (3.7)

Similarly, the water level in the lower surge shaft is expressed as:

dZ2
dt

= 1
As2

(Q2 −Q3) (3.8)

The dimensionless expressions of the dynamic equations from (3.1) to (3.8) can
be obtained using: discharge or water flow, q = Q/QR; head, h = H/HR; and
angular speed, n = Ω/ΩR.



26 Hydraulic System

Tw1
dq1
dt

= hu − z1 − k1 |q1| q1 (3.9)

where,

Tw1 = QR
gHR

· L1
A1

(3.10)

Tw2
dq2
dt

= z1 − z2 − k2 |q2| q2 − hturbine (3.11)

Tw3
dq3
dt

= z2 − hl − k3 |q3| q3 (3.12)

dz1
dt

= QR
HRAs1

(q1 − q2) (3.13)

dz2
dt

= QR
HRAs2

(q2 − q3) (3.14)

The period of the oscillation of water in the surge shaft (Tosc,surgeshaft) depends
upon the length and cross-section area of the headrace tunnel and its own cross-
section area as:

Tosc,surgeshaft = 2π
√
L1
g

As1
A1

(3.15)

From the equations above, it is noticeable that either (3.3) or (3.11) is the main
equation governing the water flow through the turbine.

The opening of the guide vanes (κ) determines the flow of water through the tur-
bine which is described by the valve equation as:

κ = Q/
√

2gH
QR/

√
2gHR

(3.16)

The same can be expressed as the ratio of the instantaneous inlet guide vane angle
(α1) to the rated inlet guide vane angle (α1R):

κ = sinα1
sinα1R

(3.17)

The value of opening of the guide vanes (κ) is equal to 1 at the designed point of
operation.

The modified dynamic equations for water flow and the torque output including
the pump operation of an RPT, according to [49], are:
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Tw
dq

dt
= h− q |q|

κ2 − σ (|n |n| − 1|) − σn2 + rqn |q| (3.18)

where,

Tw = QR
gHR

L

A
(3.19)

Ta
dω

dt
= |q| (|q|ms − ψn+ σn− rq |q|) − rmn |n| − τg (3.20)

where, Ta is the mechanical time constant of the rotating mass and rm is the disk
friction coefficient.

The torque equation (3.20) can be rewritten as:

Ta
dω

dt
= τRPT − τg (3.21)

Comparing (3.20) and (3.21), the torque from an RPT can be expressed as:

τRPT = |q| (|q|ms − ψn+ σn− rq |q|) − rmn |n| (3.22)

where,

ms = ξ

κ
(cosα1 + tanα1R sinα1) (3.23)

The dimensionless parameters ψ, ξ, σ, and rq are constants depending upon the
geometry of a particular turbine and are defined at its best efficiency point (BEP)
of operation.

3.3 Steady state operation
Most of the pumped storage plants employ reversible pump turbines (RPT) as a
runner. In steady-state operation, they are run either in pump mode or turbine
mode. With the full-size converter, it can switch the mode from pump to turbine or
vice versa seamlessly as well. The power plants with variable speed arrangements
vary the speed of rotation of the RPT to achieve the best efficiency and to regulate
the pumping power while running in pump mode.

The Francis turbine and the RPT are characterized for their efficiency at different
speeds and discharges as shown in Fig. 3.2. For the variable speed operation of
RPT, the Hill chart is followed so it can operate at the maximum possible efficiency
for a given water flow.
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Figure 3.2: Normalized Hill chart for a typical Francis turbine from: [51].

As presented in Fig. 3.2, the turbine running at point "A" has a flow of 0.61 m3/s
and a speed of 69 rpm, and the efficiency of the turbine at this point of operation
is 89%. When the water flow is decreased to 0.56m3/s to operate at point "B", the
efficiency of the turbine falls to 87%. To regain the maximum possible efficiency
at this decreased value of water flow, the speed must also be adjusted according to
the Hill chart characteristics, which suggest the new operating point "C" where the
speed is 64 rpm.

The Hill chart characteristics of an RPT can be listed as a lookup table in the plant
operation profile and the speed reference can be generated based on the steady-
state water flow and the static head.

3.4 Transient operation
In a full-size converter-fed synchronous machine setup, any transient on the grid
side will still reflect on the turbine because there is no energy storage in the system
elsewhere. A drop in frequency will give an equivalent power step load on the grid
side converter, which will be translated as electrical torque loading on the turbine.
The step loading on the turbine will lead to a fall in speed, and consequently,
the governor will react by opening the guide vanes and increasing the water flow
to maintain the speed to the reference value. Any fast change in the flow to the
turbine (q2) will excite the headrace and tailrace tunnel and will lead to oscillation
of water flow, also known as mass oscillation. A previous study shows that the
lesser the oscillation in the tunnel, the longer the life span [52]. However, the
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oscillation can only be damped by a slow response from the governor to slowly
increase the flow through the turbine. Typically, the mechanical time constant of
the turbine-generator set (Tm) is designed to be at least six times higher than the
water starting time (Tw) such that the inertial energy maintains the speed during
transients before the hydraulic energy takes into effect. Slowing the governor is
equivalent to slowing the water starting time, i.e., increasing the time to reach the
water to the turbine. This will again lead to a sharp decline in speed, and the
system will not be able to recover the speed.

To gain any significant advantage to damp the oscillation in the tunnels, the ramp-
ing of the water flow through the turbine should be in the range of the oscillation
time constant of the water in the surge tank given by (3.15), which is normally in
the range of minutes.

3.4.1 Long transient on grid side

In a grid-connected system, any change in grid frequency can be regarded as a
step power load on the synchronous machine directly connected to the grid. In a
back-to-back converter-fed synchronous machine, the power step will be applied
on the grid-side converter. The effect ultimately translates to a power step on the
machine as there is no energy storage on the dc-link.

The response of the turbine governor with different control parameters is presented
in Fig. 3.3. The gain of the PI controller has been set in such a way that the
response is less oscillatory and is stable for sustained power step load on the grid
side. The results show that the longer the integrator time constant, i.e., the lower
the integral gain (Kp/Ti), the slower the recovery of the speed.

The water flow in the headrace tunnel (q1) is as shown in Fig. 3.4 for the same set
of governor parameters used to attain the speed response of Fig. 3.3. The results
indicate that there is no significant difference in the behavior of water flow in the
tunnel caused by changing the governor parameters.

3.4.2 Short transient on grid side

Normally in a large system, the fall in frequency due to disturbance is temporary.
The period ranges from a few milliseconds to ten seconds. The nature of the dis-
turbance can be approximated as:

i) Arrest period - steady decrease in frequency when all the connected power
sources participate to arrest this decrement using the inertial energy of the rotor.

ii) Rebound period - the governor activates and the frequency stabilizes at a new
point based on droop.
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Figure 3.3: Response of turbine speed with various controller parameters of Governor
when a step load is applied on the grid side.
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Figure 3.4: Water flow through headrace tunnel (q1) and through turbine (q2) at different
values of Governor controller. The parameters of the governor or the speed response do
not significantly affect the flow q1. The time constant of the oscillation is very high (in the
range of minutes) compared to the difference in the speed of the turbine due to changes in
governor parameters.
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iii) Recovery period - the secondary controller or the TSO initiates a steady in-
crease in frequency when all the connected power sources again participate to catch
the nominal frequency.

The steady increase or decrease in frequency yields a constant df/dt which is
equivalent to a power step on the grid side converter in this case. The duration of
the power step can be assumed for 10 seconds considering the worst-case scenario.
Figure 3.5 and 3.6 show the behavior of the turbine system with different gain
and time constants of the governor PI controller. Evidently, the lower gain in the
governor utilizes the shaft inertia to the maximum and allows a significant fall in
speed, which would have been unacceptable in a grid-connected system. The lower
speed for a constant power step translates to higher torque output from the machine
which at constant flux, in the machine would lead to higher stator current and hence
higher current into the machine-side converter. In this case, the converter needs to
be rated for the highest allowable current. For example, to allow a fall of 20% in
speed during transient, the machine-side converter must be rated for 125% of the
nominal current rating of the synchronous machine.

A comparison between various control parameters of the governor is carried out
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Figure 3.5: Step load with constant power on grid side for 10 seconds. Torque and speed
with governorKp = 2 and Ti = 100s. Due to the lower gain of the governor PI controller,
the rate of torque produced from the turbine is slower. This leads to a steady fall in speed
and a rise in electrical torque loading on the machine to balance the power step. At t =
2509s, the electrical torque is limited to 1 pu, and the power contribution from the machine
decreases. A prolonged power step would lead to a further decrease in speed which could
not be restored because the output torque of the turbine decreases at a lower speed.
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Figure 3.6: Step load with constant power on grid side for 10 seconds. Torque and speed
with governor Kp = 10 and Ti = 100s. The higher gain of the governor PI makes the
turbine produce torque at a faster rate and balance the electrical load torque. This leads to
faster stabilization of speed.

to study the impact of these parameters on the oscillation of the water flow in the
headrace tunnel. The results in Figure 3.7 show that this does not provide any sig-
nificant advantage to mitigate the pressure oscillation in the tunnel. This is because
the mechanical time constant of the turbine-generator shaft is very low (around 10
seconds) compared to the oscillation period of the pressure in the tunnels (in the
range of minutes).

3.5 Dimensioning of machine-side converter
The continuous current rating of the machine side converter depends upon how
much inertial energy of the rotating mass of the machine will be utilized during
transients. For example, if the lower speed limit during transient is 80% of the
nominal speed, the torque required to deliver a constant power step would be 125%
of the nominal torque. As the stator flux is controlled by the exciter converter, a
constant flux of 1 p.u. can be maintained all the time, hence the current injected
into the machine side converter will be 125%. It can also be observed that the
faster the governor, the lower the current rating.

Although this analysis gives the peak current rating of the converter, the nominal
rating can only be decided by detail loss analysis in different operating conditions.
The operation at and around zero speed is crucial for deciding the converter rating.



3.6. Conclusion 33

2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500
Time[s]

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

W
at

er
 fl

ow
 q

1 a
nd

 q
2 [p

.u
.]

q1 at Kp=2, Ti=100
q1 at Kp=10, T i=100

q2 at Kp=2, Ti=100
q2 at Kp=10, T i=100

Figure 3.7: Step load with constant power on grid side for 10 seconds. The discharge
through the headrace tunnel (q1) and the turbine (q2) at different values of the Governor
controller are presented. The parameters of the governor or the speed response do not
affect the flow q1 significantly. The time constant of the oscillation is very high (in the
range of minutes) compared to the difference in the speed of the turbine due to changes in
governor parameters.

3.6 Conclusion
The analysis shows that since there is no energy storage in the dc-link of the back-
to-back converter system, any transient on the grid side will directly be transferred
to the machine/turbine.

Slowing down the governor can help only at part load as there is a margin in the
current rating of the converter, i.e., higher virtual inertia contribution when the
machine is running at a low load and very low virtual inertia contribution if the
machine is already running at full load.

Slowing down the governor does not help the oscillation in the tunnel and surge
shaft significantly because the time constants of the surge shaft oscillation are very
high (in the range of minutes) compared to the governor’s response. If the governor
response is made slow in that range, the speed of the turbine will fall sharply due
to the load step and collapse if the load step is for a longer duration.

Oscillation in the tunnel or surge shaft remains at low load rather than at full load
for a relatively long period because the damping is flow dependent, i.e., the higher
the flow, the higher the damping, and vice versa. Therefore, when the turbine is
suddenly stopped, the oscillation remains for a very long period because there is
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almost no damping when the amplitude of the oscillation is low.

Both the virtual inertia and lower oscillation cannot be achieved with a slow gov-
ernor. The slow governor can only help if the power step on the grid side is for a
short duration of about 10 seconds. However, the speed will collapse if the step
remains for a minute or longer as presented in this chapter with a model turbine.



Chapter 4

Modeling and Control of
Synchronous Machine

Fixed speed pumped storage power plants normally operate with wound rotor syn-
chronous machines. Therefore, this chapter discusses the mathematical modeling
of the synchronous machine and its control for the case when the same machine
will be connected to the grid via a full-size converter. The innermost control loops
of the converters include the stator current control and exciter current control.
Hence, stator current and exciter current equations are derived with independent
state variables such that the standard Modulus Optimum tuning method can be
employed to tune these current controllers. A control method for a dc-dc converter
for excitation current control is also presented. The tuning of these controllers is
essential for the stable functioning of the secondary controller, which is presented
in Chapter 7.

4.1 Introduction
In a pumped storage power plant with a full-size back-to-back converter, the machine-
side converter will be controlled differently in the pump and turbine mode of op-
eration. In turbine mode, the source of power is the turbine, and therefore, the
machine-side converter will control the dc-link voltage. The grid-side converter
will control the ac voltage and frequency to connect to the grid. In pump mode,
the source of power is the grid, and therefore, the grid side converter will control
the dc-link voltage, and the machine side converter will control the flux and the
torque output of the machine. In both cases, the output of the dc-link voltage con-
troller or the torque controller will be to produce the current references to achieve
the set point values. Hence, the current controllers become the primary control

35
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unit of the machine-side converter in any mode of operation. The inner current
controllers must be stable and tuned appropriately for the proper functioning of
the outer controllers like speed controller and dc-link voltage controller.

In this chapter, the synchronous machine is modeled with d-and q- axes stator
currents as state variables. Hence, Modulus Optimum can be used to tune these
controllers. A similar approach is adopted for designing the controller for the
excitation current controller.

4.2 Synchronous machine model
A wound rotor synchronous machine consists of three armature windings on the
stator, and excitation winding and damper windings on the rotor, as depicted in Fig.
4.1. The damper winding is usually solid bars placed uniformly around the rotor
circumference and short-circuited at both ends. Assuming the excitation winding
is placed along the d-axis, there are damper windings along both d- and q-axes.
The equations for the voltage induced in these windings can be expressed as in
(4.1) – (4.3):

Figure 4.1: Typical layout of 3-phase wound rotor synchronous machine.
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Usa = RsIsa + dΨsa

dt

Usb = RsIsb + dΨsb

dt

Usc = RsIsc + dΨsc

dt

(4.1)

Uf = RfIf + dΨf

dt
(4.2)

UD = RDID + dΨD

dt

UQ = RQIQ + dΨQ

dt

(4.3)

where Usa, Usb and Usc are the voltages of phases a, b, and c of stator winding. Uf
is the voltage across excitation winding, and UD and UQ are voltages across the
damper windings along the d- and q- axes, respectively. The voltages UD and UQ
are equated to zero because the damper winding in the machine is short-circuited
at both ends.

The equations (4.1) – (4.3) can be per unitized using the peak voltage of the re-
spective windings. These equations can be rearranged in a synchronously rotating
reference frame, i.e., d-q coordinates, and can be expressed as:

ud = rsid + 1
ωn

dψd
dt

− nψq (4.4)

uq = rsiq + 1
ωn

dψq
dt

+ nψd (4.5)

uf = rf if + 1
ωn

dψf
dt

(4.6)

0 = rDiD + 1
ωn

dψD
dt

(4.7)

0 = rQiQ + 1
ωn

dψQ
dt

(4.8)

The flux linkages in the above equations can further be expressed in terms of the
flux linkages produced by the windings themselves and the other windings along
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the same axis as follows:

ψd = xdid + xmd(iD + if ) (4.9)

ψq = xqiq + xmqiQ (4.10)

ψf = xf if + xmd(id + iD) (4.11)

ψD = xDiD + xmd(id + if ) (4.12)

ψQ = xQiQ + xmqiq (4.13)

The relation between self-inductances and mutual inductances can be expressed
by defining leakage factors (σ) as follows:

xd = xmd(1 + σd) (4.14)

xq = xmq(1 + σq) (4.15)

xf = xmd(1 + σf ) (4.16)

xD = xmd(1 + σD) (4.17)

xQ = xmq(1 + σQ) (4.18)

The combination of equations from (4.4) to (4.18) can be rearranged such that the
equation can be presented with currents as state variables. The detailed derivation
is presented in Appendix A. The voltage equations can be rearranged as follows:

ud = r
′
did + σdDxd

ωn

did
dt

+ rD
(1 + σD)2 (if + σDTD

dif
dt

) − ψD
ωnTD(1 + σD) − nψq

(4.19)

uq = r′
qiq + σqQxq

ωn

diq
dt

− ψQ
(1 + σQ)ωnTQ

+ nψd (4.20)

uf = r′
f if + σfDxf

ωn

dif
dt

+ rD
(1 + σD)2 (id + σDTD

did
dt

) − ψD
ωnTD(1 + σD)

(4.21)

A further rearrangement of the equations simplifies the voltage equations as fol-
lows [53]:
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ud = r
′′
d id + x

′′
d

ωn

did
dt

− r
′
Rd

xMd
ψRd + r

′
Rdif + kfD (uf − rf if ) − nψq (4.22)

uq = r
′′
q iq +

x
′′
q

ωn

diq
dt

− rRq
xMq

ψRq + nψd (4.23)

uf = r
′′
f if +

x
′′
f

ωn

dif
dt

− r
′′
Rd

xMd
ψRd + r

′′
Rdid + kdD (ud − rsid + nψq) (4.24)

TD
dψRd
dt

= − ψRd + xMd (id + if ) (4.25)

TQ
dψRq
dt

= − ψRq + xMqiq (4.26)

The simplified voltage equations from (4.22) to (4.26) are first order differential
equations with id, iq, if , ψRd, and ψRq as state variables. The constituent parame-
ters of the equations are defined in Appendix A.

4.3 Torque control
The synchronous machine will run in dc-link control mode and speed control mode
while the RPT will run in turbine mode and pump mode, respectively. In either
mode, the output of these controllers is the torque reference. Therefore, the re-
sponse of the torque controller must be as fast as possible. The torque reference is
converted to d- and q- axes current and field current references using control strate-
gies. These current references are executed by the respective current controllers.
Here, two main control strategies–unity power factor control and maximum torque
per ampere control–are described, which will be used in this application.

4.3.1 Unity power factor control

The unity power factor control yields the given torque with the minimum possible
current through the stator winding of the machine. Hence, it gives rise to the least
loss in the machine, which in turn leads to the smallest machine for the same
power. The unity power factor control (cosφ = 1) is presented in [54]. A detailed
explanation is provided in Appendix C.1. The control principle is depicted in Fig.
4.2. The basic principle is to align the current vector perpendicular to the stator
flux, i.e., in phase with the stator voltage. The position of the stator flux vector is
determined based on the torque reference. Plus, the de-magnetizing effect of the
d-axis current in either mode of operation is compensated by the excitation current
such that the stator flux is constant.
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Figure 4.2: Phasor diagram of unity power factor control of a synchronous machine. Left:
motor operation (pump mode); right: generator operation (turbine mode).

4.3.2 Maximum torque per ampere control

The synchronous reactance along the d-axis is larger than that along the q-axis in
salient pole synchronous machines, i.e., xd > xq. Therefore, the stator current
vector can be controlled such that the reluctance torque due to saliency can be
utilized optimally.

The derivation of the expressions (see Appendix C) to determine the position of
the current vector w.r.t. q-axis shows that this strategy is the same as the cosφ = 1
control strategy. This is possible because the excitation current can also be inde-
pendently controlled to maintain 1 pu of flux in the stator. The excitation current
reference (if,ref ) to achieve this is as:

if,ref =
ψ2
s,ref + xdxqi

2
s,ref

xmd
√
ψ2
s,ref + x2

qi
2
s,ref

(4.27)

Hence, the wound rotor synchronous machine is a special type of ac machine that
can achieve both unity power factor and maximum torque per ampere (MTPA)
at the same time when the stator is also supplied by a variable speed drive. The
unity power factor leads to a smaller converter, whereas the MTPA control strategy
yields a smaller machine. When the synchronous machine is connected to the grid
via a back-to-back converter, the grid-side converter can supply the reactive power
to the grid as per the grid code, and the machine can be designed for a unity power
factor.
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4.4 Stator current control
The innermost control loop of the synchronous machine control is the stator cur-
rent controllers. The three-phase ac currents are transformed into a synchronously
rotating d-q frame of reference such that these quantities become dc in a steady
state and a conventional PI controller can be used.

A schematic of the control of the d-axis current is shown in Fig. 4.3. The time
delay in the inverter (Tdelay), the filter time constant (Tf ), and the time delay in
the processor can be lumped into a time constant of a first-order filter with a time
constant, Tsum. The dc-link voltage (udc) is controlled by the other converter on
the same dc-link and can be assumed to be equal to 1 pu while designing the
current controllers. The output of the controller is divided by the dc-link voltage
(udc) so that the effective gain of the PI controller is adaptive. The open loop
transfer function for the d- and q-axis current controllers can then be expressed as:

ho,id = Kp,d
1 + Ti,ds

Ti,ds

1
(1 + Tsums)

udc
r

′′
d

(
1 + T

′′
d s
)

ho,iq = Kp,q
1 + Ti,qs

Ti,qs

1
(1 + Tsums)

udc

r′′
q

(
1 + T ′′

q s
) (4.28)

where,

T
′′
d = x

′′
d

ωnr
′′
d

T
′′
q =

x
′′
q

ωnr
′′
q

Tsum = Tdelay + Tfd

Tfd = Tfq

(4.29)
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Figure 4.3: Control schematic of d-axis current controller.
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and,

udII = − r
′
Rd

xMd
ψRd + r

′
Rdif + kfD (uf − rf if ) − nψq

uqII = − rRq
xMq

ψRq + nψd

(4.30)

The flux linkages in the decoupling terms of (4.30) are estimated using a voltage or
current model. These terms can be considered disturbances in the output voltage
while designing the controllers for d- and q-axis currents. For a digital controller
with asymmetrical modulation, the sampling time is half of the time period of the
triangular PWM career wave, i.e., (Tsamp = Ttri/2 and Ttri = 1/fsw). Comparing
the open loop transfer function of (4.28) with the standard transfer function where
Modulus Optimum (Appendix A) can be used, the gain and time constant for the
PI controllers can be obtained as:

Kp,d =
T

′′
d − Tsamp

2

2 · 1
r

′′
d

·
(
Tsum + Tsamp

2

) ≈ x
′′
d

2 · ωn ·
(

5
4 · Ttri

) = x
′′
d

5 · ωn · Tsamp

Ti,d = x
′′
d

ωn · r′′
d

Kp,q=
x

′′
q

5
2 · ωn · Ttri

=
x

′′
q

5 · ωn · Tsamp

Ti,q =
x

′′
q

ωn · r′′
q

(4.31)

4.4.1 Tuning of stator current controllers

The stator current controller of the synchronous machine presented in Appendix
F was tuned in the laboratory arrangement established for this research. The
controller parameters were adjusted around the theoretical value until the step re-
sponse was determined to be satisfactory. The response of the d- and q- axes
current controllers obtained are as presented in Fig. 4.4 and 4.5. Evidently, the
current controllers achieve the step change in the reference within four sampling
intervals.

The practically tuned values of the controller parameters and the same based on
(4.31) are presented in Table 4.1. The control parameters with the Modulus Op-
timum method give an overshoot of 4.7%, but here it is tuned to achieve a faster
response to the step change in the current controller. Therefore, the proportional
gain is higher and the integral time constant is lower than the theoretically calcu-
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Figure 4.4: Step response of d-axis current controller of the 100 kVA synchronous ma-
chine.
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Figure 4.5: Step response of q-axis current controller of the 100 kVA synchronous ma-
chine. Only two quick pulses have been applied along the q-axis while tuning such that
the rotor will not move to a new position.

Table 4.1: Theoretically calculated and experimentally tuned values of current controllers
for the synchronous machine.

Parameters Theoretical Experimental

Kp,d 1.71 1.75

Ti,d 4.6 ms 3.125 ms

Kp,q 1.617 2.2

Ti,q 4.27 ms 1.56 ms

The parameters used in (4.31) are x
′′
d = 0.336 pu, x

′′
q = 0.317 pu, and Tsamp =

0.125 ms (see Appendix F).
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lated values. The tuned values produce the step change in reference current within
four sampling periods.

4.5 Excitation current control
Similar to the stator current controller, the excitation current controller can also
be designed using a decoupling term and Modulus Optimum based on the voltage
equation in (4.24). The time delay in the inverter, the filter time constant, and the
time delay in the processor are lumped into a time constant of a first-order filter as
Tsum. Since the control loop of the excitation current controller is similar to the
one for the stator current controller as presented in Fig. 4.3, the open loop transfer
function would also be similar, expressed as:

ho,if = Kp,f
1 + Ti,fs

Ti,fs

1
(1 + Tsums)

udc,f

r
′′
f

(
1 + T

′′
f s
)

(4.32)

where,

T
′′
f =

x
′′
f

ωnr
′′
f

Tsum = Tdelay + Tf,f

(4.33)

The decoupling term from (4.24) is chosen as:

ufII = − r
′′
Rd

xMd
ψRd + r

′′
Rdid + kdD (ud − rsid + nψq) (4.34)

Using Modulus Optimum, the gain and time constant of the PI controller are ob-
tained as:

Kp,f =

x
′′
f

ωnr
′′
f

− Tsamp

2

2 1
r

′′
f

(
Tsum + Tsamp

2

) ≈
x

′′
f

2ωn
(

5
4Ttri

) =
x

′′
f

5ωnTsamp

Ti,f = T
′′
f =

x
′′
f

ωnr
′′
f

(4.35)

The dc-link voltage of the excitation converter can dynamically vary. Therefore,
the output of the PI controller is divided by udc,f , which effectively makes the con-
troller adaptive to the variation. The excitation converter in the laboratory arrange-
ment was not in the scope of this research, and therefore, the practical response
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could not be verified. The main controller for the synchronous machine calculates
the excitation current reference to achieve a unity power factor and is sent to the
excitation current controller over the CAN bus communication network.

4.6 Stator flux amplitude control
The torque output from a synchronous machine can be expressed in terms of stator
flux (ψs) and stator current (is) as:

τe = ±ψsis (4.36)

The stator flux is controlled such that the synchronous machine always runs at
unity power factor in the steady state. The excitation current required to achieve
this is as given by:

if,ref =
ψ2
s,ref + xdxqi

2
s,ref

xmd
√
ψ2
s,ref + x2

qi
2
s,ref

(4.37)

However, the mathematical calculation of excitation current to achieve the set point
for stator flux is an open loop control because the actual stator flux is not consid-
ered. To improve the control of the stator flux amplitude, a closed-loop control can
be implemented. The calculated excitation current reference given by (4.37) can
be used as a feed-forward term in the controller as presented in Fig. 4.6. The actual
flux in the machine can be estimated using the classical voltage model combined
with a current model for low-speed operation. Since sensorless control is not the
main focus of this research, it can be assumed that the flux can be measured. The
approach is to use if for controlling the stator flux amplitude. This current, how-
ever, is mainly controlling the d-component of the stator flux only. This design of
the controller is based on (4.38):
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Figure 4.6: Control schematic of stator flux and exciter current controller.
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ψd = ψRd + σdD · xd · id + σD · xMd · if

TD
dψRd
dt

= −ψRd + xMd (id + if )
(4.38)

The response of the closed-loop field current control can be modeled as a first-order
transfer function with the time constant Teq,f . The open-loop transfer function can
then be expressed as:

ho,ψ = Kp,ψ
1 + Ti,ψs

Ti,ψs

1
(1 + Tsums)

xMd

(1 + TDs)
Tsum = Teq,f + Tf,f = 2Tsum,f + Tf,f

(4.39)

Since the open-loop transfer function has two poles, a similar approach as in the
case of stator current control and excitation current control can be used. Hence,
using the Modulus Optimum, the gain and the time constant of the PI controller
are obtained as:

Kp,ψ =
xMd
ωn·rRd

− Tsamp

2

2 · xMd ·
(
Tsum + Tsamp

2

) ≈ 1
2 · rRd · ωn ·

(
Tsum + Ttri

4

)
Ti,ψ = TD = xMd

ωn · rRd

(4.40)

4.7 Speed control
The machine-side converter runs in speed control in pump mode and adjusts the
speed to control the flow of water according to the power available from the grid.
The adjustment of speed also enables the RPT to run at optimal efficiency based
on instantaneous flow and the water head. The output of the speed controller is
the torque reference to the inner controller loop. The torque reference is translated
into current references based on the unity power factor control strategy as shown in
Fig. 4.7. The current controllers act as described in Section 4.4. While designing
the speed controller, the inner closed loop current controller can be approximated
as a low pass filter with a time constant, Teq,i as presented in Fig. 4.8.

The open-loop transfer function of the speed control loop with a PI controller can
be expressed as in (4.41):

ho,n (s) = Kp,n
1 + Ti,ns

Ti,ns

τe,ref
(1 + Teq,is) (1 + Tf,ns)

1
Tms

(4.41)



4.7. Speed control 47

1 i

p

i

T s
K

T s

+ 



1

1 delayT s+ 

1

r l s+ dcu

PI Controller DC link Converter RL Filter

Iref

Imeasured

+
-

error m Ioutuout

dcu

PI Controller DC link Converter Machine

+
-

m udid,ref

+
-

ubattery

+
-

( )
1

1d dr T s +

id

id1

1 delayT s+

udIIPI Controller

+
-

nref

n

÷ 
τe,ref

ψs

is,ref

tanδ iq,ref
iq

is
× 

ψs

τe
+

-

τl

n1

mT s

,

,

,

1 i n

p n

i n

T s
K

T s

+ ,

,

,

1 i d

p d

i d

T s
K

T s

+

,

1

1 f nT s+

,

1

1 f idT s+

Figure 4.7: Schematic of the speed controller with inner current control loop (only d-axis
current control loop is shown for simplicity).
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Figure 4.8: Schematic of the speed controller with the inner current control loop lumped
as a low pass filter.

ho,n (s) = Kp,n
1 + Ti,ns

Ti,ns

τe,ref
(1 + Tsum,ns)

1
Tms

(4.42)

Tsum,n =Teq,i + Tf,n

Teq,i =2 (Tdelay + Tf,id)
(4.43)

Since the open-loop transfer function in (4.42) consists of two poles at the ori-
gin, Symmetrical Optimum is used for determining the controller parameters as
explained in Appendix B. Hence, using the Symmetrical Optimum, the gain and
time constant of the speed controller are obtained as:

Kp,n = Tm√
βTsum,n

Ti,n = βTsum,n

ωc,n = 1√
βTsum,n

(4.44)

The value of β is selected such that it achieves enough phase margin. A value of
β = 4 gives rise to a high overshoot to step change in speed reference. But, the
speed of the machine never needs to be increased or decreased in step. Therefore,
the overshoot can be eliminated by introducing a low pass filter with a time con-
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stant of Tsum,n to the speed reference. The most important aspect of the design of
the controller is that the speed does not fall sharply due to a step load.

4.7.1 Tuning of speed controller

The speed controller of the synchronous machine was tuned with the available
laboratory setup and the obtained response is as presented in Fig. 4.9. The me-
chanical time constant (Tm) of the rotating mass of the synchronous machine and
the induction machine set is 1 second.

The practically tuned values of the controller parameters and the same based on
(4.44) are presented in Table 4.2. The practically tuned values differ significantly
from the theoretical values. This is because the symmetrical optimum used to tune
the speed controller gives a very fast response with approximately 40% of over-
shoot with β = 4. However, in this application, the speed controller is used in
pump mode and such a rapid acceleration or deceleration in speed is not required.
Therefore, a higher value of β is chosen while applying symmetrical optimum
to tune the speed controller, which gives a higher phase margin and a relatively
smaller gain and higher time constant. The proportional gain of the practically
tuned values from the laboratory arrangement is chosen to be lower than the theo-
retical value to maintain the overshoot of the step response within 10%.

Figure 4.9: Step response of speed controller of the 100 kVA synchronous machine. The
reference is filtered by a first-order low pass filter with a time constant of 100ms.
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Table 4.2: Theoretically calculated and experimentally tuned values of speed controller of
the synchronous machine.

Parameters Theoretical
(β = 4)

Theoretical
(β = 120)

Experimental

Kp,n 149.9 27.4 20

Ti,n 0.013 s 0.4 s 0.4 s

The approximated delay of current controller from Fig. 4.4 can be observed as
Teq,i = 0.35ms. The mechanical time constant of the setup is Tm = 1s.

4.8 DC-link voltage control
The machine-side converter controls the dc-link voltage when the power plant runs
in turbine mode. The schematic of a synchronous machine connected to the grid
via a full-size back-to-back converter setup is shown in Fig. 4.10. Since the current
sensors are connected at the output ac terminals, the outgoing current from the
bridge-legs is denoted as positive current.

The voltage across the dc-link capacitor is related to the current through it as:

udc = 1
Cdc

∫
icapdt (4.45)

The voltage equation in (4.45) can be rewritten in standard state-space form as:

Cdc
dudc
dt

= icap = −idc1 − idc2 (4.46)

Figure 4.10: Schematic of the synchronous machine connected to the grid via a back-to-
back two-level three-phase converter. Currents out of the converter bridge-legs have been
assigned positive signs.
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The dc-link voltage equation in (4.46) can be per unitized as presented in Appendix
E. A dc-link time constant Tdc can be introduced as in the case of the angular speed
of a motor:

Tdc
dudc,pu
dt

= icap,pu = −idc1,pu − idc2,pu (4.47)

From ac and dc side power balance, the expression for per unit power can be
written as:

p = udc · idc = n · τe (4.48)

Since the machine-side converter is controlling the dc-link voltage, the dc current
on the grid-side converter (idc2,pu) can be regarded as a disturbance and can be
excluded while designing the controller. Hence, from (4.47) and (4.48):

Tdc
dudc
dt

= −idc1 = − n

udc
τe (4.49)

Since the closed-loop current control is very fast compared to the outer control
loop for dc-link voltage, it can be lumped together as a low fast filter with a time
constant, Teq,i, as in the case of the design of speed controller. The modified
relation can be presented as:

Tdc · s · udc (s) = − n

udc

1
1 + Teq,is

τe,ref = − n

udc
ψs

1
1 + Teq,is

is,ref (4.50)

The schematic of the control flow of the dc-link voltage controller is as presented
in Fig. 4.10. From the block diagram, the open loop transfer function for the
dc-link voltage can be established as:

udc (s) = 1
Tdcs

· n

udc
· 1

1 + Teq,is
·Kp,udc

1 + Ti,udcs

Ti,udcs
(udc,ref − udc) (4.51)

The negative sign from (4.50) is eliminated in (4.51) because the current reference
produced by the dc-link voltage current controller is negative. The current flowing
out of the bridge-legs of the converter is assumed as positive.

ho (s) = udc
udc,ref

= Kp,udc
1 + Ti,udcs

Ti,udcs

n

udc

1
1 + Teq,is

1
Tdcs

(4.52)



4.8. DC-link voltage control 51

+
-

udc,ref -idc1,ref
+

-

,

1

1 eq iT s+
udc

τe,ref τe

dc

n

u

-idc1

idc2

udcdcu

n

1

dcT s

icap,

,

,

1 i dc

p dc

i dc

T s
K

T s

+

Figure 4.11: Schematic of the control flow of the dc-link voltage controller.

Similar to the case of the design of the speed controller, the open loop transfer func-
tion has two integrators; therefore, a symmetric optimum can be used. Comparing
(4.52) with the Symmetric Optimum transfer function as presented in Appendix B,
the gain and time constant of the PI controller can be obtained as:

Ti,udc = β Tsum

Kp,udc = udc
n

Tdc√
βTsum

Tsum = Teq,i + Tf , here , Tf = 0

(4.53)

The gain Kp,udc is dependent on speed and dc-link voltage, which varies dynam-
ically. Therefore, with an additional adaptive gain of udc/n at the output of the
controller as shown in Fig. 4.11, Kp,udc is simplified as:

Kp = Tdc√
βTsum

(4.54)

The value of β is again selected the same way as in the case of the design of the
speed controller. The dc-link voltage reference (udc,ref ) normally remains con-
stant; therefore, it is tuned with the consideration that the voltage remains within
the acceptable limit of ±5% during step load on the grid side converter.

4.8.1 Tuning of dc-link voltage controller

The converter for the synchronous machine controls the dc-link voltage in the tur-
bine mode of operation. The parameters for the dc-link controller were tuned in
the laboratory setup and the response recorded was as presented in Fig. 4.12.

The practically tuned values of the controller parameters and the theoretically cal-
culated values based on (4.54) are presented in Table 4.3.

While tuning the dc-link voltage controller using symmetrical optimum, higher β
is chosen than the conventional Symmetrical Optimum rule of β = 4. This is
because a lower β gives a higher gain, which amplifies any noise in the dc-link
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Figure 4.12: Response of dc-link voltage controller of the machine side converter control-
ling the dc-link voltage. A load step of 80 A (0.55pu) is applied on the dc-link using the
grid-side converter at t = 0s.

Table 4.3: Theoretically calculated and experimentally tuned values of dc-link voltage
controller of the machine side converter.

Parameters Theoretical
(β = 4)

Theoretical
(β = 20)

Experimental

Kp,udc 18.3 8.18 10

Ti,udc 1 ms 7 ms 8 ms

Here, Tdc = Cdc · 8
3Zbase= 3mF · 8

3 · 1.6Ω = 12.8 ms. From Fig. 4.4, Tsum =
Teq,i = 0.35ms

voltage measurement. Therefore, a higher value β = 20 is chosen, which gives a
relatively lower gain, and the response of the dc-link voltage controller with a load
step of 0.55 pu inflicts a drop of only 1% in dc-link voltage.

4.9 Conclusion
The stator current controllers and the excitation current controllers are the basic
building blocks of the control of the synchronous machine in both the pump and
turbine modes of operation. These controllers are tuned to achieve the best possible
response (fast rise time and minimal overshoot). In addition, the speed controller
and the dc-link voltage controller are also tuned to obtain the minimum possible
deviation from the reference value in response to a step load. Theoretically cal-
culated values are always the best starting point for tuning these controllers. The
values in the laboratory have differed due to several unknown parameters, for ex-
ample, the exact value of transient and subtransient reactances and time constants.



Chapter 5

Selection of Converter Topology

The basic requirements for retrofitting a fixed speed pumped storage plant with
a full-size converter to enable the variable speed operation are transformerless
connection, high starting torque, and smallest possible sine filter or dv/dt filter at
the converter output. There are various converter topologies that can meet these
requirements. This chapter evaluates the multilevel converter topologies that can
meet these specifications and recommends the selection criteria of the full-size
converter for a synchronous machine unit of around 100 MVA, which addresses
the Research question 1.

5.1 Introduction
There exist several power electronics converter topologies for the application of
the drive. The most popular converter topology in the low voltage application
has been the two-level three-phase converters. Yet, as the required output voltage
increases, the voltage steps also increase. This leads to higher dv/dt which is
not acceptable for retrofit purposes where the machines are designed to operate at
almost sinusoidal voltages. In addition, the number of semiconductor devices to be
connected in series increases due to the available voltage rating of these devices.

The converter topologies known for high-power applications using power thyris-
tors are load-commutated inverters (LCI) and cycloconverters. These types of con-
verters are still used for some special applications; for example, an LCI converter
of 101 MW was installed at the NASA wind tunnel in 1995 [55, 56]. The major
drawback of the LCI converter is the low-order harmonic current on the source and
load side. Therefore, it requires a significantly large size of passive filtering com-
ponents compared to its power rating. Cycloconverters of 100 MVA have recently
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been installed at Goldisthal Pumped Storage Plant to feed the rotor winding of a
340 MVA doubly fed induction machine [34, 14]. Since the output frequency of a
Cycloconverter is limited to one-third of the input frequency, it is better suited for
slip power recovery converters or other low-frequency applications.

The matrix converter converts the input voltage to the required output voltage with-
out any intermediate dc-link or any energy storage. However, it has a maximum
output-to-input voltage transfer ratio of 86% [57]. Therefore, it is not preferred as
an appropriate solution for transformerless connection in an existing power plant
with a synchronous machine.

The three-level neutral point clamped (NPC) and active NPC converter topologies
are the most popular for medium voltage drive applications. These converters have
been in use for more than two decades for marine, wind power, and other indus-
trial applications. The output voltage level of these converters can be increased
by connecting multiple semiconductor devices in series. The weighted total har-
monic distortion (WTHD) of the output voltage of such converters improves to
1.7% compared to 4.1% for a two-level converter [58]. Therefore, these topolo-
gies are considered for further evaluation for the application in question. The other
higher-order multilevel converters, e.g., five-level or seven-level converters are not
considered because these converters constitute a relatively larger number of active
components (switches and diodes) and passive components (dc-link capacitors)
compared to three-level converters but the total harmonic distortion (THD) and
WTHD of the output voltage does not improve with the same ratio [58, 59].

Modular multilevel converter (MMC) topology is one of the possible solutions as it
synthesizes the output voltage using several modules in series. The control-related
challenges at the low-speed operation of MMC have been studied for more than
a decade. The study suggests that the MMC topology has the potential to meet
the given requirements of the pumped storage plants. It comes with individual
modules with half-bridge or full-bridge cells. A direct ac/ac MMC with full-bridge
cells is also available and can provide full torque in the low-speed region as well.
Such an MMC of 85 MVA has recently been installed at a pumped storage plant in
Austria [22].

With today’s technology, around 100 MW is the cut-off point for CFSM, i.e., for
applications above 100 MW, DFIM is favorable due to the size of the converter [5].
The rapid development in the field of semiconductor devices shows the prospect of
10–25 kV SiC MOSFET and IGBT coming into the market in the near future. Such
devices with high current ratings would pave the way to achieve high power and
high-efficiency converters. With this increased rating of semiconductor devices,
converters up to 500 MVA could be possible with MMC configurations [60].
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Table 5.1: Commercially available medium voltage drives [61, 62, 63].

Manufacturer Type Power Voltage (kV) Topology
Semi-

conductor
Control

ABB

ACS 1000 0.3 − 5 MV A 2.3; 3.3; 4.0;
4.16

3L-NPC-VSC IGCT DTC

ACS 5000 1.7−24 MV A 6.0; 6.6; 6.9 5L-NPC-HB-
VSC

IGCT DTC

ACS 6000 3 − 36 MV A 2.3; 3.0; 3.3 3L-NPC-VSC IGCT DTC
PCS 8000 50 MV A 6.6 3L-ANPC IGCT —
SFC Light 40−300 MV A 10 – 20 Direct MMC IGCT —

GE
MV7B37-5L 30 − 38 MV A 11 5 Level NPC IGBT —
MV7D45-5L 38 − 48 MV A 13.8 5 Level NPC IGBT —

SIEMENS

SINAMICS
PERFECT
HARMONY
GH150

4 − 35 MV A 4.16 – 13.8 MMC IGBT Vector
Control

SINAMICS
PERFECT
HARMONY
GH180

upto 34 MV A 4.0 – 11.0 MMC IGBT Vector
Control

Note: PCS 8000 and SFC Light from ABB are installed at Grimsel-2 for a 100 MW unit and at the Malta project
for an 80 MW unit respectively.

One of the requirements for the converters of a retrofit project to enable a fixed-
speed pumped storage plant to variable speed is the transformerless connection of
the synchronous machine to the generator transformer. For example, the converter
output voltage toward the grid side and machine side for a machine around 100
MVA is in the range of 13–15 kV and then it is stepped up by the generator trans-
former. Converters with an output voltage in this range are not widely available
even with medium voltage drives in industrial applications. The current status of
the medium voltage converters available in the market for high-power applications
is as presented in Table 5.1. The converter topologies that are considered suitable
for the PSHP application have been further analyzed in a later section.

5.2 Converter topology
The most popular and mature converter topology in medium voltage industrial
drives is the three-level neutral point clamped converter topology in MW (up to
30 MVA) power rating. An active NPC converter is also employed whenever high
starting torque is required. In a pumped storage plant with a reversible pump
turbine, the starting torque requirement is approximately 15% of the rated full
load torque. This is primarily because of the combined inertia of the machine
shaft and turbine and the friction due to water in the runner casing. Thus, a higher
starting torque is necessary to accelerate the machine quickly to the rated speed.
An acceleration time of 30–60 seconds in pump mode can be regarded as a very
fast startup compared to the present-day solution with DFIM technology.
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The modular multilevel converter is already widely used in HVDC applications
and is now being introduced for commercial medium voltage drive applications.
There have been several studies [9, 10, 11] carried out to address the operating
challenges of MMC in low-frequency regions for drive applications.

Considering the suitability of these converters according to the application-associated
requirements, the following three converter topologies have been further discussed:

• Three-level neutral point clamped (NPC) converter

• Three-level active neutral point clamped (ANPC) converter

• Modular multilevel converter (MMC)

These converters have been analyzed in detail in the following sections based on
analytical equations. While analyzing the components of these converter topolo-
gies for the power output range of 100 MVA, the following figure of merits are
considered as the basic parameters to be fulfilled [64]:

• Power losses

• Thermal impedance

• Maximum junction temperature of the device

• Maximum current that can be switched by the device

5.3 Three-level NPC converter
The three-level NPC converter has been the major workhorse in the medium–
voltage drive applications [9]. Many power drives with a voltage rating of up
to 6.6 kV are widely used in industries employing NPC converter topology. The
schematic of the topology is shown in Fig. 5.1. The converter topology is analyzed
for its power rating based on the worst-case losses in the semiconductor devices at
rated frequency operation and at standstill. The conduction and switching losses
in the semiconductor devices at each position in one of the bridge-leg are ana-
lyzed using analytical loss equations. The equations are outlined in the following
section.

5.3.1 Analytical loss equations for rated operation

In a sinusoidal PWM modulated NPC converter, the current through the semicon-
ductor devices is quite discontinuous as shown in Fig. 5.2. In this analysis, the
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Figure 5.1: Schematic of a three-level three-phase Neutral Point Clamped (NPC) Con-
verter. The load current has been assumed as pure sinusoidal for loss analysis.

Level Shifted PWM strategy is used to control the switching devices. The width
of the microscopic pulses depends upon the carrier frequency (fsw) and the am-
plitude of the sinusoidal modulation index (ma). The number of pulses over one
cycle depends on the frequency modulation ratio (mf ) as in (5.1):

mf = fsw
fn

(5.1)

where, fsw is the switching frequency or the frequency of the carrier waves (c1
and c2) shown in Fig. 5.2 and fn is the frequency of the fundamental component
of the output voltage or current.

The current through all switches and diodes of bridge leg "A" is presented in Fig.
5.2. Examining the symmetry of the position of the devices and the current through
them, it is apparent that the losses in the upper devices T1, D1, T2, D2, and D5 of
a bridge-leg are the same as that in the lower devices.

The averaging method samples the discontinuous current signals through the de-
vices within a switching interval and transforms it into a continuous microscopic
mean or RMS signal. Therefore, the higher the switching frequency, the larger
the number of microscopic mean values, resulting in higher accuracy. Mathemati-
cally, this method integrates the multiplication of ma and the output current (e.g.,
ia for phase A); it takes the average of it over a cycle. The method to calculate
the average and rms of these microscopic currents over a fundamental cycle in a
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Figure 5.2: Currents through devices of Leg "A" of NPC converter at fn = 50 Hz,
fsw = 1500 Hz, and φ = −π/4.
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two-level three-phase converter is as presented in Fig. 5.3 [65]. The same method
has been employed in prior studies to derive the analytical equations to calculate
the average and rms currents in a neutral point clamped converter in [66, 67].

0.015 0.02 0.025 0.03

0

0.5

1

Figure 5.3: Averaging method of PWM pulsed current through semiconductor devices
in converter applications. The legends used are the modulation index (ma), the converter
output current (ia), the area corresponding to average current through switch Ta1 (iT,avg),
and the similar area through diode Da1 (iD,avg). The current ia is lagging the ma by
power factor angle φ = −π/4.

The analytical equations to calculate the average currents are carried out with the
sinusoidal PWM modulation technique. The modulation signals–ma,mb, andmc–
are as:

ma = M cos(ωt)
mb = M cos(ωt− 2π/3)
mc = M cos(ωt+ 2π/3)

(5.2)

The load is modeled as a pure sinusoidal current source for approximate analysis
and the phase angle (φ) is controlled w.r.t. the phase of the modulation signal ma

for the phase "a" as:

ia = Îo cos (ωt+ φ)
ib = Îo cos (ωt+ φ− 2π/3)
ic = Îo cos (ωt+ φ+ 2π/3)

(5.3)

where, ia, ib, and ic are the instantaneous output currents and Îo is the peak of the
these currents.
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5.3.1.1 Conduction loss

The voltage drop across a semiconductor device during the conduction period can
be approximated as a forward voltage (UCE0) and an Ohmic drop (RCE,on) in
series with that voltage. It can be expressed mathematically as:

uCE = UCE0 +RCE,on · i (5.4)

The conduction loss is the product of the instantaneous current through the semi-
conductor device and the voltage drop across it. The average conduction loss over
one fundamental period, Tp, can be expressed as:

Pcon,loss = 1
Tp

∫
(uCE · i) dt (5.5)

Inserting (5.4) into (5.5) yields:

Pcon,loss = UCE0 · Iavg +RCE,on · I2
rms (5.6)

where,

Iavg = 1
Tp

Tp∫
0

idt (5.7)

I2
rms = 1

Tp

Tp∫
0

i2dt (5.8)

According to (5.6), the conduction loss can be calculated using the average and
rms value of the discontinuous current through the semiconductor devices. The
average and rms value of current through the devices T1 and D1 can be calculated
using the averaging method presented in Fig. 5.3. The integration is taken from
3π/2 to 5π/2 as the cosine wave has a positive half-cycle between these intervals.

IT1,avg = 1
2π

5π/2∫
3π/2+φ

maiadωt

= MÎo
4 cosφ+ MÎo

4π (sin |φ| − |φ| cosφ)

(5.9)
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I2
T1,rms = 1

2π

5π/2∫
3π/2+φ

mai
2
adωt

= MÎ2
o

6π (1 + cosφ)2

(5.10)

ID1,avg = 1
2π

3π/2+φ∫
3π/2

(−maia) dωt

= MÎo
4π [sin |φ| − |φ| cosφ]

(5.11)

I2
D1,rms = 1

2π

3π/2+φ∫
3π/2

mai
2
adωt

= MÎ2
o

6π (1 − cosφ)2

(5.12)

The current through the switch T1 and diode D1 in the NPC and ANPC converter
topologies are the same; therefore, the average and rms currents, and hence, the
conduction loss in these devices, would be the same in both cases.

Similar expressions for the average and rms currents through the switch T2 and
diodes D2 and D5 can be derived as presented in Appendix D. The average and
rms current expressions are as:

IT2,avg,npc = Îo
π

[
1 − M

4 (sin |φ| − |φ| cosφ)
]

(5.13)

In the NPC converter, the diode D1 and D2 conduct simultaneously and have the
same average and rms current flowing through them.

ID5,avg,npc = Îo
π

[
1 − M

2

(
sin |φ| +

(
π

2 − |φ|
)

cosφ
)]

(5.14)

I2
T2,rms,npc = Î2

o

4

[
1 − 2M

3π (1 − cosφ)2
]

(5.15)

I2
D5,rms,npc = Î2

o

4

[
1 − 4M

3π
(
1 + cos2φ

)]
(5.16)
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5.3.1.2 Switching loss

The switching loss in the semiconductor devices of a three-level NPC converter
does not depend on the modulation index as it does not influence the number of
switching over one cycle, however, the load power factor (cosφ) does. The power
factor other than unity makes the load current lead/lag the modulation index, and
the current is shared between the switches and the anti-parallel diodes across them.

The switching loss characteristics from an experimental result can be approxi-
mated as the function of current, esw(i), as:

esw(i) = k1,T · i+ k2,T · i2 (5.17)

where k1,T and k2,T are the curve fitting coefficients at the rated blocking volt-
age (U∗

dc) determined using the experimental results or from the manufacturer’s
datasheet. The corresponding coefficients for diodes are k1,D and k2,D.

Using these coefficients, the expressions for calculating the switching loss in each
device can be formulated. The intervals at which the devices T1 and D1 switch are
the same as in the calculation of average and rms current. The analytical equations
for switching loss in the devices are:

PT1,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2

3π/2 +φ

(
k1,T i+ k2,T i

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,T (1 + cosφ) + Îo

2 k2,T

(
π − |φ| + 1

2 sin 2 |φ|
)]
(5.18)

where Udc is the dc-link voltage as shown in Fig. 5.1 and U∗
dc is the rated block-

ing voltage of the semiconductor device provided by the manufacturers in the
datasheet.

PD1,sw = Udc
2U∗

dc

1
2πfsw

∫ 3π/2 +φ

3π/2

(
k1,Di+ k2,Di

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,D (1 − cosφ) + Îo

2 k2,D

(
|φ| − 1

2 sin 2 |φ|
)]

(5.19)

In the level shifted sinusoidal PWM modulation, the switch T2 is continuously
"ON" during the interval 3π/2 to 5π/2 (t = 0.015s to 0.035s in Fig. 5.2). There-
fore, the switch T2 incurs the switching loss only if the load power factor is other
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than unity, i.e., outside the aforementioned interval when the load current is lead-
ing or lagging the modulation index, ma.

PT2,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2+φ

5π/2

(
k1,T i+ k2,T i

2
)
dωt

= Udc
2U∗

dc

· Îo2πfsw
[
k1,T (1 − cosφ) + Îo

2 k2,T

(
|φ| − 1

2 sin 2 |φ|
)]

(5.20)

PD5,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2

3π/2 +φ

(
k1,Di+ k2,Di

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,D (1 + cosφ) + Îo

2 k2,D

(
π − |φ| + 1

2 sin 2 |φ|
)]
(5.21)

The diodes D2 and D3 have no switching loss in an NPC converter. These two
diodes switch with no voltage across them, and therefore, there is no switching
loss even in braking mode.

5.3.2 Loss equations for dc operation - NPC converter

As the fundamental frequency of the output voltage of the converter decreases,
the thermal cycling period increases. This leads to a large swing in the junction
temperature of the semiconductor devices switching during that period. Hence, the
maximum loss in a switching device occurs at and around zero frequency, i.e., at
dc operation. Therefore, it is important to analyze the losses in the semiconductor
devices at dc operation, which defines the output current capability of the converter
when the electrical machine connected to it is at a standstill.

The modulation index at dc operation is in the range of M = 0.02 − 0.05 to
balance the voltage drop across the stator resistance of the machine and the losses
in the converter. The current waveforms through the current carrying devices at dc
operation are presented in Fig. 5.4. The switching of the devices depends on the
direction of the current flow through the bridge leg.

5.3.2.1 Conduction loss at dc operation

The conduction loss in a semiconductor device when the output current is dc is
calculated in the same way as for ac output current by using (5.6). However, the
average and rms current values differ at dc operation as the current is not cyclic.
Table 5.2 presents the average and rms current through the devices when the output
current is positive and negative. These expressions can be used to calculate the
conduction loss.
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Figure 5.4: Currents through devices of Leg "A" of NPC converter at dc operation with
M = 0.05, fsw = 500 Hz, φ = 0.
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Table 5.2: Average and RMS current through devices of NPC converter at dc operation.

Current Îo ≥ 0 Îo < 0
IT1,avg M · Îo 0
ID1,avg 0 M · Îo
IT2,avg Îo 0
ID2,avg 0 M · Îo
ID5,avg (1 −M) · Îo 0

I2
T1,rms M · Î2

o 0

I2
D1,rms 0 M · Î2

o

I2
T2,rms Î2

o 0

I2
D2,rms 0 M · Î2

o

I2
D5,rms (1 −M) · Î2

o 0

5.3.2.2 Switching loss at dc operation

As the amplitude of the current at each switching instance is the same, the switch-
ing loss is maximum at dc operation. When the dc output current is positive, the
current flows through the switches T1 and T2, and the diode D5. The switching
loss in these devices can be calculated using the following expressions:

PT1,sw@f=0 = Udc
2U∗

dc

fsw
(
k1,T Îo + k2,T Î

2
o

)
(5.22)

PT2,sw@f=0 = 0 (5.23)

PD5,sw@f=0 = Udc
2U∗

dc

fsw
(
k1,D Îo + k2,D Î

2
o

)
(5.24)

The switch T2 conducts continuously, and therefore, it does not incur any switching
loss. The expressions (5.22)–(5.24) are valid for the switches T4 and T3, and the
diode D6, respectively, when Îo < 0.
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Figure 5.5: Schematic of a three-phase three-level Active Neutral Point Clamped (ANPC)
Converter configuration.

5.4 Three-level ANPC converter
The ANPC converter is a preferred solution over the NPC converter where a single
converter is required to achieve higher starting torque [68, 69]. The schematic of
the topology is presented in Fig. 5.5. The two additional switches T5 and T6 across
the clamping diodesD5 andD6 in each bridge leg share the current flow and hence
distribute the losses more evenly compared to that in the NPC converter.

5.4.1 Analytical loss analysis of three-level ANPC converters

The current through each semiconductor device of bridge leg "A" of an ANPC
converter is presented in Fig. 5.6. The Level Shifted Sinusoidal PWM Modulation
strategy is used to control the switching devices. Similar to the case of the NPC
converter, the position of the semiconductor devices in the upper half and the lower
half in a bridge leg is symmetrical. Therefore, the losses in the upper devices T1,
D1, T2, D2, T5, and D5 of the bridge-leg are the same as in the corresponding
lower devices.

5.4.1.1 Conduction loss

The conduction loss in the semiconductor devices of an ANPC converter can be
calculated in the same way as for the NPC converter using (5.6). The current
through the outer devices (T1, D1, T4, and D4) of a bridge-leg are the same in
both NPC and ANPC converters. Therefore, the average and rms current through
these devices are calculated using (5.9)–(5.12).
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Figure 5.6: Current through the semiconductor devices of bridge-leg “A” of an ANPC
converter at fn = 50 Hz, fsw = 1500 Hz, and φ = −π/4.
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The equations to calculate the average and rms current through the inner switches
T2 and T5, and diodes D2 and D5 are as:

IT5,avg = 1
2π

5π/2+φ∫
3π/2+φ

1
2 iadωt− 1

2IT1,avg − 1
2ID1,avg

= Îo
2π

[
1 − M

2

(
sin |φ| +

(
π

2 − |φ|
)

cosφ
)] (5.25)

I2
T5,rms = 1

2π

5π/2+φ∫
3π/2+φ

1
4 i

2
adωt− 1

4I
2
T1,rms − 1

4I
2
D1,rms

= Î2
o

16

[
1 − 4M

3π
(
1 + cos2φ

)] (5.26)

ID5,avg = 1
2π

5π/2+φ∫
3π/2+φ

1
2 iadωt− 1

2IT1,avg − 1
2ID1,avg

= Îo
2π

[
1 − M

2

(
sin |φ| +

(
π

2 − |φ|
)

cosφ
)] (5.27)

I2
D5,rms = 1

2π

5π/2+φ∫
3π/2+φ

1
4 i

2
adωt− 1

4I
2
T1,rms − 1

4I
2
D1,rms

= Î2
o

16

[
1 − 4M

3π
(
1 + cos2φ

)] (5.28)

IT2,avg = IT1,avg + ID5,avg

= Îo
2π + MÎo

8 cosφ
(5.29)

I2
T2,rms = I2

T1,rms + I2
D5,rms

= Î2
o

4

[1
4 + M

3π
(
1 + cos2φ+ 4 cosφ

)] (5.30)

ID2,avg = IT5,avg + ID1,avg

= Îo
2π − MÎo

8 cosφ
(5.31)
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I2
D2,rms = I2

T5,rms + I2
D1,rms

= Î2
o

4

[1
4 + M

3π
(
1 + cos2φ− 4 cosφ

)] (5.32)

These average and rms current expressions can be used in (5.6) to calculate the
conduction loss in the switches and diodes.

5.4.1.2 Switching loss

The switching loss in the outer switches T1 and T4, and diodes D1 and D4 of
an ANPC converter have the same switching loss as for an NPC converter and is
calculated using (5.18)–(5.19). The inner semiconductor devices have different
losses as the amplitude of the current through these devices is different compared
to that of the NPC converter.

In sinusoidal PWM modulation, the switch T2 is continuously "ON" during the
interval 3π/2 to 5π/2 (t = 0.015s to 0.035s in Fig. 5.6). Therefore, T2 will have
switching loss only if the output current is leading or lagging the output voltage
(or the modulation signal, ma), i.e., outside the aforementioned interval. The ana-
lytical equations to calculate the switching loss in the switch T2 and diode D5 are
derived as in (5.33) and (5.34):

PT2,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2+φ

5π/2

(
k1,T i+ k2,T i

2
)
dωt

= Udc
2U∗

dc

· Îo4πfsw
[
k1,T (1 − cosφ) + Îo

4 k2,T

(
|φ| − 1

2 sin 2 |φ|
)]

(5.33)

PD5,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2

3π/2 +φ

(
k1,Di+ k2,Di

2
)
dωt

= Udc
2U∗

dc

Îo
4πfsw

[
k1,D (1 + cosφ) + Îo

4 k2,D

(
π − |φ| + 1

2 sin 2 |φ|
)]
(5.34)

The diodesD2 andD5 have the same switching pattern but in different half cycles,
and therefore, the switching loss over a cycle in these diodes is equal. The same
applies to the switches T2 and T5.

5.4.2 Loss equations for dc operation - ANPC converter

At dc operation, only three devices—T1, T2, and D5—conduct a positive output
current in the case of the NPC converter whereas two additional devices, T6 and



70 Selection of Converter Topology

D3 also conduct in the case of the ANPC converter as presented in Fig. 5.7. Since
the current in the inner devices is shared, these individual devices incur less loss
compared to the case of the NPC converter.

5.4.2.1 Conduction loss at dc operation

The current through the switch T2 commutates from Îo/2 to Îo for an interval
determined by the modulation index. Similarly, the current through switch T6
commutates from Îo/2 to zero for the same interval. The devices D5, T6, and D3
carry the same amount of current. Since the output current is dc, the average and
rms current through the devices depend only on the modulation index (M) and the
amplitude of output current (Îo) as presented in Table 5.3.

Table 5.3: Average and RMS current through the devices of ANPC converter at dc opera-
tion (fn = 0).

Current Îo ≥ 0 Îo < 0
IT1,avg M · Îo 0
ID1,avg 0 M · Îo

IT2,avg (1 +M) · Îo
2 0

ID2,avg 0 (1 +M) · Îo
2

IT5,avg 0 (1 −M) · Îo
2

ID5,avg (1 −M) · Îo
2 0

I2
T1,rms M · Î2

o 0

I2
D1,rms 0 M · Î2

o

I2
T2,rms (1 + 3M) · Î

2
o
4 0

I2
D2,rms 0 (1 + 3M) · Î

2
o
4

I2
T5,rms 0 (1 −M) · Î

2
o
4

I2
D5,rms (1 −M) · Î

2
o
4 0

Note: The modulation index (M) is in the range of 0.02–0.05 at dc operation.

The conduction loss at dc current is calculated by inserting the average and rms
current expressions from Table 5.3 in (5.6).
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Figure 5.7: Current through devices of Leg “A” of ANPC converter at dc operation with
M = 0.05, fsw = 500 Hz, φ = 0.
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Table 5.4: Average and RMS current through the devices of NPC and ANPC converters
at dc operation (fn = 0).

NPC ANPC

Current Îo ≥ 0 Îo < 0 Îo ≥ 0 Îo < 0
IT1,avg M · Îo 0 M · Îo 0
ID1,avg 0 M · Îo 0 M · Îo

IT2,avg Îo 0 (1 +M) · Îo
2 0

ID2,avg 0 M · Io 0 (1 +M) · Îo
2

IT5,avg −− −− 0 (1 −M) · Îo
2

ID5,avg (1 −M) · Îo 0 (1 −M) · Îo
2 0

I2
T1,rms M · Î2

o 0 M · Î2
o 0

I2
D1,rms 0 M · Î2

o 0 M · Î2
o

I2
T2,rms Î2

o 0 (1 + 3M) · Î
2
o
4 0

I2
D2,rms 0 M · Î2

o 0 (1 + 3M) · Î
2
o
4

I2
T5,rms −− −− 0 (1 −M) · Î

2
o
4

I2
D5,rms (1 −M) · Î2

o 0 (1 −M) · Î
2
o
4 0

Note: The modulation index (M) is in the range of 0.02–0.05 at dc operation.
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5.4.2.2 Switching loss at dc operation

For bridge leg “A", the switches T1, T2, and T6 and diodes D3 and D5 conduct the
positive output current but only the devices T1, D3, and D5 incur the switching
loss. There is no switching loss in switches T2 and T6 because these devices are
continuously “ON”.

As the output current is constant, the switching loss in device T1 is calculated by
substituting the instantaneous current (i) in (5.17) with the output current (Îo).

PT1,sw@f=0 = Udc
2U∗

dc

fsw
(
k1,T Îo + k2,T Î

2
o

)
(5.35)

PT2,T5,sw@f=0 = 0 (5.36)

PD3,D5,sw@f=0 = Udc
2U∗

dc

fsw

(
k1,D

Îo
2 + k2,D

Î2
o

4

)
(5.37)

The accuracy of these analytical equations has been verified using simulations in
MATLAB Simulink. These equations are used to calculate the switching loss in the
individual switches and diodes of the ANPC converter. The sum of the conduction
and switching loss gives the total loss in the particular switching device.

5.4.3 Selection of switching frequency

The analytical expressions can be used to calculate the conduction loss and switch-
ing loss in each switching device of the NPC and ANPC converters, and the critical
devices can be determined while designing the converter. The DC operation is the
most important for any type of converter as the conduction and switching losses are
maximum at the same time for devices like D5. An ANPC converter has parallel
devices to deal with such issues and is, therefore, a better alternative for applica-
tions with high starting torque. However, this advantage can only be exploited if
the switching loss in the device T1 is lower than one-third of the total loss in this
device.

This statement can be verified using the ratio of switching loss at dc operation as
in (5.38) and the worst-case loss at rated frequency operation with cosφ = 1 as in
(5.18).
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PT1,sw@f=0
PT1,sw@f=fn

= π · k1,T + k2,T · Îo
k1,T + π

4k2,T · Îo (5.38)

The coefficient k2,T is relatively very small compared to k1,T and can be neglected
for approximate analysis. The ratio of the losses then becomes π. At dc operation,
even though there is a very small conduction loss in T1, the switching loss will
increase by π times. Therefore, to keep the total loss at dc operation less than or
equal to the total loss at rated frequency operation, the switching loss must be less
than 1/π times the total loss, i.e., around 32% of total loss. This ratio is crucial in
deciding the switching frequency of the converter.

5.4.4 Summary of average and RMS currents for NPC and ANPC
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5.4.5.1 Switching loss for NPC and ANPC at zero speed

Table 5.7: Switching Loss expressions for devices of NPC and ANPC converters at zero
speed (io ≥ 0,M > 0 and fn = 0).

Device NPC ANPC

T1
Udc
2U∗

dc
fsw

(
k1,T Îo + k2,T Î

2
o

)
same as for NPC

D1 0 0
T2 0 0
D2 0 0
T5 −− 0

D5
Udc
2U∗

dc
fsw

(
k1,D Îo + k2,D Î

2
o

)
Udc
2U∗

dc
fsw

(
k1,D

Îo
2 + k2,D

Î2
o
4

)

At dc operation, when the current out of phase "A" is positive, it returns through
phases "B" and "C", i.e., the current in these two phases is negative. In this case,
the switches in the lower half of the bridge legs "B" and "C" switch, i.e., the current
returns through devices T3 and D6; and T4. The switching loss in the case of NPC
and ANPC for negative output current can be tabulated as outlined in Table 5.8:

Table 5.8: Switching Loss expressions for devices of NPC and ANPC converters at zero
speed (io < 0,M > 0 and fn = 0).

Device NPC ANPC

T3 0 0
D3 0 0

T4
Udc
2U∗

dc
fsw

(
k1,T Îo + k2,T Î

2
o

)
same as for NPC

D4 0 0
T6 −− 0

D6
Udc
2U∗

dc
fsw

(
k1,D Îo + k2,D Î

2
o

)
Udc
2U∗

dc
fsw

(
k1,D

Îo
2 + k2,D

Î2
o
4

)
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5.5 Modular multilevel converter
The Modular Multilevel Converter (MMC) was first introduced in 2003 [70, 71]
for the HVDC application, but since then, there has been extensive research on em-
ploying it in drives application. The large ripple in submodule capacitor voltage at
lower frequency operation or continuous charging and discharging of the capacitor
at dc operation have also been addressed in [9] and later in [10]. The schematic of
an MMC is shown in Fig.5.8.

The relation between the arm currents (iu,l), the output current (io), and the dc-link
current (idc) at steady state operation are as:

iu = 1
2 io + Iz,dc + iz,ac (5.39)

il = −1
2 io + Iz,dc + iz,ac (5.40)
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Figure 5.8: Schematic of a Modular Multilevel Converter with half-bridge sub-module
configuration. A typical dc link voltage is 22 kV and the ac output voltage is 13 kV (rms).
In the figure, "SM" stands for "sub-module" of the MMC, which constitutes semiconductor
devices and a capacitor as shown in the inset.
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where,
io = ia = iu − il = Îo sin(ωt+ φ) (5.41)

icirc = 1
2 (iu + il) = Iz,dc + iz,ac (5.42)

Iz,dc = MÎo
4 cosφ (5.43)

Here, Îo is the peak of output current, M is the peak of modulation index, and cosφ
is the power factor. The circulating current (icirc) consists of the dc component
(Iz,dc) and the ac harmonics component (iz,ac), which predominantly consists of
2nd harmonics of the output current in an open loop phase shifted PWM modulated
MMC [72] given by:

i2 = Re

−j
(

3M
8ω Îo · ejφa1 − M2

6ω idc
)

4C
N (R+ j2ωL) − j 6+4M2

12ω
ej2ωt

 (5.44)

There exist several control methods to eliminate the ac current harmonics, known
as circulating current suppression (CCS) control [73, 74, 75, 76, 77], such that
only the dc-component of the circulating current flows through the arms. Then,
the equations (5.39) and (5.40) become:

iu,l = ± Îo
2 sin(ωt+ φ) + Iz,dc (5.45)

The CCS control remains active in normal operation to eliminate the additional
losses in the semiconductor devices and passive elements caused by the higher
harmonics current through the arms.

Unlike in the voltage source converters (VSCs), the load current itself flows through
the submodule capacitors in an MMC. Hence, the amplitude and frequency of the
output current have a direct impact on the voltage ripple in these capacitors. The
expression for the ripple in submodule capacitor voltage (ũc,u) has been approxi-
mated in [78] as:

ũc,u = Îo

8πfoC

[M2 cosφ
2 cosωt− cos (ωt− φ) + M

4 sin (2ωt− φ)
]

(5.46)

From (5.46), it is apparent that the capacitor voltage ripple increases as the output
current (Îo) increases or the output frequency (fo) decreases, which is the case in
drives application.
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5.5.1 Analytical loss calculation

In all MMC applications, the ac part of the circulating current is suppressed us-
ing a circulating current suppression controller. In such a case, the arm currents
expressions in (5.39) and (5.40) can be rewritten as follows:

iu = Îo
2 cos (ωt+ φ) + MÎo

4 cosφ (5.47)

il = − Îo
2 cos (ωt+ φ) + MÎo

4 cosφ (5.48)

In the case of the upper arm current, the positive part of the current flows through
the diode D1 and into the capacitor when the submodule is inserted, whereas it
flows through the switch T2 when the submodule is bypassed. Similarly, the nega-
tive current flows through the devices T1 and D2. Hence, it is important to find the
zero crossings of the arm currents to estimate the average and rms current through
the semiconductor devices of a submodule.

Equating (5.47) to zero for ωt gives the zero crossings as follows:

ωt = − φ+ sin−1
(−M cosφ

2

)
, π − φ− sin−1

(−M cosφ
2

)
,

2π + φ− sin−1
(−M cosφ

2

) (5.49)

In simplified form, the zero crossings can be denoted as z1, z2, and z3:

z1 = −φ+ θz,

z2 = π − φ− θz,

z3 = 2π − φ+ θz = z1 + 2π
(5.50)

where,

θz = sin−1
(−M cosφ

2

)
(5.51)

These zero crossings can be observed in the arm current, iau, in Fig. 5.9.

5.5.1.1 Conduction loss

The conduction loss in a semiconductor device of an MMC can be calculated in
the same way as in an NPC or ANPC converter using (5.6).
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Figure 5.9: Current through devices of one submodule of the upper arm of an MMC with
M = 1, fsw = 500 Hz, fn = 50 Hz, and φ = 0.

The constituents of conduction loss, Iavg, and Irms, are calculated using the av-
eraging method described in Section 5.3.1. The upper arm (iu) and lower arm
(il) currents normally have three zero-crossings over a cycle as the fundamental
component of the load current does, as shown in Fig. 5.9. The positive upper
arm current flows through devices D1 and T2, whereas the negative arm current
flows through devices T1 and D2. The integral of the area between the first and
second zero-crossings of Fig. 5.9 w.r.t. the modulation index gives the average
and rms current for devices D1 and T2 and the same between the second and third
zero-crossings gives the average and rms current for devices T1 and D2.

The average currents through each switch and diode of a sub-module can be ex-
pressed as follows:
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IT1,avg = 1
2π

z3,iau∫
z2,iau

[(1 −ma1)
2 iau

]
dωt (5.52)

ID1,avg = 1
2π

z2,iau∫
z1,iau

[(1 −ma1)
2 iau

]
dωt (5.53)

IT2,avg = 1
2π

z2,iau∫
z1,iau

[(1 +ma1)
2 iau

]
dωt (5.54)

ID2,avg = 1
2π

z3,iau∫
z2,iau

[(1 +ma1)
2 iau

]
dωt (5.55)

Using the equations (5.52)–(5.55), the expressions for average current through the
devices in a submodule are obtained as:

IT1,avg = −Îo
16π

[(
4 − 2M2cos2φ

)
cos θz −M cosφ sin 2θz

]
(5.56)

ID1,avg = Îo
16π

[(
4 − 2M2cos2φ

)
cos θz −M cosφ sin 2θz

]
(5.57)

IT2,avg = Îo
16π

[ (
4 + 2M2cos2φ

)
cos θz +M cosφ sin 2θz

+ 2M (π − 2θz) cosφ
] (5.58)

ID2,avg ==−Îo
16π

[ (
4 + 2M2cos2φ

)
cos θz +M cosφ sin 2θz

− 2M (π + 2θz) cosφ
] (5.59)

The average current through the devices T1 and D1 are the same in steady state
operation such that the net average current through the capacitor is zero over one
fundamental cycle. This keeps the average value of capacitor voltage constant over
a cycle.

The square of rms currents through each semiconductor device of a sub-module
can be presented as follows:
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I2
T1,rms = 1

2π

z3,iau∫
z2,iau

[(1 −ma1)
2 i2au

]
dωt (5.60)

I2
D1,rms = 1

2π

z2,iau∫
z1,iau

[(1 −ma1)
2 i2au

]
dωt (5.61)

I2
T2,rms = 1

2π

z2,iau∫
z1,iau

[(1 +ma1)
2 i2au

]
dωt (5.62)

I2
D2,rms = 1

2π

z3,iau∫
z2,iau

[(1 +ma1)
2 i2au

]
dωt (5.63)

Using the equations (5.60)–(5.63), the expressions for the square of rms current
through the submodule device are derived as follows:

I2
T1,rms = I2

o

128π (M3 cos 3φ cos θz − 4M
3 cosφ cos 3θz +M

(
3M2 − 4

)
cosφ cos θz

+ 4
(
M2cos2φ− 1

)
sin (2θz) − 2 (π + 2θz)

(
M2cos2φ− 2

)
)

(5.64)

I2
D1,rms = − I2

o

128π (M3 cos 3φ cos θz − 4M
3 cosφ cos 3θz +M

(
3M2 − 4

)
cosφ cos θz

+ 4
(
M2cos2φ− 1

)
sin 2θz + 2 (π − 2θz)

(
M2cos2φ− 2

)
)

(5.65)

I2
T2,rms = I2

o

128π (M3 cos 3φ cos θz − 4M
3 cosφ cos 3θz +M

(
3M2 + 28

)
cosφ cos θz

+ 4
(
M2cos2φ+ 1

)
sin 2θz + 2 (π − 2θz)

(
3M2cos2φ+ 2

)
)

(5.66)

I2
D2,rms = −I2

o

128π (M3 cos 3φ cos θz − 4M
3 cosφ cos 3θz +M

(
3M2 + 28

)
cosφ cos θz

+ 4
(
M2cos2φ+ 1

)
sin 2θz − 2 (π + 2θz)

(
3M2cos2φ+ 2

)
)

(5.67)

A comparison of analytically calculated average and rms current with the simula-
tion results is presented in Table 5.9. The results indicate that the analytical values
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have very high accuracy, and hence the conduction loss in the semiconductor de-
vices can also be calculated to a very high accuracy using these values.

Table 5.9: Comparison of analytical and simulation values of average and rms currents
through devices.

Device T1 D1 T2 D2
Iavg,analytical (A) 51.69 51.69 252.81 2.81
Iavg,sim (A)@fsw = 333Hz 50.26 50.60 254.58 1.30
Iavg,sim (A)@fsw = 1665Hz 49.27 50.40 255.92 1.73
Irms,analytical (A) 102.06 144.34 394.78 19.91
Irms,sim (A)@fsw = 333Hz 104.37 146.93 396.19 9.24
Irms,sim (A)@fsw = 1665Hz 101.86 142.36 399.50 16.03

5.5.1.2 Switching loss

The switching loss characteristics as a function of current, esw(i), from an experi-
mental result can be approximated as in (5.17). Substituting the upper arm current
(iau), which flows through the semiconductor devices of the submodules in the
upper arm, the expressions for switching loss can be derived as in (5.68)–(5.71):

PT1,sw = Uc · 1
2πfsw

∫ z3

z2

(
k1T · i+ k2T · i2

)
dωt (5.68)

PT1,sw =UcIofsw
32π

[
4k1T (M (π + 2θz) cosφ− 4 cos θz)

+ k2T Io
{

(π + 2θz)
(
M2cos2φ+ 2

)
− 4 cos θz (sin θz + 2M cosφ)

} ]
(5.69)

PT2,sw = Uc · 1
2πfsw

∫ z2

z1

(
k1T · i+ k2T · i2

)
dωt (5.70)

PT2,sw =UcIofsw
32π

[
4k1T (M (π − 2θz) cosφ+ 4 cos θz)

+ k2T Io
{

(π − 2θz)
(
M2cos2φ+ 2

)
+ 4 cos θz (sin θz + 2M cosφ)

} ]
(5.71)

The diodes D1 and D2 follow the same expressions as that for switches T2 and T1,
respectively, but with loss coefficients k1D and k2D. These expressions are used in
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later sections to calculate the conduction and switching loss in an MMC at rated
speed operation.

5.5.2 Low-speed operation - with common mode voltage injection

All semiconductor devices have either maximum conduction loss or maximum
switching loss or both at zero speed. The total loss in the devices in the worst–case
decides the current limit the converter can yield.

Considering V/f control of the machine, the amplitude of the applied voltage to
the motor is decreased as the speed decreases to maintain a constant (1 pu) flux
in the stator of the motor. Hence, at very low frequency or zero frequency, the
modulation index (M) is very small (in the range of 0.03–0.05 pu) to compensate
only for the drop in the stator resistance and switching components. According to
(5.43), the dc component of the arm current (Iz,dc) approaches zero for the very
low value of M. In this case:

V̂ph,peak = M · vdc
2

(5.72)

iu,a = Îo
2 and, il,a = − Îo

2
(5.73)

The output current in all phases and all arms will be dc current, but the instan-
taneous sum of the three-phase output currents will still be zero. As shown in
Fig. 5.8, if the output current is positive dc in the bridge leg “A", the current ei-
ther flows through the diode D1 and charges the submodule capacitor, or it flows
through the switch T2 and bypasses the capacitor. Thus, the submodule capacitors
in the upper arm in the upper arm keep on continuously charging and the capaci-
tors in the lower arm keep on continuously discharging. A longer duration (at low
frequency or zero frequency operation) can charge the capacitor to an unaccept-
ably high value above its rated value, and the opposite will happen in the lower
arm. To avoid such continuous charging and discharging of the capacitors, the
arm current needs an ac component superimposed with the dc current such that the
resultant current both charges and discharges the capacitor, and keeps the voltage
ripple within the permissible limit.

Assuming the ac component as the sinusoidal current of angular frequency ωcom,
and constants k1 and k2 as the factor by which the dc and ac components should



86 Selection of Converter Topology

be scaled, the arm currents for phase “a” can be formulated as:

iu,a = k1
Îo
2 + k2Io sin(ωcomt)

il,a = − k1
Îo
2 + k2Io sin(ωcomt)

(5.74)

The simple way to solve this problem could be to induce common mode sine wave
current in the arms in such a way that the arm currents in (5.74) become equal
to (5.45). Assuming the induced common mode current has the same frequency
as the rated nominal frequency, the ac current will now circulate within the arms
whereas the dc current will flow out of the bridge legs into the windings of the
machine. By flipping the position of the ac and dc part of the currents in (5.45), it
can be observed that the maximum DC output current can be half of the nominal
output current to keep the peak of the arm current the same as in the case of rated
frequency operation. For example, with Îo = 100A, M = 1 and cosφ = 1, the
instantaneous upper arm current using (5.45) is iu = 50 sinωt + 25 A. Now, at
zero speed, when the output current is only dc current, a similar waveform to match
the peak of the upper arm current at rated frequency operation could be achieved
by common mode sinusoidal current injection as in (5.74) and can be made as:
iu = 25 + 50 sinωcomt A. In the latter equation, 25 A is the maximum dc current
from each arm. Hence, a total of 50 A from a bridge leg can be delivered from
the converter without exceeding the current rating of the semiconductor devices.
Hence, the theoretical limit of the output torque from a half-bridge MMC at zero
speed can be a maximum of 50%, if the semiconductor devices are designed for
rated speed operation.

A high-frequency sinusoidal current injection in the arm currents was first pro-
posed in [9] and later a square wave harmonic injection method followed in [10].
The amplitude of the common mode current through each arm as presented in [10]
is as follows:

iz,ac,ref = 1
Vcom

(
v∗2
o,ref

vdc/2
− vdc

2

)
io sinωcomt+

v∗
o,ref io

vdc
− Iz,dc (5.75)

The equation can be simplified to:

iz,ac,ref =
(
m2
n − 1
Mcom

sinωcomt+ mn

2

)
io − Iz,dc (5.76)

where,

mn = M sinωt and Mcom = Vcom
vdc/2

(5.77)
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Substituting (5.76) in (5.39), the upper arm current can be expressed as:

ia,u = io

[
(1 +m)

2 +
(
m2 − 1

)
Mcom

sinωcomt
]

(5.78)

The total modulation signal excluding the contribution from the CCS control be-
comes:

m = M sinωt+Mcom sinωcomt (5.79)

At low speed, as ω → 0 and M → 0, upper arm current can be rewritten as:

ia,u ≈ Îo
2

(
1 − 2

Mcom
sinωcomt

)
(5.80)

and,
m ≈ Mcom sinωcomt (5.81)

5.5.2.1 Conduction and switching loss in MMC at dc operation

In this section, the equations for average and rms currents to calculate the conduc-
tion loss at standstill condition are derived:

IT 1,avg,dc = Îo

4π

[(
2

Mcom
−Mcom

)
+ sin θx

]
cos θx (5.82)

IT 2,avg,dc = Îo

4π

[
π + 2θx − 1

2 sin 2θx +
(

2
Mcom

+Mcom

)
cos θx

]
(5.83)

ID2,avg,dc = Îo

4π

[
π − 2θx + 1

2 sin 2θx −
(

2
Mcom

+Mcom

)
cos θx

]
(5.84)

I2
T 1,rms,dc = Î2

o

16π

[(
2

M2
com

− 1
)

(π − 2θx) − 2
(

1
Mcom

−Mcom

)
cos θx

+ 2
(

1
M2

com

− 1
)

sin 2θx − 2
3Mcom

cos 3θx

] (5.85)

I2
D1,rms,dc = Î2

o

16π

[(
2

M2
com

− 1
)

(π + 2θx) + 2
(

1
Mcom

−Mcom

)
cos θx

− 2
(

1
M2

com

− 1
)

sin 2θx + 2
3Mcom

cos 3θx

] (5.86)
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I2
T 2,rms,dc = Î2

o

16π

[(
2

M2
com

+ 3
)

(π + 2θx) + 2
(

7
Mcom

+Mcom

)
cos θx

− 2
(

1
M2

com

+ 1
)

sin 2θx − 2
3Mcom

cos 3θx

] (5.87)

I2
D2,rms,dc = Î2

o

16π

[(
2

M2
com

+ 3
)

(π − 2θx) − 2
(

7
Mcom

+Mcom

)
cos θx

+ 2
(

1
M2

com

+ 1
)

sin 2θx + 2
3Mcom

cos 3θx

] (5.88)

where,

θx = sin−1
(
Mcom

2

)
(5.89)

PT 1sw,dc =Ucfsw Îo

8π

[
k1T

(
(π − 2θx) − 8

Mcom
cos θx

)

+ k2T Io

(
(π − 2θx)

(
2

M2
com

+ 1
)

− 8
Mcom

cos θx + 2
M2

com

sin 2θx

)] (5.90)

PT 2sw,dc =Ucfsw Îo

8π

[
k1T

(
(π + 2θx) + 8

Mcom
cos θx

)

+ k2T Io

(
(π + 2θx)

(
2

M2
com

+ 1
)

+ 8
Mcom

cos θx − 2
M2

com

sin 2θx

)] (5.91)

Similar to the case at rated speed operation, the expressions for switching loss in
diodes D1 and D2 are the same as that for switch T2 and T1, respectively.

5.6 Loss analysis of the converter topologies
The conduction and switching losses cause the rise of the junction temperature of
the semiconductor devices. The maximum operating temperature sets the limit to
the total loss a switch or diode can incur. Therefore, the current through these
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Table 5.10: Market Overview of High Voltage and High Current Semiconductor Devices
for High-Power Converters [79, 80, 81].

Manufacturer Device Type UCE [V ] U∗
dc [V ] Ic [A]

Hitachi ABB
IGCT (Presspack)

6500 4000 3800
4500 2800 6500
4500 2800 6000

BIGT (Presspack) 5200 3400 3000

IXYS IGBT (Presspack)
6500 3600 1890
4500 2800 3000

Toshiba IEGT (Presspack) 4500 2700 2100

The variables used in the table are: Maximum collector-emitter voltage of the device at
25 ◦C, UCE ; Permanent dc-link voltage, U∗

dc; Continuous collector current of the device,
Ic. The device acronyms used are: Integrated Gate-Commutated Thyristor, IGCT; Bi-
Mode Insulated Gate Transistor, BIGT; Insulated Gate Bipolar Transistor, IGBT; Injection-
Enhanced Gate Transistor, IEGT.

devices is also limited such that the total loss is within the limit and the junction
temperature of the devices also remains well within the maximum operating tem-
perature.

5.6.1 Available semiconductor devices

There exist many types of semiconductor devices (Thyristors, MOSFETs, IGBTs,
IGCTs, and others) in different formats (discrete, modules, presspack, and oth-
ers). To achieve high-power converters, high voltage and high current devices are
preferable. The IGCT devices’ performance is close to the physical limit possi-
ble using Silicon material; therefore, these semiconductor devices could be the
best candidate for high-power converters based on Si material [60]. In the future,
high-performance SiC devices might overcome and a smaller converter could be
possible and a filter at the output can be used to deal with high dv/dt. The semi-
conductor devices available in the market at the moment with the highest voltage
and current ratings to achieve a high-power converter of around 100 MVA are pre-
sented in Table 5.10.

The semiconductor devices with higher voltage ratings are not available with higher
currents (e.g., 6500 V IGBTs) or with matching high current diodes (e.g. 6500 V
IGCTs) and thus, these are not ideal selections to meet both high voltage and high
power requirements. Therefore, IGCT 5SHY 65L4521 from Hitachi ABB with
4500 V and 6500 A and the corresponding diode FRD 5SDF 28L4520 have been
considered for further evaluation.
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Table 5.11: Key Electrical Parameters of IGCT (ABB 5SHY 45L4520) and Diode (ABB
FRD 5SDF 28L4520) at 125◦C [79].

Parameters Values
On-state Knee Voltage of IGCT (UCE0) 1.84 V
On-state Resistance of IGCT (RCE,on) 0.73 mΩ
On-state Knee Voltage of Diode (UF0) 2.036 V
On-state Resistance of Diode (Rd) 0.33 mΩ

5.6.2 Loss in NPC and ANPC converters

The total loss in each semiconductor device of the NPC and ANPC converters is
calculated at rated speed operation and zero speed operation using the analytical
equations derived in Section 5.3–5.5. The total loss in each device in a converter
is the sum of the average conduction loss and average switching loss in that device
over one fundamental cycle.

For the analysis of losses in both NPC and ANPC converters, the IGCT from
ABB (5SHY 45L4520) in Table 5.10 and the corresponding diode (FRD 5SDF
28L4520) are selected. The IGCTs have relatively lower switching loss compared
to IGBTs for high voltage and high current semiconductor devices, therefore, the
former is favored for this analysis. The key electrical parameters of the selected
switch and diode for loss analysis are presented in Table 5.11. The switching
frequency (fsw) is chosen as 250 Hz and dc-link voltage (Udc) is selected as 5.6
kV such that the Udc

2U∗
dc

ratio is 1. The analysis is done assuming the same type of
switches and diodes at each position in the converters.

5.6.2.1 Rated speed operation

In a full-size converter-fed synchronous machine, the rated operation of the con-
verter is when the machine is running at rated speed and at rated load. Since the
exciter current in a synchronous machine is controlled by a separate converter, the
machine can always run at unity power factor, i.e., at cosφ = 1 in turbine mode
and at cosφ = −1 in pump mode.

Considering these operating points of the machine, the conduction and switching
losses in each IGCT and diode at different positions in a bridge leg of NPC and
ANPC have been calculated. The analytically calculated losses of the semiconduc-
tor devices are presented in Fig. 5.10. The figure shows that the diode D5 incurs a
loss of 4.4 kW, the maximum loss in the NPC converter. Therefore, it is considered
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a reference component for other diodes as well. The loss in the same diode in the
ANPC converter is almost half because the current through this diode is shared by
the switch T5.

Figure 5.10: Worst-case losses in each device of NPC and ANPC converters at Îo =
3000A, fn = 50Hz and switching frequency (fsw) = 250 Hz. The devices used are ABB
IGCT 5SHY 45L4520 and ABB FRD 5SDF 28L4520. The legends used are Conduction
loss, Pcon and Switching loss, Psw. The total loss in the device D5 in the NPC converter
and D1 in the ANPC converter are the highest and are considered as reference devices for
the respective converters while dimensioning the devices.

5.6.2.2 Zero speed operation

All semiconductor devices in the NPC and ANPC converters have either maximum
conduction loss or maximum switching loss or both at zero speed. The devices
stressed by both types of losses decide the current limit a converter can provide at
the start-up of the machine. The total loss in the devices increases by a large margin
at dc operation. The worst-case losses in devices at each position of both NPC and
ANPC converters at zero speed are calculated using the analytical equations and
are presented in Fig. 5.11.

At 60% of Îo, the total loss in diode D5 of the ANPC converter is similar to the
total loss at the rated frequency in the reference device D1 as shown in Fig. 5.12.
The remaining devices have losses well below the reference devices. However, the
total loss in the devices T2 and D5 of the NPC converter are still higher than the
reference value. It means in the case of the NPC converter, the dc current should be
reduced further to keep the losses within the limit. The total loss in all the devices
in the NPC converter is within the limit when the dc current is about 33% of full
load current at rated speed.
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Figure 5.11: Worst-case losses in each device of NPC and ANPC converters at Îo =
3000A, fn = 0 Hz, and switching frequency (fsw) = 250 Hz. The current comes out of
the converter bridge leg to run the machine as a motor (in this application, the scenario is
starting the machine in pumping mode). The devices D1 and D2 in the NPC case and D1,
D2, and T5 in the ANPC case do not conduct for positive dc current, and therefore, the
loss is zero for these devices. The devices used are ABB IGCT 5SHY 45L4520 and ABB
FRD 5SDF 28L4520.

Figure 5.12: Worst-case losses in each device of NPC and ANPC converters at Îo =
1800A, fn = 0 Hz, and switching frequency (fsw) = 250 Hz. The current comes out of
the converter bridge leg to run the machine as a motor. The devices used are ABB IGCT
5SHY 45L4520 and ABB FRD 5SDF 28L4520.
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From this analysis, it is confirmed that the NPC converter can withstand only 33%
of full load current at zero speed whereas the same value approaches around 60%
in the case of the ANPC converter with the selected devices. Thus, ANPC becomes
the preferable choice for an application where high starting torque is required. This
torque at zero speed can further increase if the switching loss in the devices is lower
or the devices are stressed to their maximum thermal limit.

5.6.3 Losses in modular multilevel converter

The loss analysis of the MMC is carried out with the same semiconductor devices
used in the NPC and ANPC converters. The analytical equations derived in previ-
ous sections are used to calculate the losses in each device of the submodule. The
machine-side converter in a back-to-back converter system will always be operated
at unity power factor (cosφ = 1) in order to achieve the smallest possible size of
the converter, as is the case in a converter-fed synchronous machine.

For the loss analysis in the semiconductor devices of the MMC, the IGCT 5SHY
65L4521, 2800 V, 6500 A from Hitachi ABB and the matching diode FRD 5SDF
28L4520 are selected. The IGBTs have higher switching loss compared to IGCTs
at the same switching frequency, and therefore, are not favored for this analysis.
The key electrical parameters of the selected switch and diode for loss analysis are
presented in Table 5.12. The switching frequency (fsw) is chosen as 250 Hz to
have good control of the arm current and to incur less switching loss. The analysis
is done assuming the same type of switches and diodes at each position in the
converters.

Table 5.12: Key Electrical Parameters of IGCT 5SHY 65L4521 and Diode FRD 5SDF
28L4520 at 140◦C [79].

Parameters Values
On-state Knee Voltage of IGCT (UCE0) 1.11 V
On-state Resistance of IGCT (RCE,on) 0.297 mΩ
On-state Knee Voltage of Diode (UF 0) 1.10 V
On-state Resistance of Diode (Rd) 0.47 mΩ

The switching loss coefficients of the selected IGCT and diode have been calcu-
lated using the curve fitting technique as expressed in (5.17) and presented in Table
5.13.

The stack of the semiconductor devices is assumed to have the double side cooled
with 5 l/min water (with 50 % Glycol), which gives the parameters of the thermal
circuit as shown in Table 5.14 [82].
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Table 5.13: Switching loss curve fitting coefficients of the selected IGCT and diode at
140◦C.

Parameters Values
k1T 4.7 × 10−3 J/A

k2T 3.17 × 10−7 J/A2

k1D 1.303 × 10−2 J/A

k2D −1.33 × 10−6 J/A2

Table 5.14: Thermal resistance of different sections of the cooling circuit with double side
cold plates [82].

Parameters Values
Tambient 40 ◦C

Rth,j−c 6.8 ◦K/kW

Rth,c−h 2.2 ◦K/kW

Rth,h−w 5.5 ◦K/kW

5.6.3.1 Rated speed operation

The total loss at rated frequency and unity power factor is calculated for each
semiconductor device in a submodule using the expressions (5.52)–(5.67) and is
presented in Fig. 5.13. The IGCT 5SHY 65L4521 positioned as T2 incurs the
maximum loss and the switching devices must be rated as per the rating of this
device. At a peak output current of Îo = 5.5 kA, the conduction and switching
losses in the IGCT T2 are 2.944 kW and 2.392 kW , respectively. The total loss of
5.336 kW in the device with the double side cooling arrangement as in Table 5.14
can raise the steady state junction temperature up to 117◦C, which is well within
the maximum operating temperature of the device (140◦C).

5.6.3.2 Zero speed operation

A similar loss analysis as in the case of rated speed operation is carried out for
the zero-speed operation. The modulation index of the sinusoidal common mode
injection signal has been chosen as Mcom = 0.5 because the study in [10] demon-
strates that a similar value gives a submodule voltage ripple of less than 20% in
the low and zero speed region. The total loss in each device in a submodule has
been calculated using (5.82)–(5.91). The iterative loss calculation with various dc
output currents from the bridge leg shows that the loss with 35% of peak current
at rated operation (Îo) yields the same loss as in the case of rated speed operation.
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Figure 5.13: Conduction and switching loss in the semiconductor devices of a submodule
at rated frequency output and Îo = 5500 A.

The loss at Îo = 0.35Io,ratedSpeed = 0.35 · 5500A = 1925 A is presented in Fig.
5.14.

This analysis shows that the MMC with half-bridge submodules can yield about
35% of rated torque at zero speed or standstill, which satisfies the startup require-
ment of the reversible pump turbine with water in the runner housing.

Figure 5.14: Conduction and switching loss in the semiconductor devices of a submodule
at zero frequency output and Îo = 0.35 · Io,ratedSpeed = 1925 A.
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5.7 Evaluation and comparison of converter topologies
The selected three converter topologies: an NPC converter, an ANPC converter,
and an MMC have already been evaluated for the startup torque they can produce.
Further to this, these converters are evaluated for the PSHP application based on
the flexibility they can provide for fast transition from generation and pump mode,
the number of semiconductor components and silicon area, requirements of passive
components including dv/dt filter, and the efficiency of the converters. The basis
of evaluation is followed as proposed in [83].

5.7.1 Converter configuration for transformerless connection

One of the major requirements of a full-size converter for PSHPs is a transformer-
less connection to the machine and the grid-side transformer. In other words, only
the converter should be placed between the generator transformer (the transformer
that connects the machine to the grid) and the synchronous machine.

As the semiconductor devices are rated for their blocking voltage, it is necessary to
determine the dc-link voltage of the converter according to the ac voltage output,
which is in the range of 13–15 kV for a synchronous machine of 100 MVA. The
relation between the ac output voltage and the dc-link voltage in a PWM modulated
converter is as in (5.92) [84]:

Ull,peak =
√

3
2 M · Udc (5.92)

where Ull,peak is the peak value of phase-to-phase ac output voltage, Udc is the
pole-to-pole dc-link voltage, and M is the peak value of sinusoidal modulation
index. With the space vector PWM modulation or the sinusoidal PWM with third
harmonics injection technique, the modulation index can be increased to 2√

3 (≈
1.1547) to achieve the maximum output voltage for the same dc-link voltage. In
this case, the output voltage and dc-link voltage can be related as:

Ull,peak = Udc (5.93)

From (5.93), the dc-link voltage required for a 15 kV (rms) output is 21.2 kV.
Normally, a margin of 4% is required to determine the dc-link voltage of the con-
verters to drive the current through the machine at the peak of the output voltage
[85]. This gives a required dc-link voltage of 22 kV. The selected devices, IGCT
5SHY 65L4521 and Diode FRD 5SDF 28L4520, have a voltage rating of 4500 V,
a permanent dc-link voltage (U∗

dc) rating of 2800 V, and a current rating of 6500 A.
Therefore, with the permanent dc-link voltage (U∗

dc) rating of the selected device
is 2800 V, at least four IGCTs need to be connected in series at each position of the
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Table 5.15: Number of semiconductor devices per bridge leg for NPC, ANPC, and MMC
topologies for 15 kV rms output voltage.

Converter topology Diodes IGCTs Remarks
NPC 30 20
ANPC 30 30
MMC 36 36 see note below

The number of semiconductor devices must be multiplied by three for a three-phase sys-
tem to get the total number of devices in the converters. In the case of MMC, 2N, i.e.,
18 additional thyristors (one across each submodule) are required to protect the converter
against the dc-link short circuit case.

NPC and ANPC converter configuration shown in Fig. 5.1 and Fig. 5.5 to block
the half of the dc-link voltage. A dv/dt filter can also be required to filter the sharp
and large voltage steps to protect the stator winding insulation.

In the case of MMC, considering a maximum voltage ripple of 10% on the sub-
module capacitor in a low-speed region, the required dc-link voltage is 23.5 kV.
The required number of submodules (N) will then be eight in each arm of three
phases with the selected IGCTs. As a general rule of reliability, one extra submod-
ule is added and this will lead to nine in each arm, i.e. 18 submodules per bridge
leg.

5.7.2 Semiconductor devices

The dc-link voltage required for transformerless connection is the basis for the
number of semiconductor devices to be connected in series. One additional set
of IGCT and diode is added in series for redundancy. This leads to 5 IGCTs
and 5 diodes at each position of the NPC and ANPC converters. In an MMC,
one submodule constitutes of two IGCTs, two diodes, and one additional IGCT
to bypass the module during fault conditions. Similar to the case of NPC and
ANPC converters, one additional submodule is added to each arm for redundancy
purposes. The number of semiconductor devices required in each bridge leg of
these converters is summarized in Table 5.15.

5.7.3 Power loss and junction temperature

The power loss analysis based on analytical loss equations is carried out for NPC
and ANPC in [8] shows that for a junction temperature of 120◦C, both of these
converters can deliver an output current of 4000 A (peak) with IGCT 5SHY 65L4521
and Diode FRD 5SDF 28L4520. A similar analysis for MMC presented in [86]
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reveals that MMC bridge legs can deliver up to 5500 A (peak). This corresponds
to an output power capacity of 73 MVA for three-level converters compared to 100
MVA for MMC at a voltage output of 15 kV and at a rated frequency.

5.7.4 Device per kW

Since all three topologies are compared for high-power applications, the same type
of semiconductor devices are considered for comparison. Hence, the device per
kW indirectly provides the Silicon chip area used per kW in the converters. Ac-
cording to Table 5.15, the total number of semiconductor devices used for the
NPC converter is 50 per bridge leg (i.e., 150 in total) and the power output is
73 MVA. Hence, the device per kW for this converter is 2.06 device/MVA (0.49
MVA/device). The same value for the ANPC converter is 2.47 device/MVA (0.41
MVA/device), which is about 20% higher than that of the NPC converter. The
similar merit for MMC is 2.16 device/MVA (0.47 MVA/device), only 4.8% higher
than that of the NPC converter if the thyristor for protection circuit is not consid-
ered (2.70 device/MVA including the protection thyristors).

5.7.5 Harmonics in output

The multiple steps of voltage in an MMC make it produce significantly less THD
in the output voltage compared to the other alternatives considered for this appli-
cation. The shape of the output voltage of an MMC is close to sinusoidal and
can be connected directly to the grid side or machine side without a passive filter.
Looking into the shape of the output voltages from an MMC, NPC, and ANPC, it
is obvious that the MMC has the least THD in its output. The voltage level of the
MMC can also be chosen freely by adapting the number of submodules close to
the rated voltage of the machine.

5.7.6 Startup torque

A typical torque-speed characteristic of an RPT is shown in Fig. 2.4. The startup
torque (torque at zero speed) in pump mode is about 12% with the turbine sub-
merged in water.

An ANPC converter can yield relatively high torque compared to MMC topology.
In [8], it is stated that the ANPC converter can provide up to 60% torque at zero
speed. Further, according to [10], MMC can provide up to 40% if startup torque
and the submodule capacitor voltages of the MMC can be kept within the limit by
injecting square wave common mode voltage and a circulating current in each leg.
Furthermore, an analysis based on power loss in the converter using the analytical
loss equations demonstrates that the MMC with IGCTs and corresponding diodes
can yield only up to 35% of torque at the startup of the machine [86].
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5.7.7 Fast transition from generation to pump mode

The fast transition from generation to pump mode or vice versa is important if
the power plant is supposed to regulate intermittent power generation from other
renewable sources like wind and solar in a wide range during its operation. The
transition from pump mode to generation mode is relatively easy as the water is
flowing against the gravity in pump mode. Therefore, it takes a shorter time to
switch the mode from pump to generation in existing power plants than to switch
the mode from generation to pump mode. From Fig. 2.4, it can be observed that
the torque requirement exceeds the torque in the normal operating region around
zero speed with a maximum opening of the guide vanes. The converters rated
for the normal operating region cannot provide such torque. The converters need
to be oversized to meet such requirements. As mentioned in [87, 88, 89], direct
MMC with full-bridge submodules can be an alternative if fast transition at the full
opening is demanded by the system integration. This solution employs a larger
number of semiconductor devices, and consequently, will be a costlier solution.

5.7.8 Passive components

The passive elements in MMC are arm inductors and submodule capacitors. In
three-level converters, the dc-link capacitor is a series and parallel connection of
several low-voltage capacitors and the same can be imported to the MMC topology.
The benefit of the application in MMC is that it does not have the risk of bearing
uneven voltage sharing among the capacitors if the capacitance in the series stacks
differ by a small margin.

The size of the capacitor in MMC and three-level are quite different. In the three-
level, only the ripple current flows through the dc link capacitor, whereas, in the
case of MMC, the load current itself is modulated through the submodule capac-
itor. Therefore, MMC employs relatively larger capacitors compared to NPC and
ANPC converters. In MMC, the normalized energy storage requirement is around
25 kJ/MVA [90].

5.7.9 Output (dv/dt or sine) filter

Three-level converters produce output voltage in steps of (Udc/2) and lead to a sig-
nificant amount of harmonics (THD is 16.86%) in the output voltage [91]. MMC
has very small steps in the output voltage (Udc/N ) and is quite close to the sinu-
soidal voltage. Therefore, the output filter can be avoided or a very small dv/dt
filter can fulfill the cable reflection associated requirement in the case of MMC.

The relatively high voltage step in three-level converters requires a conditioning
filter at the output. In the case of retrofit projects, particularly, the space for the
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new converter for the synchronous machine may not be available just beside the
machine and a cable of 50–60 m may connect the two. Such a long cable with
fast switching devices can lead to voltage doubling at the machine terminals due
to reflection in the cable and a dv/dt filter may be required at the output of the
converter. In addition, the losses in the damper bars of the synchronous machine
due to high-order harmonics must also be considered. In some cases, this may lead
to the requirement of a sine wave filter at the converter output terminals.

5.7.10 EMI related issues

The three-level converters produce output voltage in only two steps whereas MMC
outputs the same in multiple steps (equal to a number of submodules). Therefore,
NPC and ANPC will have the common-mode voltage with lower order harmonics
components compared to that in the case of MMC. Hence, the conducted electro-
magnetic interference (EMI) issue is more prominent in NPC and ANPC convert-
ers compared to the MMC counterpart. Consequently, the size of the EMI filter is
smaller in the case of MMC than for the NPC/ANPC converters. At present, the
large-size converters of 100 MVA for pumped storage applications are viable only
using IGCTs, which can switch at a relatively very low switching frequency (less
than 500 Hz). The dv/dt of IGCTs during turn-off is about 1 V/ns. Wide band-
gap semiconductor devices like SiC MOSFETs can switch tens of times faster than
IGCTs. Therefore, the EMI issue is going to be a relatively more pronounced prob-
lem in the converters with new devices and EMI filters can become an integral part
of the converter.

5.7.11 Control related issues

An ANPC converter can be controlled at zero frequency the same way as it is
controlled at rated frequency. MMC needs a special control algorithm to inject
high-frequency common mode current in the arms in the low-frequency operating
region to control the submodule capacitor voltage within the limit. This requires,
for example, a common mode current injection of frequency around 45 Hz for
a rated system of 50 Hz when operated below 15 Hz [10]. The higher the fre-
quency of common mode voltage, the better the control of the capacitor voltage
but this will lead to higher switching frequency and consequently, higher losses in
the semiconductor devices.

Since the switching frequency needs to be very high in the case of MMC to have
control in the low-speed region, it may not be advantageous to employ MMC in
high-power applications using IGCTs. It can be considered as a topology for the
future when switching devices with low switching loss will be available in high
voltage and high current ratings.
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Table 5.16: Average and RMS current through semiconductor devices of NPC converter
at dc operation (at the start-up of the machine).

Converter
topology

Startup
torque

No. of
devices

device
/MVA

dv/dt filter Harmonics

NPC 33 % 150 2.06 required high

ANPC 60 % 180 2.47 required high

MMC 35 % 270 2.70 can be
avoided

low

5.7.12 Efficiency

Since the average and rms current through the semiconductor devices of MMC
is relatively smaller than in the case of other topologies, conduction loss in the
MMC devices is significantly lower. The MMC yields higher efficiency than 3-
level converters and reaches above 99%.

5.8 Summary of comparison
The quantitative and qualitative characteristics of converters enlisted in Section 5.7
are summarized in Table 5.16. The summary table suggests that all three converters
meet the application-associated requirements of Section 5.1, except ANPC has the
advantage of producing high startup torque compared to the others.

5.9 Selection of converter
The selection of a machine-side converter will be based on the comparison carried
out in the previous section. The grid side converter can be selected based on the
special case fn = 50 Hz analysis. The converters can be of the same type or a
hybrid type.

Three possible converter solutions for executing the variable speed operation of a
pumped storage plant with synchronous machines are presented. All three con-
verters can achieve an output voltage of 13–15 kV (rms) with the available semi-
conductor devices for transformerless connection to the machine and the generator
transformer. The comparisons show that all can meet the requirement of startup
torque of 12% for a fast startup with water in the turbine casing. However, ANPC
is the best solution if a fast transition from generation mode to pump mode is re-
quired because it can provide up to 60% torque at zero speed in contrast to 33%
and 35% from NPC and MMC, respectively. Therefore, a controlled transition with
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the partial flow can be executed. Yet, MMC can yield a converter size of higher
power capacity close to 100 MW, whereas ANPC can yield up to 75 MW without
paralleling the multiple IGCTs. In addition, MMC can be the solution without a
dv/dt filter at the output or with a relatively small filter, if needed, compared to the
ANPC converter. Additionally, unlike three-level converters, MMC needs a spe-
cial control strategy of high-frequency common mode injection to operate at lower
frequencies, which demands a higher switching frequency operation to control the
common mode current. Therefore, MMC with half-bridge submodules cannot be
the best choice for high-power applications with devices like IGCTs.

Having examined all the attributes of these converters, it is evident the ANPC con-
verter can serve the specification the best with startup and fast transition of modes.
Hence, it can be regarded as a possible alternative for variable speed operation of a
pumped storage plant with a full-size converter using the available semiconductor
devices.



Chapter 6

Control of Active Front End
Converter

In this chapter, the topology of the grid-side converter and its control are discussed.
This converter operates at an almost constant frequency and supports the grid with
reactive power. The virtual inertia control of the Active Front End and its impact
on the size of the converter are also presented. The chapter briefly describes a
few important features that the grid-side converter must incorporate. The chapter
addresses, in part, the Research question 1 and Research question 2. Since this
topic is not the main scope of this research, the control of the grid-side converter
in the context of PSHP is discussed only briefly.

6.1 Introduction
The grid-side converter, also known as the active front end (AFE) converter in
drive applications, serves as the gateway for power flow into the grid. Chapter 7
describes the control mode of this converter during turbine and pump operation. In
a synchronous machine powered by a full-size converter, the AFE plays a crucial
role in regulating reactive power and providing virtual inertia.

In the context of a converter-fed synchronous machine, the inertia of the machine is
decoupled from the grid. However, this decoupling allows for the added advantage
that the speed of the machine can be allowed to deviate because it is not directly
connected to the grid. The rapid control capabilities of the converter enable the
transfer of energy to and from the inertia of the rotor shaft more quickly compared
to a directly connected system. This characteristic significantly enhances grid sta-
bility, a concept commonly referred to as virtual inertia or synthetic inertia.
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6.2 Converter topology for grid-side
The grid-side converter is connected to the low-voltage side of the generator trans-
former, which steps up the voltage to the transmission line voltage. Therefore, the
output voltage requirement is the same as that for the synchronous machine, i.e.,
13–15 kV rms. Generally, the frequency converters are rated for operation at nom-
inal frequency, i.e., at 50 or 60 Hz in a grid-connected operation. As explained
in Chapter 5, the total loss in the converter is minimum while operated at rated
frequency. Since the frequency of the grid is always stable at a nominal frequency,
the grid-side converter can be a three-level NPC converter or MMC that can match
the voltage of the synchronous machine.

6.3 Reactive power contribution
In a grid-connected system, the grid-side converter is responsible for the reactive
power supply to the grid. The power factor of the grid-side converter operation
directly impacts the size of the converter. For example, the semiconductor devices
of the converter must be dimensioned for 1.25In if it is operated at a power factor
of 0.8 compared to the unity power factor operation.

In the case of MMC, the output power factor will have a direct impact on the size of
the sub-module capacitor. The size increases inversely with the load power factor.

6.4 Virtual inertia contribution

6.4.1 Virtual inertia in turbine mode

The grid-side converter running in a frequency droop control mode (also known
as grid forming mode in literature) experiences a step power load whenever there
is a decay in frequency. A constant df/dt is equivalent to a constant power step
for the converter. Therefore, while connected to the grid, the grid-side converter
needs to supply additional power steps in addition to the steady-state power. In a
directly grid-connected synchronous machine, the first few seconds of this power
come from the inertial energy stored in the rotating shaft of the machine until the
governor reacts to supply more water to the turbine. In a converter-fed synchronous
machine system, the power step caused due to change in frequency is very quickly
transferred to the machine shaft as there is very little energy stored in the dc-link
capacitor. However, this inertial energy from the shaft in this case flows through
the converter.

In contrast to copper as the winding material in the stator of synchronous machines
which can be overloaded for several minutes, the frequency converters constitute
very thin semiconductor dies and have a very small thermal time constant (less
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than a second). As a result, these converters must be rated to handle both steady-
state and inertial power, even though the latter is only needed for a few seconds.
This means that if a converter is rated in the same way as a synchronous machine,
it won’t be able to provide any inertial power while operating at full load. Con-
sequently, if delivering inertial power at full load is necessary, this leads to an
increase in the size of the converter.

When the grid-side converter is rated solely for steady-state active power, the con-
tribution of virtual inertia can only be realized at partial load. However, if the de-
sired virtual inertia contribution during operation near full load extends to a range
of 2–5 seconds, this would necessitate an additional increase in the current rating
of the converter.

6.4.2 Virtual inertia in pump mode

The behavior of the converter control is different in pump mode as the grid-side
converter is responsible for the dc-link voltage of the back-to-back converter setup.
Any negative change in frequency can be supported by the grid-side converter by
immediately releasing the pumping power. This will lead to reduced dc-link volt-
age, and consequently, reduced speed of rotation of the reversible pump-turbine to
reduce the water flow. This case has been experimentally verified in the laboratory
and is presented in Chapter 7. However, the opposite phenomenon needs to be
handled carefully. Any positive change in grid frequency needs to be compensated
by the grid-side converter by consuming a step power. Such step power will raise
the dc-link voltage to the maximum limit due to the very small energy storage
capacitor at the dc-link. The machine-side converter responds to such increment
in frequency by increasing the pump power and hence the increased flow toward
upstream. A control method like feed-forward power can be added to the machine
in pump mode.

6.5 Shaft inertia of the synchronous machine
The inertia requirement in a conventional hydropower plant depends on the length
of the tunnel and penstock (only the latter if there is a surge chamber). If there is
a sudden load step on the machine, the inertia of the rotor delivers the energy until
the water flow in the penstock increases, and the potential energy of the water gets
converted into mechanical energy. The acceleration time the water (Twt) through
the penstock is Twt = L

gA
QR
HR

as presented in Chapter 3. Further, the mechanical
time constant (Tm) of the synchronous machine rotor is chosen such that Tm

Twt
>

6 [92]. This leads to a very high energy storage requirement in the rotor of a
hydropower generator.
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In a full-size converter-fed PSHP system, although the synchronous machine is
physically decoupled from the constant frequency electrical grid, it remains tightly
connected electrically due to the very limited energy storage capacity of the dc-
link capacitor. Any grid transients are swiftly transferred to the dc-link capacitor
through the fast control of the AFE, and subsequently, to the synchronous machine
via the machine-side converter.

The findings presented in Chapter 3 indicate that the rotor speed must not deviate
by more than 10%, as further reduction can have a detrimental effect on the torque
output of the turbine and may lead to instability. Hence, the requirement for rotor
shaft inertia based on the ratio Tm

Twt
> 6 remains valid, even in the case of a full-size

converter-fed PSHP. Further research can explore alternative methods of energy
storage on the DC-link to assess their potential in reducing the need for such a
significant shaft inertia.

6.6 Conclusion
The grid-side converter consistently operates close to the rated output frequency of
the converter. Consequently, when sizing the converter, it’s crucial to consider the
current it needs to provide at the rated frequency of operation and at the rated load.
Both the three-level NPC converter and MMC converter meet these criteria. To
fulfill its role in providing reactive power and virtual inertia at full-load operation,
the grid-side converter should be designed to achieve approximately 120% of the
nominal stator rating of the synchronous machine.



Chapter 7

Secondary Control Strategy

In this chapter, the control methods to start, stop, and transition the mode from
the pump operation to the turbine operation and vice versa are presented. In addi-
tion, the effect of low voltage ride through on the grid side converter is explained
for both pump and turbine modes of operation. The control strategy was verified
in a laboratory arrangement with a 100 kVA synchronous machine connected to
the grid via a two-level back-to-back converter. The experimental results of oper-
ation at the system level and at the inner current control level are depicted with
characteristic plots. This chapter addresses the Research questions 3 and 4.

7.1 Introduction
In a pumped storage plant with a full-size converter-fed synchronous machine,
the speed of the machine can be varied independently with respect to the grid
frequency. This feature gives the advantage of being able to run the turbine at its
maximum efficiency point as the head and water flow vary during both turbine and
pump operation.

In addition, the synchronous machine can always be controlled at a unity power
factor such that the machine will experience the least possible loss at any point
of operation. Since the excitation current is also controlled separately by a dc-dc
converter, maximum torque per amp control comes to be the same as unity power
control, unlike with the permanent magnet synchronous machines.

The flexibility to control the power consumption in pump operation can be con-
trolled dynamically, which proves to be important in stabilizing the grid frequency
during disturbances.
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In this chapter, all the flexibilities that can be achieved by the installation of a
full-size converter in a pumped storage plant are experimentally executed. The
following control-related issues in a pumped storage power plant are addressed:

• efficiency optimization control

• start, stop, and mode transition in both pump and turbine operation

• impact of low voltage ride through in pump and turbine operation

7.2 Control method
The innermost control of the converter, which controls the d- and q- axes currents,
and the excitation current to produce the required torque were already discussed
in Chapter 4. Also, there exist several converter topologies to meet the converter
requirements as described in Chapter 5. The system level control, also known as a
secondary controller, controls the power to and from the grid and produces optimal
speed based on the hydraulic parameters. This control strategy can be developed
independently regardless of the converter topology controlling the inner current
controllers.

The secondary controller takes all the measured parameters and commands from
power plant operators and transmission system operators (TSO) as inputs and pro-
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Figure 7.1: Schematic showing secondary layer control strategies for the full-size back-to-
back converters. The plant operator normally sets the active and reactive power references
(input to the secondary controller). The TSO provides incremental changes dynamically
according to the instantaneous grid parameters. The Efficiency Optimization Algorithm
processes the net head (H) and power reference (Pref ) in both turbine and pump mode
and determines the speed of rotation of the RPT. The references produced by the secondary
controller are passed to the converter controllers. A set of converter controllers is activated
depending on the mode of operation (pump/turbine).
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duces the optimal reference speed in both pump and turbine modes. In addition, it
also produces the active and reactive power references for the grid side converters
as depicted in Fig. 7.1. The efficiency optimization algorithm is considered part of
the secondary control layer, which takes hydraulic parameters like head and water
flow as inputs in turbine mode to decide the optimal speed of the turbine based
on the Hill chart curves for that particular turbine. The Hill chart parameters pro-
vided by the turbine manufacturer can be inserted as a look-up table in the system.
Similarly, the controller produces the speed reference and the guide vane angle ref-
erence in the pump mode based on the power reference (power available by TSO
or the plant operator) with which it can pump the water upstream.

The references produced by the secondary controller are passed to the individ-
ual converter control system that controls that particular variable as shown in Fig.
7.2. Both the active front end (grid side) and machine side converters control the
different variables in pump and turbine modes. In pump mode, the grid side con-
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Figure 7.2: Schematic of the overall control of the full-size back-to-back converters. All
the references to the controllers (on the left side of the figure) come from the secondary
controller and the Efficiency Optimization Algorithm. All the controllers are proportional-
integral (PI) controllers. The shaded region consists of the physical components of the
power plant.
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verter controls the dc-link voltage and the reactive power to the grid, whereas the
machine side converter controls the speed of the machine. In turbine mode, the
machine side converter controls the dc-link voltage, whereas the grid side con-
verter controls the active and reactive power flow to the grid based on voltage and
frequency droop. The governor controls the turbine speed in turbine mode, and
therefore, the guide vane opening angle is determined by the governor, itself. The
guide vanes are normally kept fully open while running in pump mode. The power
and the water flow in pump mode are controlled by adjusting the speed of the
machine using the machine-side converter.

7.3 Laboratory setup
There exist various types of converters that can serve the purpose of a full-size
converter in a back-to-back converter configuration. The secondary control strat-
egy can be developed such that it is independent of the type of converter installed
for the grid-side and machine-side converters. Therefore, to validate the overall
system level of control, a two-level back-to-back converter setup has been chosen
as the laboratory prototype for this work as shown in Fig. 7.3.

The down-scaled laboratory setup consists of a synchronous machine as in the
case of fixed speed PSHPs and a two-level three-phase back-to-back converter set

Synchronous Machine:

100 kVA,  400 V,  428 rpm, 50 Hz

Induction Machine as RPT emulator: 

90 kW, 400 V Δ, cosφ = 0.83, 1482 rpm, 50 Hz

Figure 7.3: 100 kVA laboratory prototype. The right half of the gearbox with the syn-
chronous machine (SM) and back-to-back converter is the setup for which the control
strategies have been proposed and tested. The left half of the setup with the induction
machine (IM) and the back-to-back converter is emulating the reversible pump-turbine as
is the case in a PSHP.
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to verify the control principles. The field current is controlled by a separate full-
bridge dc-dc converter and the field current reference (if,ref ) is set to the converter
from the SM converter over the CAN bus. Another two-level three-phase back-
to-back converter with an induction machine (IM) is connected via a gearbox (left
half from the gearbox of Fig.7.3) to emulate the reversible pump-turbine (RPT).
The model of the RPT, waterway, governor control, and efficiency optimization al-
gorithm is simulated in a real-time simulator (OPAL-RT with MATLAB Simulink
models). The model also serves as the secondary controller as presented in Fig.
7.1. In addition, it initiates the transition of operation mode (turbine to pump or
vice versa) and generates references and control mode of operation for the con-
verters. The speed reference in turbine mode and the torque load in pump mode
are transferred to the IM converter over a high-speed optical fiber link. The IM
drive control is tuned to accurately follow the simulated speed of the RPT model.
The overall laboratory setup follows the control structure shown in Fig. 7.1 and
7.2 except for the efficiency optimization part. The main objective is to validate
that the control principles work as proposed. The specifications of converters and
the electrical machines are presented in Table 7.1.

The power electronic converters connected to the synchronous machine and in-
duction machine, the exciter winding of the synchronous machine, and the grid
are controlled by separate control boards, which incorporate embedded system-
on-module (SOM) from AVNET PicoZed™ with a custom designed carrier board.
The analog-to-digital (AD) converters on the carrier board receive the line current,
DC-link voltage, and encoder measurements, which are the essential signals for
the control software. The carrier boards also include an optical fiber communi-
cation interface, which forms a ring network among the control boards and the
OPAL-RT. The SOM on the control boards are loaded with their respective control
software for the machine-side and grid-side converters. The control software was
developed during this work in C++ programming language.

The electrical power of the synchronous machine is 100 kVA in the available lab-
oratory setup presented in Fig. 7.3. The model of the pumped storage plant and
reversible pump-turbine have been modified to match one of the four units of a
real power plant of 708 MW (one unit of 177 MW). The mechanical time constant
of the emulated model is made 10 seconds as in the case of the real power plant,
which is only 1 second in the laboratory setup. The hydraulic parameters used to
emulate the pumped storage plant in the laboratory are presented in Table 7.2.
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Table 7.1: Specification of electrical equipment of the experimental setup.

Converter specification - grid side
Rated power 100 kVA

Rated dc-link voltage (Udc) 650 V

DC-link capacitor (Cdc) 1.5 mF

Switching frequency (fsw) 4 kHz

Converter side inductor (L1) 0.4 mH
AC side capacitor (Cac) 27.9 µF∆
Grid side inductor (L2) 18 mH

Induction machine specification
Rated power 90 kW

Rated voltage 400 V

Rated current 165 A

Power factor (p.f.) 0.83

Rated speed 1482 rpm

Synchronous machine specification
Rated power 100 kVA

Rated voltage 400 V

Rated current 144.3 A

Rated speed 428.57 rpm

xd 1.27 pu

xq 0.75 pu

x
′
d 0.8 pu

x
′′
d 0.3359 pu

x
′′
q 0.3176 pu

T
′
d N/A

T
′′
d 4.6 ms

T
′′
q 4.27 ms

Rated excitation current (If ) 56 A

Note: All the converters are identical. The machine-side converter outputs are
directly connected to the machines, whereas those of the grid-side converters are
connected to the grid via an L-C-L filter.
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Table 7.2: Hydraulic parameters of the scaled hydropower plant.

Power plant parameters
Rated power (4 units) 708 MW

Rated head (H0) 425 m

Rated discharge (Q0) 170 m3/s

Headrace tunnel
Length (L1) 10.65 km

Cross-section area (A1) 100 m2

Water time constant (Tw1) 4.25 s

Penstock parameters
Length (L2) 151.2 m

Cross-section area (A2) 6.16 m2

Water time constant (Tw2) 1 s

Turbine parameters
Maximum discharge (Qr,max) 42.5 m3/s

Rated discharge (Qr) 38.25 m3/s

Rated head (H) 425 m

Rated speed (ΩR) 750 rpm

σ 0.369

ψ 0.418

ξ 1.0

α1R 36◦

Frictional coefficient (rm) 0.05

Mechanical time constant (Tm) 10 s

Note: The turbine parameters σ, ψ, and ξ are geometrical constants of a given tur-
bine. α1R is the opening of the guide vanes at rated discharge. The hydraulic pa-
rameters are taken from a real pumped storage power plant. The reversible pump-
turbine data is based on the theoretical design and has been verified in another
study within the same research project [93].
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7.4 Experimental results
The following control strategies with a full-size converter setup have been experi-
mentally verified for the control of the PSHP:

1. Start the machine in turbine mode and load it to steady state load via grid
side converter

2. Start the machine in pump mode from a standstill with water in the turbine
casing and load it to the steady state value

3. Switch the mode of operation from pump to turbine mode without discon-
necting from the grid

4. Switch the mode of operation from the turbine to pump mode without dis-
connecting from the grid

5. Low voltage ride through in turbine mode

6. Low voltage ride through in pump mode

In electrical terms, the turbine and pump mode can be interchanged with genera-
tion mode and motoring mode, respectively. The active power (p) and the current
(io) out of the converter are assumed positive. Consequently, the active power (p)
out of the converter in pump mode is positive and the power into the converter in
turbine mode is negative. Moreover, the speed (n) is considered positive in turbine
mode, while in pump mode, it is negative (also shown in Fig. 2.4 of Chapter 2).
Hence, the electrical torque (τe) stays negative in both modes of operation as:

p = n · τe

{
n > 0, τe < 0 :turbine mode
n < 0, τe < 0 :pump mode

(7.1)

The experimental results presented in the later sections follow this sign conven-
tion. In addition, the water flow (q) is positive while flowing downwards from the
headrace to the tailrace in the turbine mode, and it is negative in the pump mode.

Since the hydraulic components like RPT, waterway, and penstock are modeled in
OPAL-RT, the system level variables like water flow (q) and guide vanes opening
(α) are recorded in the Simulink model. The converter control variables like the
speed of the synchronous machine (n), electrical torque (τe), electrical power (p),
and dc-link voltage (udc) are measured using a digital oscilloscope, which records
data at each interrupt cycle of the control software. The recorded measurements
are plotted using MATLAB and presented in this section. The list of symbols used
in the figures is listed in Table 7.3.
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Table 7.3: List of symbols used in figures

Guide vanes opening α

Water flow through the RPT in per unit qpu

Speed of the RPT in per unit npu

Electrical torque produced by the syn-
chronous machine in per unit

τe,pu

Electrical power produced by the syn-
chronous machine in per unit

ppu

dc-link capacitor voltage reference udc,ref

Measured dc-link capacitor voltage udc,meas

7.4.1 Startup in turbine mode from standstill

The startup process in turbine mode is partly similar to the conventional method
where the guide vanes opening is set to a fixed opening optimized for a particular
turbine unit (also known as idle position) and allows the machine to accelerate
to the nominal speed. The excitation system is then turned on. Since the rated
voltage is available at the terminals, the dc-link capacitor is charged to the peak
value of ac voltage through diode rectification. The machine-side converter for the
synchronous machine is then set to run state (start switching the semiconductor
devices) to reach the dc-link voltage reference (which is around 0.9–1.0 pu). With
a stable dc-link voltage, the AFE is started and synchronized to the grid. The
startup process in turbine mode is presented in Fig. 7.4, and the response of the
dc-link voltage controller is presented in Fig. 7.5.

In the experimental setup presented in Fig. 7.3, there is no external pre-charge
circuit for the dc-link capacitor on the machine-side converter. As the stator volt-
age builds up in turbine mode, the dc-link is charged through diodes of the SM
side converter. Subsequently, as the converter on the synchronous machine (SM)
side begins switching to regulate the dc-link voltage, controller saturation induces
voltage oscillation in the dc-link as shown in Fig. 7.5. This is primarily attributed
to the fact that the dc-link voltage is already at the peak of the stator voltage, and
there is no alternative power source to the dc-link (such as a pre-charge circuit).
The dc-link voltage reference is filtered with a first-order low-pass filter. This fil-
ter does not affect the dynamic behavior of the system because once the dc-link
voltage reaches its set point, it is never changed during its normal operation.
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Figure 7.4: Startup in turbine mode from standstill. Prior to t = 10s, the turbine governor
controls the guide vanes (α) to run the turbine to 1 pu speed as in the case of a traditional
fixed speed PSHP. At t = 10s, the machine side converter is started and the charging of
the dc-link capacitor is the reason for the transient in the torque. The water flow (qpu)
increases to cover the losses in the machine and the converter. At t = 20s, the grid
converter is started and synchronized to the grid. At t = 26s, a power output of -0.25 pu
is injected into the grid using the grid-side converter. The recovery of speed takes around
60 seconds which is completely acceptable since the grid frequency and turbine speed are
decoupled.
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Figure 7.5: Startup of synchronous machine-side (SM) converter in dc-link control. The
dc-link voltage is controlled without pre-charge, which is the case during the black start
of the power plant. The dc-link voltage before t = 0s is from the diode rectification of
the converter. The switching is enabled at t = 0s and the reference voltage (0.95 pu) is
passed through a filter. The switching event leads to oscillation in the voltage due to the
saturation of the controller, which is difficult to avoid since the dc-link voltage is already
at the peak of ac voltage.
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7.4.2 Startup in pump mode from standstill

Startup in pump mode from a standstill is the major challenge of state-of-the-art
pumped storage hydropower plants. In existing power plants, the water from the
turbine casing is depressed below the runner level so that the runner stays in the
air. The method requires less torque to accelerate the machine to synchronous
speed. There exist several methods to execute this, for example, soft starter, Load
Commutated Inverter (LCI), pony motor, auxiliary turbine, using a rotor converter
and short-circuiting the stator in a DFIM setup, and some others [46, 94].

The RPT requires a starting torque of around 13% of its nominal torque when sub-
merged in water. In a PSHP with a full-size converter-fed synchronous machine,
the AFE is started first in dc-link control. After the dc-link voltage stabilizes to its
reference value, the SM machine-side converter is started in speed control mode.
The machine setup is accelerated to the rated speed at the desired rate by con-
trolling the ramp time from the secondary controller. As the speed increases, the
torque capability of the converters also increases. The speed reaches to steady state
value within 5–6 mechanical time constant considering the lower torque capability
of the converter in low-speed region. The guide vanes are then opened to pump the
water upstream. The speed is adjusted to control the water flow, and consequently,
the active power is consumed from the grid as presented in Fig. 7.6.

The results verify that the loading in pump mode is quite sensitive to the change in
speed. In this case, the zero torque loading in pump mode is at the speed of -0.93
pu, and the torque loading increases by 0.6 pu when the speed changes by only
0.07 pu.

7.4.3 Transition from the pump to turbine mode

The transition from the pump to turbine mode is fast even in fixed-speed PSHP as
the water flows from the headrace to the tailrace once the pumping power is dis-
connected. Yet in this case, the machine starts to rotate in the opposite direction,
and the phase sequence of the grid needs to be altered for re-synchronization in
generation mode. This procedure is not required in a full-size converter-fed syn-
chronous machine. The controlled transition in a converter-fed operation has been
tested as follows and presented in Fig. 7.7.

The system is running in pump mode with AFE in dc-link control mode and SM
drive in the speed control with a speed in the range of -1 to -1.1 pu. When the
transition of operation mode is initiated, the speed is decreased to the value where
the load torque due to pumping action is minimum, i.e., water flow is zero, and the
guide vanes are closed to the minimum level (the opening level used at the start in
generation mode) so that the pumping power consumed from the grid is close to
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Figure 7.6: Startup in pump mode. From t = 0s to t = 10s, the pump speed is accelerated
to -1 pu. At t = 12.5s, guide vanes have started to open and the torque loading on the SM
increases, and consequently, the power consumption increases. The water flow increases to
-0.6 pu. At t = 23.5s, the speed is further increased to -1.05 pu to increase the water flow,
and hence the torque loading and the power on the machine increase. The load changes
sharply in this region as expected from the torque-speed characteristics shown in Fig. 2.4.
The oscillation in the water flow reflects on the torque and power of the synchronous
machine. It takes several minutes for the water to stabilize.
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zero. The secondary controller that initiates the mode transition changes the speed
reference to 1.0 pu to turn the rotation in the direction of turbine operation. The
SM drive ramps the speed in the positive direction to the reference value. Now,
the control mode of the converters is changed. The SM drive controls the dc-link
voltage and the AFE remains synchronized to the grid but is now controlled as a
virtual synchronous machine. The turbine governor is then enabled to control the
speed of the machine to the reference value generated by the efficiency optimiza-
tion algorithm. The power to the grid is now controlled by AFE running in power
control mode or in frequency droop to the grid. The further sequence is the tur-
bine mode of operation is the same as explained in the start-up in turbine mode of
operation.

7.4.4 Transition from the turbine to pump mode

The transition from turbine to pump mode is not possible without stopping the
system in a PSHP with a fixed-speed synchronous machine or with a DFIM tech-
nology because the phase sequence of the stator connection needs to be changed
to rotate the machine in the opposite direction.

When the secondary controller initiates the transition of operation mode from the
turbine to pump mode, the AFE regulates the power to the grid close to zero,
and accordingly, the guide vanes come to their minimum position as the load is
minimum. The control mode of converters is then switched such that AFE controls
the dc-link voltage and SM drive controls the speed. Now, the speed reference is
set to -1 pu and the SM drive slowly ramps down the speed to the reference value
to turn the rotation to the direction of pump mode. In the experimental setup, -0.93
pu is the zero water flow point where the pressure inside the turbine casing is equal
to the static pressure in the penstock due to the gross head. Therefore, the speed is
normally set to this value but a higher value is also allowed since the guide vanes
are closed. The guide vanes are slowly opened to their maximum opening. The
speed of the RPT is adjusted to control the pumping power to the available power
from the grid or to the power set point (Pref,pump) provided by the plant operator
via the secondary controller. Since the torque loading is steep in pumping mode
(as shown in Fig. 2.4), a small change in speed leads to a significant change in
water flow and hence in pumping power.

The change in the control mode of the power drives affects the transition from the
turbine to pump mode. The change of the control mode of the power drives should
always be carried out when the speed is positive and at least around 0.5 pu because
crossing zero speed with SM drive in dc-link control is not possible. The rotor at
zero speed does not have any power to inject into the dc-link to control the voltage
to the reference value.
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Figure 7.7: Transition from pump to turbine mode. From t = 0s to t = 13s, the RPT
is running in pump mode and the guide vanes have been closed to initiate the transition of
the mode of operation from the pump to the turbine. At t = 13s, the secondary controller
changes the speed reference from -1 pu to 1 pu to turn the machine in the direction of
turbine mode. At t = 48s, the governor is activated for speed control. At t = 53s, the
control mode of the SM converter is switched from speed control to dc-link control and
the same occurs for the grid-side converter from dc-link control to grid-connected uac and
fgrid control. At t = 65s, the machine is loaded using grid-connected AFE.
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Figure 7.8: Transition from turbine to pump mode. From t = 0s to t = 42s, the RPT is
running in turbine mode and the guide vanes are closed to initiate the transition of mode
from the turbine to pump mode. At t = 42s, the control mode of the SM converter
is switched from dc-link control to speed control and the same occurs for the grid-side
converter from grid-connected uac and fgrid control to dc-link control. At t = 68s, the
secondary controller changes the speed reference from 0.5 pu to -0.93 pu to turn the ma-
chine to the pump mode direction. At t = 97s, the guide vanes are opened to pump the
water.
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7.4.5 Low voltage ride through in turbine mode

Low voltage ride through (LVRT) is the functionality of the grid-side converter that
is capable of tolerating a voltage dip or complete short circuit for a pre-specified
time according to Grid-code regulation. The converter must not trip even though
the voltage dips to zero for 150 ms [95, 96]. The worst-case scenario of zero
voltage at AC terminals leads to a blockade of power flow from the machine to the
grid. This case is similar to the load rejection case in a grid-connected synchronous
machine.

As presented in Fig. 7.9, when the voltage dip occurs at t = 0s, the power out of
the grid-side converter is blocked. Consequently, the electrical torque production
from the machine-side converter is controlled to approximately zero to maintain
the dc-link voltage to its set point. The governor of the RPT reacts immediately
to control the guide vanes to maintain the reference speed of the machine, and
consequently, the water flow also decreases from 0.62 pu to 0.49 pu. The fast
reaction of the governor allows the machine speed to increase only by 2% as shown
in the zoomed-in view of Fig. 7.9. The field weakening control of the synchronous
machine controls the stator flux such that the stator voltage does not exceed the
rated voltage in case of load rejection or low voltage ride-through conditions.

In turbine mode, the machine-side converter runs in dc-link control mode and the
grid-side converter in grid forming mode. When the voltage dip occurs at t = 0s,
the load rejection causes a sharp rise in dc-link voltage, which in turn controls the
flow of current from the machine to the converter as shown in Fig. 7.10. The rise in
voltage is less than 2%. When the grid is restored, the sudden loading causes a fall
of around 3% in dc-link voltage, which is well within the permissible deviation.
The d- and q- axes currents are controlled to zero during the voltage dip because
there is no active power flow into the dc-link and the machine is magnetized only
from the excitation converter.
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Figure 7.9: Low voltage ride through in turbine mode and the response of the hydraulic
system. At t = 0s, a voltage dip on the grid side occurs and the power flow from the
machine to the grid is blocked. The speed increases, but the governor activates and controls
the speed. After the grid is restored, the electrical torque is again impressed on the RPT,
and the governor again reacts by opening the guide vanes to the pre-fault position and
hence the water flow.
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Figure 7.10: Low voltage ride through in turbine mode and the response of synchronous
machine drives control parameters. Here the SM drive is in dc-link voltage control. At
t = 0s, the grid voltage disappears and the power flow to the grid is blocked, and therefore,
there is a rise in dc-link voltage. After 0.5 seconds of the grid disturbance, the power flow
is resumed and the sudden loading gives a downward spike in dc-link voltage at t = 0.48s.
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7.4.6 Low voltage ride through in pump mode

When there is a voltage dip at the ac terminals of the grid-side converter, the power
available for pumping will be limited significantly due to the current rating of the
semiconductor devices. The worst-case scenario is that there could be a short
circuit at the AC terminals and the pumping power would completely be stopped.
Since the electrical torque that is balancing the opposing torque produced by the
water head disappears, the speed will decrease almost linearly with time. The
mechanical time constant of the machine shaft is about 10 seconds, and therefore,
the unavailability of pumping power for a duration of 0.5 seconds will lead to a
5% fall in speed. The fall in speed will lead to reduced pumping water flow as
well. The guide vane remains fully open unless the short circuit is prolonged and
a shutdown procedure is initiated.

The experimental result of this case is presented in Fig. 7.11. The short circuit at
AC terminals occurs at t = 0s. Since there is no electrical power available, the
electrical torque (τe,pu) falls to zero, and so does the pumping power (ppu). The
speed falls from the steady state speed of 1 pu to 0.94 pu and the pumping water
flow decreases from 0.65 pu to 0.56 pu. After the grid is restored at t = 0.5s,
the electrical torque overshoots beyond its pre-fault value to achieve the reference
speed. The water flow is also restored to its previous value as it depends on the
speed of rotation. The system stabilizes in less than 10 seconds.

Some notable dynamics occur between the control parameters of the power con-
verters as well. In pump mode, the grid-side converter controls the dc-link voltage
and the machine-side converter controls the speed of the machine. During a short
circuit, there is no power available to the dc-link; therefore, the machine-side con-
verter runs in limitation to keep the dc-link voltage at the minimum set value of
0.91 pu as shown in Fig. 7.12. In this case, the converter imposes a very small
torque on the rotating shaft to supply charging current to the dc-link capacitor.
Since the energy required to maintain the dc-link voltage is quite low, it is not vis-
ible in the results. After the fault is cleared, the torque limit is slowly released for
smooth loading of the grid, and the speed of the machine and dc-link voltage are
restored to their pre-fault value.
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Figure 7.11: Low voltage ride through in pump mode and the response of the hydraulic
system. At t = 0s, a voltage dip on ac side of the grid-side converter occurs. Consequently,
the electrical torque driving the machine disappears. The guide vane is fully open in pump
mode, and therefore, the load torque produced by the pumping head causes the speed to
fall until the grid recovers at 0.5s.
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Figure 7.12: Low voltage ride through in pump mode and the response of synchronous
machine drives control parameters. At t = 0s, a voltage dip occurs on the grid-side con-
verter, and the power available for pumping disappears. The grid-side converter now has
no power to control the dc-link voltage, and therefore, the dc-link voltage also experiences
a steep fall. The dc-link voltage limiter in the SM converter supplies the power needed
to keep the dc-link voltage to its minimum limit value. The grid is restored at t = 0.5s,
and the power is available on the grid side. The grid-side converter controls the dc-link
voltage to the reference value, and the limit on the d- and q-axis currents is slowly released
to continue pumping.
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7.5 Discussion
The most important operational scenarios of a PSHP with a full-size converter-fed
synchronous machine have been presented. The experimental arrangement and
the results demonstrate the control methods that can be implemented in a future
PSHP. A few notable events from the experimental setup are worth presenting and
are listed as follows:

1. In the laboratory setup, the OPAL-RT was used as the secondary controller,
which had very fast communication to the grid-side converter over an optical
fiber link whereas a relatively slow MODBUS TCP communication towards
the machine-side converter. The transition could have been made faster and
smoother with the optical fiber link to both converters, which could not be
established in the laboratory due to a lack of hardware accessories. A faster
communication to both of the back-to-back converters is crucial because
none of the converters control the dc-link voltage during the mode transition
and it stays at its upper or lower limit. In addition, the dynamics of the dc-
link voltage controller can also be made smoother if both converter would
have been controlled from the same control board.

2. The start-up time in pump mode is presented as 5–6 mechanical time con-
stant because the machine-side converter has a limited torque capability in
the low-speed region. It is about 33% for a 3-level NPC converter with
IGCTs as presented in Chapter 5. In addition, the opening of the guide
vanes takes approximately 30 seconds for a turbine unit in the range of 100
MW. Also, the start-up in turbine mode and in case of mode transitions can
be made faster by implementing automated sequences.

3. A few instances of converters tripping unnecessarily during the experiment
prompted the understanding that the control mode of converters should only
be changed when the speed of the RPT is positive. The speed is assumed
positive for turbine operation and negative for pump operation. If the control
mode of the machine-side converter is changed from speed control to dc-
link control when the speed is negative, the turbine governor will control the
speed to the positive speed while changing the mode from pump to turbine.
This will pass through zero speed when the SM converter is controlling the
dc-link voltage. At zero speed, there is no EMF induced in the synchronous
machine and the dc-link voltage uncontrollably drops below its lower limit
causing an unnecessary trip.

4. The torque-speed characteristic of the RPT is quite steep in the nominal
operating region in the pump mode. Therefore, the speed must be varied
quite slowly to adapt to the power available from the grid. A slow change in
speed also leads to smaller oscillations in the penstock and waterways.
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7.6 Summary
Both the primary (stator current control) and the secondary controller for the con-
trol of a pumped storage plant were tested in a prototype laboratory setup. The
experimental results verify the seamless transition of the mode of operation from
the pump to the turbine and vice versa. The methodology implemented to han-
dle the fault cases like low voltage ride through in both pump and turbine modes
shows that the operation of the plant is not affected. These functionalities are very
important for the reliable operation of a pumped storage plant.



Chapter 8

Conclusion and Future Work

8.1 Conclusion
With the growing production of power from intermittent renewable energy sources
such as wind and solar, the need for variable-speed operation in pumped storage
plants has gained significance. This is essential to maximize the utilization of
clean energy from these sources and minimize energy curtailment. This thesis
argues that it is feasible to retrofit existing fixed-speed synchronous machine-based
pumped storage plants with frequency converters, thereby enabling variable-speed
operation.

Upon examining the hydraulic system parameters, it became evident that there is
potential to derive advantages from allowing the machine speed to deviate from
the synchronous speed when it is decoupled from the grid. However, this devia-
tion does not yield any benefits in terms of dampening the oscillations in the surge
shaft and tunnel, as the period of oscillation spans minutes, and the machine shaft
lacks the necessary inertial energy to address such a prolonged duration. Addition-
ally, a slower speed would necessitate a larger torque to maintain constant power,
resulting in a larger converter size and associated costs. Hence, the utilization of
shaft inertia proves more efficient during part-load operation compared to opera-
tions close to full load.

The basic requirements for the converter for such cases are a transformerless con-
nection of the converter to the stator of the machine and to the generator trans-
former which is around 13–15 kV rms for a machine in the range of 100 MVA,
high torque in the low-speed region and provision of a starting torque around 13%
at standstill.
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The power plants fitted with reversible pump-turbine typically require 13% of rated
torque at startup in pump mode. There exist several multilevel converter topolo-
gies that can fulfill this requirement. A detailed study of NPC, ANPC, and MMC
converter topologies revealed that an NPC converter can provide 30%, ANPC can
provide about 60% and MMC can provide about 35% of rated torque at stand-
still with state-of-the-art IGCTs as switching devices. An ANPC converter offers
the best performance for starting torque and can be the potential solution for the
machine-side converter. Since the grid side converter has an output frequency that
is almost constant, both MMC and NPC converters can be the possible solution.

An additional sine wave filter or dv/dt filter may be required depending upon the
type of insulation of the machine and the loss in the damper bars due to higher-
order harmonics applied by the converter.

Detailed control strategies with a full-size converter were investigated in a labora-
tory prototype of a 100 kVA setup with an emulated reversible pump turbine. All
the possible scenarios that can occur in such a system were experimentally veri-
fied. The test cases were a startup in pump and turbine mode, mode transition from
the turbine to pump, mode transition from pump to the turbine, and low voltage
ride through for a duration of 0.5 seconds in both pump and turbine mode.

With a full-size converter, a seamless transition from the turbine to pump mode
and vice versa can be executed. This is one of the key advantages if a large power
oscillation from the wind and solar plants needs to be regulated using pumped
storage plants. The transition time can be less than one minute considering the
mechanical time constant of the machine is 12 seconds.

In turbine mode, the low voltage ride-through behavior closely resembles load
rejection in a directly grid-connected synchronous machine. The proposed control
strategy, which restricts power to the dc-link based on the dc-link voltage limiter,
has been successfully tested in experiments. A similar scenario was also examined
in pump mode, and it was noted that a brief loss of grid power for 0.5 seconds did
not have a critical impact on the decrease in speed. The dc-link voltage could be
kept at its lower limit by absorbing power from the inertia of the shaft.

When a synchronous machine is powered by a full-size converter, it becomes pos-
sible to attain both maximum torque per amp and control for unity power factor by
adjusting the excitation current based on the immediate torque requirements. This
capability proves advantageous, especially in new PSHP installations, where the
machine can be specifically designed to operate at unity power factor.
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8.2 Future work
• Controlling the excitation and the stator converter from the same control

board such that field current can be dynamically controlled in the same in-
terrupt as the stator current. This would lead to achieving faster control of
stator flux, and hence better torque control of the machine during dynamics.

• In this work, the control strategies have been tested with a reversible pump-
turbine model emulated using a back-to-back converter-fed induction ma-
chine. The same strategies could be tested using a reversible pump turbine
prototype in the laboratory.

• The total loss in the NPC and ANPC converters can be measured and the
loss equations can experimentally be verified.

• Modular multilevel converters with half-bridge modules can be connected
to the stator of the synchronous machine and the startup can be emulated.
The startup load torque from the RPT can be increased to test the practical
limit of the half-bridge MMC.

• MMC with batteries or other energy storage across submodules could also
solve the problem of low starting torque. In addition, this will decouple the
transient between the machine and the grid. For example, failure of the grid
while the RPT is running in turbine mode may cause a steep rise in dc-link
voltage. This can be avoided if there is an energy storage connected to the
dc-link which can store the energy until the normal shutdown procedure is
executed. Consequently, the machine also will not reach runaway speed and
will experience less wear and tear.
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Appendix A

Modeling of Synchronous
Machine

A.1 Voltage equations
Synchronous machine modeling is based on these equations:

Us = RsIs + dΨs

dt
(A.1)

Ur = RrIr + dΨr

dt
(A.2)

The above equations can be expanded for stator, field, and damper windings as
follows:

Usa = RsIsa + dΨsa

dt

Usb = RsIsb + dΨsb

dt

Usc = RsIsc + dΨsc

dt

(A.3)

Uf = RfIf + dΨf

dt
(A.4)

UD = RDID + dΨD

dt

UQ = RQIQ + dΨQ

dt

(A.5)

The per unit voltage equations in a synchronously rotating reference frame i.e., d-q
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coordinate can be expressed as:

ud = rsid + 1
ωn

dψd
dt

− nψq (A.6)

uq = rsiq + 1
ωn

dψq
dt

+ nψd (A.7)

uf = rf if + 1
ωn

dψf
dt

(A.8)

0 = rDiD + 1
ωn

dψD
dt

(A.9)

0 = rQiQ + 1
ωn

dψQ
dt

(A.10)

The flux linkages in the above equations can further be expressed as follows:

ψd = xdid + xmd(iD + if ) (A.11)

ψq = xqiq + xmqiQ (A.12)

ψf = xf if + xmd(id + iD) (A.13)

ψD = xDiD + xmd(id + if ) (A.14)

ψQ = xQiQ + xmqiq (A.15)

The above equation can be written in matrix format as below:


ψd
ψq
ψf
ψD
ψQ

 =


xd 0 xmd xmd 0
0 xq 0 0 xmq
xmd 0 xf xmd 0
xmd 0 xmd xD 0

0 xmq 0 0 xQ

 ·


id
iq
if
iD
iQ

 (A.16)

The relation between self-inductance and mutual inductance can be expressed in
terms of leakage factor σ as follows:

xd = xmd(1 + σd) (A.17)

xq = xmq(1 + σq) (A.18)

xf = xmd(1 + σf ) (A.19)

xD = xmd(1 + σD) (A.20)

xQ = xmq(1 + σQ) (A.21)
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A.2 Alternative pu model

A.2.1 Flux linkage in stator winding

Since the damper winding currents can not be measured, the equations for flux
linkages can be rearranged without these currents and can be re-written as follows:

ψd = σdDxdid + σD
1 + σD

xmdif + ψD
1 + σD

(A.22)

ψq = σqQxqiq + ψQ
1 + σQ

(A.23)

ψf = σDfxf if + σD
1 + σD

xmdid + ψD
1 + σD

(A.24)

dψD
dt

= −ψD
TD

+ xmd
TD

(id + if ) (A.25)

dψQ
dt

= −ψQ
TQ

+ xmq
TQ

iq (A.26)

where the relation between leakage factors σ can be expressed as follows:

σdD = 1 − 1
(1 + σd)(1 + σD) (A.27)

σqQ = 1 − 1
(1 + σq)(1 + σQ) (A.28)

σfD = 1 − 1
(1 + σf )(1 + σD) (A.29)

r′
d = rs + rD

(1 + σD)2 (A.30)

r′
q = rs + rQ

(1 + σQ)2 (A.31)

r′
f = rf + rD

(1 + σD)2 (A.32)

TD = xD
ωnrD

(A.33)

TQ = xQ
ωnrQ

(A.34)

A.2.2 Voltage equations

Similarly, the voltage equations can be rearranged as follows:
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ud = r
′
did + σdDxd

ωn

did
dt

+ rD
(1 + σD)2 (if + σDTD

dif
dt

) − ψD
ωnTD(1 + σD) − nψq

(A.35)

uq = r′
qiq + σqQxq

ωn

diq
dt

− ψQ
(1 + σQ)ωnTQ

+ nψd (A.36)

uf = r′
f if + σfDxf

ωn

dif
dt

+ rD
(1 + σD)2 (id + σDTD

did
dt

) − ψD
ωnTD(1 + σD)

(A.37)

Further substitution in the equations (A.35) – (A.37) modifies the equations to:

ud = r
′′
d · id + x

′′
d

ωn
· did
dt

− r
′
Rd

xMd
· ψRd + r

′
Rd · if + kfD · (uf − rf · if ) − n · ψq

(A.38)

uq = r
′′
q · iq +

x
′′
q

ωn
· diq
dt

− rRq
xMq

· ψRq + n · ψd (A.39)

uf = r
′′
f · if +

x
′′
f

ωn
· dif
dt

− r
′′
Rd

xMd
· ψRd + r

′′
Rd · id + kdD · (ud − rs · id + n · ψq)

(A.40)

TD · dψRd
dt

= − ψRd + xMd · (id + if ) (A.41)

TQ · dψRq
dt

= − ψRq + xMq · iq (A.42)

where,

ψRd = ψD
1 + σD

(A.43) ψRq = ψQ
1 + σQ

(A.44)

rRd = rD
(1 + σD)2 (A.45) rRq = rQ

(1 + σQ)2 (A.46)

xMd = xmd
(1 + σD) (A.47) xMq = xmq

(1 + σQ) (A.48)

TD = xMd

ωnrRd
(A.49) TQ = xMq

ωnrRq
(A.50)
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r
′′
d = rs + (1 − kfD) · rD

(1 + σD)2 = rs + rD(
1 + σD + σD

σf

)
· (1 + σD) (A.51)

r
′′
f = rf + (1 − kdD) · rD

(1 + σD)2 = rf + rD(
1 + σD + σD

σd

)
· (1 + σD) (A.52)

kfD = σD

σf ·
(
1 + σD + σD

σf

) (A.53)

kdD = σD

σd ·
(
1 + σD + σD

σd

) (A.54)

The voltage equations in (A.38)–(A.40) consist only of the currents as the state
variables. Therefore, it becomes easy to apply Modulus Optimum for tuning the
controller parameters. The remaining terms in the equations can be used as feed-
forward in the controller to enhance the dynamic performance. In a Proportional-
Integral controller, this is compensated by the integrated term if the feed-forward
terms are not implemented.



150 APPENDIX A



Appendix B

Design Rules for PI controllers

B.1 Modulus optimum
The open-loop transfer function of a system with a PI controller, a converter, and
a plant with significant damping can be presented as follows:

ho (s) = Kp
1 + Ti · s
Ti · s

·Ks · 1
1 + Tsum · s

· 1
1 + T1 · s

(B.1)

where the first part of the transfer function Kp
1+Tis
Tis

is the PI controller, Ks is
the gain or amplification of the system, 1

1+Tsums
is the delay in the system due to

converter and filtering mechanism, and 1
1+T1s

is the transfer function of the plant.
Normally, T1 contributes to the most dominating pole in the system because it is
much larger compared to the time delay in the converter and the filter. Therefore,
while designing the controller, the time constant of the controller (Ti) is chosen
such that it cancels the effect of T1. Further, the gain (Kp) is chosen such that the
closed loop system will have a relative damping of 1√

2 , i.e.:

Kp = T1
2KsTsum

Ti = T1

(B.2)

The tuning method is known as Modulus Optimum. When a full step change of
1 is applied in the input to such a system, the controller tuned using this method
yields a rise time of Trise = 4.7 · Tsum, overshoot of 4.7%, and settling time of
8.4 · Tsum. The method is an excerpt from [97].
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B.2 Symmetrical optimum
When the time constant, T1, is dominant compared to the damping in the process
(e.g., the acceleration of a machine or charging of a large capacitor), the open loop
transfer function of the system is:

ho (s) = Kp
1 + Ti · s
Ti · s

·Ks · 1
1 + Tsum · s

· 1
T1 · s

(B.3)

where the first part of the transfer function Kp
1+Tis
Tis

is the PI controller, Ks is
the gain or amplification of the system, 1

1+Tsums
is the delay in the system due to

converter and filtering mechanism, and 1
T1s

is the integrator of the process. Nor-
mally, T1 contributes to the most dominating pole in the system because it is much
larger compared to the time delay in the converter and the filter. Since the transfer
function consists of two integrators, the application of the Modulus Optimum cri-
terion will lead to two poles at zero frequency, which gives a phase margin of 0,
i.e., a phase shift of −180◦ when the amplitude of ho(s) is 1. Therefore, another
criterion called Symmetrical Optimum needs to be employed. The gain and time
constant of the controller are designed as follows:

Kp = T1√
βKsTsum

Ti = βTsum

(B.4)

The selection of the controller parameters increases the phase margin in the reason
of 1

βTsum
and 1/Tsum with the highest phase margin occurring at 1√

βTsum
. The

constant β is selected such that the undershoot in the system response due to load
or disturbance is minimum even though this yields a high overshoot for the step
input. With β = 4, the step response has a rise time of Trise = 3.1 · Tsum, an
overshoot of 43%, and a settling time of 16.5 · Tsum. A filter or a ramp function is
normally used to avoid overshoot due to changes in input. A higher value of β is
chosen when a very fast rise time is not a requirement.



Appendix C

Control Strategies for
Synchronous Machine

C.1 Unity power factor control

ψs

δ

q

is

d

ψq

ψd

up

Unity pf (Generator)
xd=1, xq=0.6, xmd = 0.8, rs = 0.05,

if =1, is =1, n=1

δ

us

φ xmdif

xdid

id

iq

ud

uq

ψs

δ

q

is

d

ψq

ψd

up=nxmdif

Unity pf (Motor)
xd=1, xq=0.6, xmd = 0.8, rs = 0.05,

if =1, is =1, n=1

δ

us

xmdif

xdidid

iq

ud

uq

Figure C.1: Phasor diagram of unity power factor control of a synchronous machine.

From the phasor diagram for motor mode operation from Fig. C.1:

tan δ = ud
uq

= id
iq

(C.1)

From (C.1):

153



154 APPENDIX C

udiq = uqid (C.2)

Substituting ud and uq from (4.9) in (C.2):

(rsid − nψq) iq = (rsiq + nψd) id (C.3)

Since the stator resistance is very small, it can be neglected for simplified expres-
sion, and (C.3):

ψdid = −ψqiq (C.4)

The torque equation is:
τe = ψdiq − ψqid (C.5)

Multiplying both sides of (C.5) by id and iq:

τeid = ψdiqid − ψqi
2
d

τeiq = ψdi
2
q − ψqidiq

(C.6)

Substituting (C.4) in (C.6):

τeid = ψdiqid − ψqi
2
d = −ψqi2q − ψqi

2
d = −ψq

(
i2q + i2d

)
τeiq = ψdi

2
q − ψqidiq = ψdi

2
q + ψdi

2
d = ψd

(
i2q + i2d

) (C.7)

Squaring and adding the two parts of (C.7) and using the relation i2s = i2d + i2q and
ψ2
s = ψ2

d + ψ2
q :

τ2
e

(
i2d + i2q

)
=
(
ψ2
d + ψ2

q

)
i4s

⇒ τ2
e i

2
s = ψ2

s i
4
s

(C.8)

τe = ±ψsis (C.9)

The positive sign is used for motor operation, whereas the negative sign is used for
generator operation.

From the vector diagram, the necessary condition that needs to be met for cosφ =
1 operation is:

tan δ = −ud
uq

= nψq − rsid
nψd − rsiq

(C.10)
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As assumed earlier, stator resistance (rs) can be neglected for simplicity and (C.7)
becomes:

tan δ = ψq
ψd

= xqiq
xmdif + xdid

(C.11)

From the phasor diagram:
id = − is · sin δ
iq = is · cos δ

(C.12)

Substituting (C.12) in (C.11):

tan δ = xqiq
xmdif + xdid

= xqis cos δ
xmdif − xdis sin δ (C.13)

Solving (C.13) for if :

if = 1
xmd

(
xqiscos2δ

sin δ + xdis sin δ
)

(C.14)

From the stator flux relation:

ψ2
s = ψ2

d + ψ2
q = (ψf − xdis sin δ)2 + (xqis cos δ)2 (C.15)

Substituting (C.14) in (C.15):

ψ2
s =

(
xqiscos2δ

sin δ

)2

+ (xqis cos δ)2 = x2
qi

2
scos2δ

(
cos2δ

sin2δ
+ 1

)
=

x2
qi

2
s

tan2δ
(C.16)

From (C.9) and (C.16):

tan δ = ±xqis
ψs

= τexq
ψ2
s

(C.17)

The pole wheel angle (δ) is positive for motor operation and negative for generator
operation.

Now, substituting xqis = ψs tan δ from (C.17) in (C.14):

if = 1
xmd

(ψs cos δ + xdis sin δ) (C.18)
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The value of cos δ and sin δ from (C.17):

cos δ = ψs√
ψ2
s + x2

qi
2
s

sin δ = xqis√
ψ2
s + x2

qi
2
s

(C.19)

Substituting the value of cos δ and sin δ from (C.19) in (C.18):

xmdif = ψs
ψs√

ψ2
s + x2

qi
2
s

+ xdis
xqis√

ψ2
s + x2

qi
2
s

= ψ2
s + xdxqi

2
s√

ψ2
s + x2

qi
2
s

(C.20)

Hence, for cosφ = 1 control:

if = 1
xmd

ψ2
s + xdxqi

2
s√

ψ2
s + x2

qi
2
s

(C.21)

C.2 Maximum torque per ampere control
In this method, the stator current can be impressed in the second quadrant such
that reluctance torque can be utilized from the saliency of the machine. The field
current is controlled in such a way that the stator flux is always constant (equal to
1 p.u.).

τe = ψdiq − ψqid (C.22)

ψd = xmdif + xdid

ψq = xqiq
(C.23)

ψ2
s = ψ2

d + ψ2
q (C.24)

τe = iq
√
ψ2
s − ψ2

q − ψqid (C.25)

τe = iq
√
ψ2
s − x2

qi
2
q − xqiqid (C.26)

i2s = i2d + i2q (C.27)
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ψs
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ψd

up=nxmdif

Stator current aligned along q-axis
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iq

ud
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Figure C.2: Phasor diagram of maximum torque per ampere control of a synchronous
machine.

τe = iq
√
ψ2
s − x2

qi
2
q − xqiq

√
i2s − i2q (C.28)

The value of iq at which the maximum torque occurs can be derived by equating
the derivative of (C.28) w.r.t. iq and equating to zero:

dτe
diq

=
√
ψ2
s − x2

qi
2
q −

x2
qi

2
q√

ψ2
s − x2

qi
2
q

− xq
√
i2s − i2q +

xqi
2
q√

i2s − i2q
= 0

=
√
ψ2
s − x2

qi
2
q −

x2
qi

2
q√

ψ2
s − x2

qi
2
q

− xqid +
xqi

2
q

id
= 0

(C.29)

Solving for id:

id =
xq
(
i2s − 2i2q

)√
ψ2
s − x2

qi
2
q

ψ2
s − 2x2

qi
2
q

(C.30)

Now, iq in terms of is:

i2s = i2d + i2q =
x2
q

(
i2s − 2i2q

)2
ψ2
s − x2

qi
2
q(

ψ2
s − 2x2

qi
2
q

)2 + i2q (C.31)

Solving for iq:
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iq = ± ψsis√
ψ2
s + x2

qi
2
s

(C.32)

Using (C.32) to find ψd and ψq:

ψd =
√
ψ2
s − ψ2

q =
√
ψ2
s − x2

qi
2
q = ψ2

s√
ψ2
s + x2

qi
2
s

(C.33)

ψq = xqiq = ± xqisψs√
ψ2
s + x2

qi
2
s

(C.34)

Substituting (C.32) in (C.30) to find id in terms of is:

id = −xqi2s√
ψ2
s + x2

qi
2
s

(C.35)

The maximum torque for any given is is:

τe = ψdiq − ψqid = ±ψsis (C.36)

From (C.23):

xmdif = ψd − xdid = ψ2
s + xdxqi

2
s√

ψ2
s + x2

qi
2
s

(C.37)

Hence, the field current (if ) to achieve the given ψs and is is:

if = ψ2
s + xdxqi

2
s

xmd
√
ψ2
s + x2

qi
2
s

(C.38)

From phasor diagram:

tan (δ − φ) = id
iq

= xqis
ψs

(C.39)

and also,

tan δ = ψd
ψq

= xqis
ψs

(C.40)

From (C.39) and (C.40), it can be observed that δ−φ = δ, i.e., φ = 0. This shows
that maximum torque always occurs with φ = 0, i.e. maximum torque per ampere
(MTPA) control and unity power factor (cosφ = 1) control are the same.
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Analytical Loss Equations

D.1 Loss equations for NPC converter

IT1,avg = MÎo
4 cosφ+ MÎo

4π (sin |φ| − |φ| cosφ) (D.1)

ID1,avg = MÎo
4π (sin |φ| − |φ| cosφ) (D.2)

I2
T1,rms = MÎ2

o

6π (1 + cosφ)2 (D.3)

I2
D1,rms = MÎ2

o

6π (1 − cosφ)2 (D.4)

The current through the devices T1 and D1 in the NPC and ANPC converter con-
figurations are the same, and therefore, the average and rms currents and hence,
the conduction loss in these devices, would be the same in both cases.

The similar expressions for the average and rms currents through the devices T2,
D2, and D5 are:

In the NPC converter, diodeD1 andD2 conduct simultaneously and have the same
average and rms current flowing through them:
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ID5,avg,npc = 1
2π

5π/2+φ∫
3π/2+φ

iadωt− IT1,avg − ID1,avg

= Îo
π

[
1 − M

2

(
sin |φ| +

(
π

2 − |φ|
)

cosφ
)] (D.5)

I2
D5,rms,npc = 1

2π

5π/2+φ∫
3π/2+φ

i2adωt− I2
T1,rms − I2

D1,rms

= Î2
o

4

[
1 − 4M

3π
(
1 + cos2φ

)] (D.6)

IT2,avg,npc = IT1,avg,npc + ID5,avg,npc

= Îo
π

[
1 − M

4 (sin |φ| − |φ| cosφ)
] (D.7)

I2
T2,rms,npc = I2

T1,rms,npc + I2
D5,rms,npc

= Î2
o

4

[
1 − 2M

3π (1 − cosφ)2
] (D.8)

D.1.1 Switching loss

The switching loss characteristics as a function of current, esw(i), from an experi-
mental result, can be approximated as:

esw(i) = k1,T · i+ k2,T · i2 (D.9)

where k1,T and k2,T are the curve fitting coefficients determined using the exper-
imental results or manufacturer’s datasheet. The same coefficients for diodes are
k1,D and k2,D.

Using these coefficients, the expressions for calculating the switching loss in each
device can be formulated:

PT1,sw,npc = Udc
2U∗

dc

1
2πfsw

∫ 5π/2

3π/2 +φ

(
k1,T i+ k2,T i

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,T (1 + cosφ) + Îo

2 k2,T

(
π − |φ| + 1

2 sin 2 |φ|
)]

(D.10)
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PD1,sw,npc = Udc
2U∗

dc

1
2πfsw

∫ 3π/2 +φ

3π/2

(
k1,Di+ k2,Di

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,D (1 − cosφ) + Îo

2 k2,D

(
|φ| − 1

2 sin 2 |φ|
)]

(D.11)

The equation for switching loss in devices T1 andD1 in the ANPC converter is the
same as that in the NPC converter. Therefore, (D.10) and (D.1.1) are valid for the
ANPC converter as well.

PT2,sw,npc = Udc
2U∗

dc

1
2πfsw

∫ 5π/2+φ

5π/2

(
k1,T i+ k2,T i

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,T (1 − cosφ) + Îo

2 k2,T

(
|φ| − 1

2 sin 2 |φ|
)]
(D.12)

In case of the ANPC converter, Îo is replaced by Îo/2 in (D.12) to calculate the
switching loss in the switches T2 and T5.

PD2,sw,npc = 0 (D.13)

PD5,sw,npc = Udc
2U∗

dc

1
2πfsw

∫ 5π/2

3π/2 +φ

(
k1,Di+ k2,Di

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,D (1 + cosφ) + Îo

2 k2,D

(
π − |φ| + 1

2 sin 2 |φ|
)]

(D.14)

For the semiconductor devices in the ANPC converter, Îo is replaced by Îo/2 in
(D.14) to find the switching loss in the diodes D2 and D5.

D.2 Loss equations for ANPC converter

D.2.1 Equations for calculation of average and RMS currents

IT1,avg = 1
2π

5π/2∫
3π/2+φ

maiadωt

= MÎo
4 cosφ+ MÎo

4π (sin |φ| − |φ| cosφ)

(D.15)
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I2
T1,rms = 1

2π

5π/2∫
3π/2+φ

mai
2
adωt

= MÎ2
o

6π (1 + cosφ)2

(D.16)

ID1,avg = 1
2π

3π/2+φ∫
3π/2

(−maia) dωt

= MÎo
4π [sin |φ| − |φ| cosφ]

(D.17)

I2
D1,rms = 1

2π

3π/2+φ∫
3π/2

mai
2
adωt

= MÎ2
o

6π (1 − cosφ)2

(D.18)

The equations (5.25)–(5.32) can be used to calculate the average and rms current
through the other semiconductor devices:

IT5,avg = 1
2π

5π/2+φ∫
3π/2+φ

1
2 iadωt− 1

2IT1,avg − 1
2ID1,avg

= Îo
2π

[
1 − M

2

(
sin |φ| +

(
π

2 − |φ|
)

cosφ
)] (D.19)

I2
T5,rms = 1

2π

5π/2+φ∫
3π/2+φ

1
4 i

2
adωt− 1

4I
2
T1,rms − 1

4I
2
D1,rms

= Î2
o

16

[
1 − 4M

3π
(
1 + cos2φ

)] (D.20)

ID5,avg = 1
2π

5π/2+φ∫
3π/2+φ

1
2 iadωt− 1

2IT1,avg − 1
2ID1,avg

= Îo
2π

[
1 − M

2

(
sin |φ| +

(
π

2 − |φ|
)

cosφ
)] (D.21)
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I2
D5,rms = 1

2π

5π/2+φ∫
3π/2+φ

1
4 i

2
adωt− 1

4I
2
T1,rms − 1

4I
2
D1,rms

= Î2
o

16

[
1 − 4M

3π
(
1 + cos2φ

)] (D.22)

IT2,avg = IT1,avg + ID5,avg

= Îo
2π + MÎo

8 cosφ
(D.23)

I2
T2,rms = I2

T1,rms + I2
D5,rms

= Î2
o

4

[1
4 + M

3π
(
1 + cos2φ+ 4 cosφ

)] (D.24)

ID2,avg = IT5,avg + ID1,avg

= Îo
2π − MÎo

8 cosφ
(D.25)

I2
D2,rms = I2

T5,rms + I2
D1,rms

= Î2
o

4

[1
4 + M

3π
(
1 + cos2φ− 4 cosφ

)] (D.26)

D.2.2 Equations for calculation of switching loss

PT1,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2

3π/2 +φ

(
k1,T i+ k2,T i

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,T (1 + cosφ) + Îo

2 k2,T

(
π − |φ| + 1

2 sin 2 |φ|
)]
(D.27)

where Udc is the dc-link voltage as shown in Fig. 5.5 and U∗
dc is the rated blocking

voltage of the device given in the datasheet:

PD1,sw = Udc
2U∗

dc

1
2πfsw

∫ 3π/2 +φ

3π/2

(
k1,Di+ k2,Di

2
)
dωt

= Udc
2U∗

dc

Îo
2πfsw

[
k1,D (1 − cosφ) + Îo

2 k2,D

(
|φ| − 1

2 sin 2 |φ|
)]

(D.28)



164 APPENDIX D

In sinusoidal PWM modulation, the switch T2 is continuously "ON" during the
interval 3π/2 to 5π/2 (t = 0.015s to 0.035s in Fig. 5.6). Therefore, T2 will
have switching loss only if the output current is leading or lagging the modulation
signal, ma, i.e., outside the aforementioned interval:

PT2,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2+φ

5π/2

(
k1,T i+ k2,T i

2
)
dωt

= Udc
2U∗

dc

· Îo4πfsw
[
k1,T (1 − cosφ) + Îo

4 k2,T

(
|φ| − 1

2 sin 2 |φ|
)]
(D.29)

PD5,sw = Udc
2U∗

dc

1
2πfsw

∫ 5π/2

3π/2 +φ

(
k1,Di+ k2,Di

2
)
dωt

= Udc
2U∗

dc

Îo
4πfsw

[
k1,D (1 + cosφ) + Îo

4 k2,D

(
π − |φ| + 1

2 sin 2 |φ|
)]

(D.30)

The diodesD2 andD5 have the same switching pattern but in different half cycles;
therefore, the switching loss over a cycle in these diodes is equal. The same applies
to the switches T2 and T5.



Appendix E

Dynamics of DC-link Voltage

E.1 Voltage equation for dc-link capacitor
The voltage across the dc-link capacitor is:

udc = 1
Cdc

∫
icapdt (E.1)

Since the machine-side converter is controlling the dc-link voltage, the dc current
on the grid-side converter (idc2) can be regarded as the disturbance and can be
omitted from the equation for this analysis.

The voltage across the dc-link capacitor is:

Cdc
dudc
dt

= icap = −idc1 (E.2)

Figure E.1: Schematic of the synchronous machine connected to the grid via a back-to-
back two-level three-phase converter.

165



166 APPENDIX E

The per unitized form of (E.2) using time constant Tdc, like the mechanical time
constant in a motor:

Tdc
dudc,pu
dt

= icap = −idc1 (E.3)

The base values for ac quantities for per-unit calculation are selected as follows:

Ibase =
√

2Irms, Ubase =
√

2Ull,rms√
3

, ωbase = 2πf

Zbase = Ubase
Ibase

= 1√
3
Ull,rms
Irms

= Uph,rms
Irms

Sbase =
√

3Ull,rmsIrms =
√

3 ·
√

3Ubase√
2

· Ibase√
2

= 3
2UbaseIbase

(E.4)

Further, the base values for the dc quantities per-unit calculation are selected as
follows:

Sbase = 3
2UbaseIbase = Udc,baseIdc,base (E.5)

In a PWM-modulated converter, for linear modulation, M=1 gives the maximum
output voltage:

Udc,base = 2 · Uph,peak = 2 · Ubase (E.6)

Using (E.5) and (E.6):

Zdc,base = Udc,base
Idc,base

= 2 · Ubase
3
4Ibase

= 8
3
Ubase
Ibase

= 8
3Zbase (E.7)

Similarly, the time constant of the dc-link capacitor:

Tdc =2 ∗ Energy stored
Rated power

= Cdc · U2
dc

Sbase
= Cdc · 4U2

base
3
2UbaseIbase

=Cdc.
8
3
Ubase
Ibase

= Cdc.
8
3Zbase = Cdc.Zdc,base

(E.8)

From ac and dc side power balance:

p = udc · idc = n · τe (E.9)

Formulation of the equation in the per-unit system using (4.46):

Tdc
dudc
dt

= icap = −idc1 − idc2 (E.10)



Appendix F

Laboratory Equipment
Specifications
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F.1 Synchronous machine parameters
Table F.1: Specification of electrical equipment of the experimental setup.

Synchronous machine specification
Rated power 100 kVA

Rated voltage 400 V

Rated current 144.3 A

Rated speed 428.57 rpm

xd 1.27 pu

xq 0.75 pu

x
′
d 0.8 pu

x
′′
d 0.3359 pu

x
′′
q 0.3176 pu

T
′
d N/A

T
′′
d 4.6 ms

T
′′
q 4.27 ms

Rated excitation current (If ) 56 A
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F.2 Converter specification
Table F.2: Specification of electrical equipment of the experimental setup.

Converter specification - grid side
Rated power 100 kVA

Rated dc-link voltage (Udc) 650 V

dc-link capacitor (Cdc) 1.5 mF

Switching frequency (fsw) 4 kHz

Converter-side inductor (L1) 0.4 mH
AC side capacitor (Cac) 27.9 µF∆
Grid-side inductor (L2) 18 mH

All the converters are identical. The machine-side converter outputs are directly
connected to the machines, whereas the grid-side converters are connected to the
grid via an L-C-L filter.

F.3 Induction machine specification
Table F.3: Specification of electrical equipment of the experimental setup.

Induction machine specification
Rated power 90 kW

Rated voltage 400 V

Rated current 165 A

Power factor (p.f.) 0.83

Rated speed 1482 rpm

The induction machine is coupled to the synchronous machine via a gear with a
gear ratio of 3.717.
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