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ABSTRACT 

Modeling and Control of Diesel-Hydrokinetic Microgrids 

 

Mohammadhossein Ashourianjozdani, Ph.D. 

Concordia University, 2018 

 

 

A large number of decentralized communities in Canada and particularly in Québec rely on 

diesel power generation. The cost of electricity and environmental concerns suggest that 

hydrokinetic energy is a potential for power generation. Hydrokinetic energy conversion systems 

(HKECSs) are clean, reliable alternatives, and more beneficial than other renewable energy 

sources and conventional hydropower generation. However, due to the stochastic nature of river 

speed and variable load patterns of decentralized communities, the use of a hybrid diesel- 

hydrokinetic (D-HK) microgrid system has advantages. A large or medium penetration level has 

a negative effect on the short-term (transient) and long-term (steady-state) performance of such a 

hybrid system if the HKECS is controlled based on conventional control schemes. The 

conventional control scheme of the HKECS is the maximum power point tracking (MPPT). In 

the long-term conditions, the diesel generator set (genset) can operate at a reduced load where 

the role of the HKECS is to reduce the electrical load on the diesel genset (light loading). In the 

short-term, the frequency of the microgrid can vary due to the variable nature of water speed and 

load patterns. This can lead to power quality problems like a high rate of change of frequency or 

power, frequency fluctuations, etc. Moreover, these problems are magnified in storage-less D-

HK microgrids where a conventional energy storage system is not available to mitigate power as 

well as frequency deviations by controlling active power. Therefore, developing sophisticated 

control strategies for the HKECS to mitigate problems as mentioned above are necessary. 

Another challenging issue is a hardware-in-the-loop (HIL) platform for testing and developing a 

D-HK microgrid. 
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A dispatchable power controller for a fixed-pitch cross-flow turbine-based HKECS operating 

in the low rotational speed (stall) region is presented in this thesis. It delivers a given power 

requested by an operator provided that the water speed is high enough. If not, it delivers as much 

as possible, operating with an MPPT algorithm while meeting the basic operating limits (i.e., 

generator voltage and rotor speed, rated power, and maximum water speed), shutting down 

automatically if necessary. A supervisory control scheme provides a smooth transition between 

modes of operation as the water speed and reference power from the operator vary. The 

performance of the proposed dispatchable power controller and supervisory control algorithm is 

verified experimentally with an electromechanical-based hydrokinetic turbine (HKT) emulator.  

The permanent magnet synchronous generator (PMSG) is preferred in small HKECSs. So, a 

converter-based PMSG emulator as a testbed for designing, analyzing, and testing of the 

generator’s power electronic interface and its control system is developed. A 6-switch voltage 

source converter (VSC) is used as a power amplifier to mimic the behaviour of the PMSG 

supplying linear and non-linear loads. Technical challenges of the PMSG emulator are 

considered, and proper solutions are suggested.  

Finally, an active power sharing control strategy for a storage-less D-HK microgrid with 

medium and high penetration of hydrokinetic power to mitigate: 1) the effect of the grid 

frequency fluctuation due to instantaneous variation in the water speed/load, and 2) light loading 

operation of the diesel engine is proposed. A supplementary control loop that includes virtual 

inertia and frequency droop control is added to the conventional control system of HKECS in 

order to provide load power sharing and frequency support control. The proposed strategy is 

experimentally verified with diesel engine and HKT emulators controlled via a dSPACE® rapid 

control prototyping system. The transient and steady-state performance of the system including 

grid frequency and power balancing control are presented. 
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Chapter 1. Introduction 

This chapter presents the background information on diesel-hydrokinetic microgrid systems. 

Advantages and disadvantages of such systems have been discussed, leading to the definition of 

the research goal and research objectives. The chapter finishes with presenting the new 

contributions and the structure of the Ph.D. thesis. 

1.1 Background 

Historically, before the development of electrical grids, electricity was produced near the 

locations where it was required [1]. Presently, there are still many remote communities in the 

world which do not have access to a main power grid due to geographic barriers or economic 

issues. Many of these small decentralized communities rely on electricity from an electrical 

generator driven by a diesel engine. This autonomous power generation system is reliable, well 

established, relatively efficient and highly dependable [2]. In Quebec, there are communities 

with a permanent settlement that do not have access to the main power grid, and rely on local 

diesel generation for the production electricity. Figure 1.1 shows the distribution of these 

communities throughout five regions [3]. Of these comunities, 20 rely on the local diesel 

generator set (diesel genset) for electrical power. 

The cost of diesel fuel, fuel transportation and maintenance and operation are the main 

weaknesses of gensets. At this time, some remote communities in the north of Quebec pay 

around 0.80 $/kWh for electricity whereas the price in Montreal is around 0.06 $/kWh [4]. 

Furthermore, this source of power has significant adverse impacts on the environment due to 

CO2 emissions [4], [5]. 
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Because of the issues mentioned above, renewable energy sources (such as wind, solar, and 

hydro) offer clean and reliable options for remote communities. Low negative environment 

effects, sustainability, and cost-effectiveness are some benefits provided by these energy sources. 

On the other hand, due to the stochastic nature of these renewable resources and the variable load 

characteristics of remote communities, the use of a hybrid diesel generator-renewable energy 

system is usually indispensable. Several renewable energy technologies are candidates for 

 

Figure 1.1 Remote communities in Quebec [3]. 
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remote community applications. River hydrokinetic power is one of the most interesting 

alternatives. Kinetic power which can be captured from flowing water in rivers has a higher 

power density than the better-known renewable alternatives such as solar and wind power [6]. 

Table 1.1 shows that the power density of river current per square meter is higher than solar and 

wind sources [7]. Furthermore, it produces electricity without the requirement of constructing 

dams and the associated infrastructure when compared to conventional hydropower generation. 

Unlike other renewable sources, power generation during winter is a real challenge [8].  

Energy source River current Wind Solar 

Velocity(m/s) 1 2 3 13 Peak at noon 

Power density 

(kW/m2 ) 
0.52 1.74 4.12 1.37 ~1.0 

 

In Canada, hydrokinetic power is still in the pre-commercialization and experimental stage. 

Québec’s potential hydrokinetic power is estimated to be around 5,250 MW [9]. The expected 

cost of electricity generated by a hydrokinetic turbine is projected to be around 0.15 $/kWh [9], 

including the initial cost, the mounting hardware cost, the operating and maintenance cost. This 

is cheaper than the power supplied by genset that costs about 0.80 $/kWh, including fuel and 

initial expenses [3], [4].  

Figure 1.2 shows the two most common small-scale (1-100 kW) hydrokinetic turbines 

(HKTs); axial flow and cross-flow HKTs. Table 1.2 lists some advantages and disadvantages of 

both cross-flow and axial-flow turbines [8], [10], [11]. This research work focuses on the fixed-

pitch cross-flow HKTs in which rotor blades of the HKT are fixed at a pitch angle. 

Table 1.1 Relative power density of river current compared with the wind and solar sources.  
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(a) Axial-flow HKT (b) Cross-flow HKT 

Figure 1.2 Two most common small-scale HKTs. 

 

 

Table 1.2 Turbine configurations for hydrokinetic application; advantages and disadvantages [8], [10], 

[11]. 

Turbine 

configurations 
Advantages Disadvantages 

Axial-flow 

(Horizontal axis) 

• Self-starting capability. 

• Optimum performance at higher 

rotor speed. 

• Active control by blade pitching. 

• High generator coupling 

cost. 

• Ducts cannot be easily used 

for a floating purpose. 

Cross-flow 

• Less generator coupling costs 

compared to horizontal axis turbine. 

• Allows to have flexible farm 

architectures 

• Operating under bi-directional water 

flow and shallow channel. 

• less efficient than axial 

flow turbines 
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1.2 The Potential of Diesel-Hydrokinetic Microgrid 

A diesel-hydrokinetic (D-HK) microgrid consists of at least one hydrokinetic energy 

conversion system (HKECS) and one diesel generator set (diesel genset). The D-HK microgrid 

can [12] 

• Reduce CO2 emissions and fossil fuel consumption, 

• Improve power quality of the electrical grid with respect to “hydrokinetic only” 

operation, 

• Provide power to meet the customer load, 

• Obtain the benefits of using multiple distributed electrical resources (DERs). 

A D-HK microgrid can contain several subsystems as shown in Figure 1.3. In this microgrid, 

both the HKECS and the diesel genset supply the load demand. The diesel genset usually 

regulates the system’s voltage and frequency [13] and the HKECS works like a negative 

electrical load. A dump load is used to dissipate the excess power generated by generators and to 

maintain the power balance of the grid. An energy storage system may be necessary to enhance 

energy usage, to avoid wasting power in dump loads, and to allow generators to operate at 

maximum efficiency. The classification and sizing of components of such a hybrid system 

depend on several factors such as the availability of hydrokinetic power, e.g., minimum, 

maximum and average available power in kW, the pattern of the diesel genset loading, the 

pattern of load demand, etc. It should be mentioned that the selection of the components for such 

a small-scale microgrid depends on its own particular requirements and design constraints such 

as power quality, availibility, system reliability, simplicity of maintanence, etc. [14]. 
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1.2.1 Characteristics of the D-HK Microgrid 

In this Section, a brief overview of the technical features of D-HK microgrids are explained. 

The power vs. water speed curve of an HKECS is similar to that of a wind energy conversion 

system (WECS). In fact, many of the power topologies and control techniques used for WECSs 

can be extended for HKECSs [15], [16]. 

The output power of an HKT is a function of the cube of the water speed of a river [6]. Water 

speed depends on several factors such as the channel cross-section, river channel profile, climate 

conditions (i.e., snow melting, rainfall, etc.), the HKT placement (i.e., mounting arrangement, 

augmentation channel, etc.), etc. [10]. Speed of the water in a river has seasonal/long-term and 

turbulence/short-term variations [17], [18]. Figure 1.4 shows a short-time water speed profile for 

a sample river [19]. The Water speed measured along the Winnipeg river, Manitoba at a constant 

depth, approximately 1.5 m. The average water speed was measured to be 2.45 m/s, with a 

standard deviation of 0.67 m/s. Moreover, hydrokinetic power is directly proportional to the 

density of water. The water density depends on climate conditions and varies from freshwater to 

seawater [10]. In general, the hydrokinetic power trends are difficult to forecast particularly for 

the short-term trends. Water speed in a river usually changes between 1m/s and 3m/s [20]. 

 

Figure 1.3 D-HK microgrid. 
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Remote community load patterns exhibit short-term and long-term trends. They depend on 

several factors such as the season and environmental conditions and the local economy. 

However, they are relatively simple to forecast since they track the community’s habit. With the 

knowledge of load patterns, a suitable electrical generator can be selected to provide a proper 

power supply [12].  

The genset can operate either continuously or intermittently in the microgrid [14], [21], [22], 

[23]. In the latter case, the genset works for short periods, e.g., a few hours at a time, supplying 

electric power. Integration of the HKECS power into an existing diesel-powered microgrid is 

however, not straightforward due to the variable nature of the water speed. While under 

moderate and high penetration of the HKECS power, the HKECS may be able to supply all of 

the demanded power, sudden variations in the water speed or demand need the intermittent 

(standby) genset to step in rapidly to guarantee continuity of supply. The simplest way to 

integrate the HKECS with the genset, without the risk of loss of load, is parallel operation of the 

HKECS with the genset running continuously. In this mode of operation, the HKECS acts like a 

negative load, thus decreasing the average load of the diesel engine. The diesel genset responds 

quickly to electrical load variations to regulate the frequency and voltage of the grid within an 

acceptable range. This thesis focus on the continuous operation of the genset. 

 

 

Figure 1.4 Water speed measured along the Winnipeg river, Manitoba at a constant 

depth, approximately 1.5 m [19]. 
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Energy storage systems play an important role to ensure continuity of supply in a microgrid. 

In the microgrid, the integration of a storage unit can 

• reduce short-term fluctuations in the hydrokinetic power and/or consumer load for 

improvement of the grid power quality (short-term storage), 

• reduce start/stop cycles of the genset and fuel consumption (short to medium-term storage), 

• balance hydrokinetic power or local load surplus (long-term storage) [12], [24]. 

Energy storage units can be categorized by overall energy capacity, energy density per mass, 

average service lifetime, cost, etc. Batteries, flywheels, and hydrostatic storage are some storage 

systems. The storage system is one of the more expensive parts of the hybrid system and need a 

sophisticated control scheme. Therefore, they require a careful examination of the benefits and 

drawbacks. Storage-less system has lower implementation cost and less complexity [12]. A 

storage-less D-HK microgrid is assumed in this research work. 

1.2.2 Power Control Considerations for HKECS  

Similar to the wind turbine (WT), an HKT can operate at fixed speed or variable speed [6], 

[25]. Typically, the generator of a fixed speed turbine is directly connected to the grid and runs at 

a rotor speed which is set by the grid frequency. An induction generator is usually selected for 

the fixed-speed applications. The system uses a well-established technology which is simple, 

inexpensive and reliable. However, despite the advantages, limited power control, lower 

efficiency, torque pulsations due to power fluctuations, and power quality problems in the small-

scale microgrid are some drawbacks of this scheme [26]. Use of a variable speed turbine can 

mitigate some of these problems.  

In a variable speed scheme, the turbine rotor speed can be adjusted as a function of water 

speed. The torque and speed of the electrical generator change so that the turbine’s operating 

point varies. The turbine usually works at the maximum power point tracking (MPPT) mode or 

constant power mode (CPM) for operation above the rated water speed. The power control can 

be obtained by blade pitch control and generator speed control. Pitch regulated control is 

however not possible for most HKTs. This is the case for the cross-flow turbines considered in 

this research which have non-pitchable blades [6], [10]. For the HKECS with a permanent 

magnet synchronous generator (PMSG), a generator-side converter unit (connecting the 

generator to a generic DC bus) is usually responsible for the generator torque or speed control. In 
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this case, the power regulation, start-up, and shutdown mechanisms must be carried out with 

generator speed control [27]. Besides, for low-speed applications, the gearbox, which is used to 

step-up the shaft speed of the turbine, can be eliminated by using a PMSG with a large number 

of poles.This topology is more complicated than the fixed speed topology due to the requirement 

of power electronic converter and sophisticated control scheme.  

1.3 Technical Issues in Small-Scale Storage-Less D-HK Microgrid  

A low level of hydrokinetic power penetration can be handled by conventional diesel genset 

control system. Medium or large levels of hydrokinetic power penetration can have negative 

impacts on the short-term (transient) and long-term (steady-state) performance of the small-scale 

storage-less D-HK microgrid due to the stochastic nature of water speed and variable load 

patterns. The conventional control scheme of the HKECS is the maximum power point tracking 

(MPPT) control.  

In long-term conditions, under moderate and high penetration of the HKECS, the diesel 

genset can operate at a poor efficiency where the role of the HKECS is to reduce the electrical 

load on the diesel genset (light loading) [28]. The fuel consumption of typical diesel engines at 

no-load is about at 20-30% of the full load value and increases linearly with loading. Moreover, 

diesel engine manufacturers recommend a minimum load of approximately 40% of rated output 

to maintain high fuel efficiency, to avoid wet stacking, etc. [29], [30]. Considering the minimum 

loading of the diesel engine, one option is the HKECS to operate in MPPT mode and the power 

flow of the system balanced by the genset and the dump load. Another option is the dump load 

off, and the HKECS and the diesel genset regulate their output powers to balance the load 

demand as well as mitigate minimum load operating effects on the diesel engine. In both cases, 

the diesel genset usually regulates the system frequency and voltage. The fixed-pitch 

hydrokinetic turbine-generator can regulate its output power according to the turbine power 

coefficient in the low-speed (stall) region (below MPPT point) or high-speed region (above 

MPPT point). However, power generation in the stall region is a real challenge and require 

sophisticated control strategies since this region is open loop unstable. A review of power control 

strategies for fixed-pitched wind/ hydrokinetic turbines in the stall region available in the 

literature are presented in Chapter 2 and Chapter 3.  
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For short-term conditions, the way of balancing the power system in the short operational 

time (i.e. several seconds) is primarily due to the stochastic nature of the water speed and the 

variable load characteristics. During this time, the frequency of the grid may vary. This can lead 

to power quality problems (e.g. high rate of change of frequency or power, frequency 

fluctuations, etc.) in each rotating machine especially for the synchronous generator of the diesel 

genset which is directly connected to the grid. There is an interest to provide the capability of 

contributing to the grid’s frequency support control. A hydrokinetic turbine-generator with a 

relatively high moment of inertia or the inertia constant (H) can release and absorb kinetic 

energy (KE) stored in its rotating parts (e.g. blades, generator shaft, etc.) during the frequency 

disturbance. For example, for a 50 kW HKT, the equivalent moment of inertia of is about 8407 

kg.m2 and the inertia constant is around 3s for the shaft speed of 6 rad/s. An inertia constant of 3 

seconds indicates that the kinetic energy stored in the rotating parts can supply the nominal load 

during 3 seconds [31], [32]. Indeed, the key issue here is how to control the turbine-generator 

system so as to make good use of this resource for frequency support of the microgrid. A 

literature review of power and frequency support control for the diesel hybrid microgrid systems 

are presented in Chapter 2 and Chapter 5. 

Another challenging issue is a hardware-in-the-loop (HIL) platform for testing and developing 

a D-HK microgrid. This can allow complex dynamic hybrid systems to be correctly emulated in 

a simple, repeatable, and economical way. Furthermore, this emulator can be used to evaluate 

new control schemes. There are two types of generator emulator: electromechanical-based 

emulator and converter-based emulator [33], [34]. A literature review of both emulators are 

given in Chapter 3 and Chapter 4. 

1.4 Contributions 

The main objective of this work is to develop and design different active power control 

strategies for a small-scale storage-less D-HK microgrid. These can help mitigate concerns about 

the short-term and long-term technical issues as mentioned in the previous Section. Designing 

and prototyping an electromechanical and power electronic converter-based hardware-in-the-

loop emulator for the diesel genset and HKECS are other objectives of this work. The 

contributions of this thesis are as follows;  

 



 

11 

 

• Design and implementation of an electromechanical-based D-HK microgrid emulator 

An electromechanical-based D-HK microgrid emulator is implemented. This emulator is used to 

experimentally validate and demonstrate the proposed control strategies in a laboratory-scale 

setting where the operation of a real HKT and a diesel engine is unfeasible. 

• Development of a supervisory power control strategy for a fixed-pitch PMSG-based 

HKT operating in the stall region 

A new dispatchable power controller for a fixed-pitch HKT with PMSG followed by a diode 

rectifier and a boost DC-DC converter is presented. A supervisory controller along with a 

cascaded outer power and inner diode rectifier voltage loop control system is proposed to obtain 

smooth transition between power regulation and MPPT modes.  

• Development of power and frequency support control for a storage-less D-HK 

microgrid 

An active power sharing control strategy for a storage-less D-HK microgrid with medium and 

high penetration of hydrokinetic power to mitigate: 1) the effect of the grid frequency fluctuation 

due to instantaneous variation in the water speed/load, and 2) light loading operation of the diesel 

engine is proposed. A supplementary control loop that includes virtual inertia and frequency 

droop control is added to the conventional control system of HKECS in order to provide load 

power sharing and frequency support control.  

• Development of a converter-based PMSG emulator as a testbed for renewable energy 

experiments 

A converter-based PMSG emulator as a testbed for designing, analysing, and testing of the 

generator’s power electronic interface and its control system is presented. A 6-switch voltage 

source converter is used as a power amplifier to mimic the behaviour of the PMSG supplying 

linear and nonlinear loads. 

This research study resulted in the following technical publications and presentations: 

Journals 

• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Power Electronic Converter-Based PMSG 

Emulator: A Testbed for Renewable Energy Experiments," IEEE Transactions on Industry 

Applications, 2018. (Accepted) 
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• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Supervisory Power Control for Dispatchable 

Fixed-Pitch PMSG-Based Hydrokinetic Energy Conversion System," (under review, submitted to 

IEEE Transaction on Industrial Applications) 

• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Power and Frequency Support Control for a 

Storage-less Diesel-Hydrokinetic Microgrid," (prepared for submitting to IEEE Transaction on 

Sustainable Energy) 

Conferences 

• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Converter-Based PMSG Emulator: A 

Testbet for Renewable Energy Experiments", IEEE International Conference on Electric 

Machines and Drive Conference (IEMDC), Miami, 2017. 

• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Power Sharing Control Strategy for a No-

Storage Hydrokinetic-Diesel System in an Isolated AC Mini-Grid", IEEE International 

Conference Power and Energy Society General Meeting (PESGM), Boston, 2016. 

• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "Power Control Strategy for Fixed-Pitch 

PMSG-Based Hydrokinetic Turbine", IEEE International Conference on Power Electronics, 

Drives and Energy Systems (PEDES), Trivandrum, 2016. 

• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, " A Laboratory-Based Hydrokinetic-Diesel 

Energy Conversion System Emulator ", 7th International Conference on Integration of Renewable 

and Distributed Energy Resources (IRED), Niagara Falls, 2016. (Poster Presentation) 

• M. Ashourianjozdani, L. A. C. Lopes and P. Pillay, "A Hybrid Hydrokinetic-Diesel Energy 

Conversion System for Remote Applications", IEEE International Conference Power and Energy 

Society General Meeting (PESGM), Denver, 2015. (Poster Presentation) 

1.5 Thesis outline 

This thesis is organized as follows. 

Chapter 1 discusses the research area and some related works. It presents a review of 

characteristics of a D-HK microgrid. The advantages and disadvantages of such system are 

highlighted. Some technical issues of this system are discussed. This chapter ends with the 

contributions of the research work and the structure of the thesis.  

Chapter 2 presents the mathematical models of the main component of a storage-less hybrid 

hydrokinetic-diesel system. Some advantages and disadvantage of three common power 

javascript:void(0)
javascript:void(0)
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converter topologies used for the HKECS are discussed are discussed. Some simulations are 

conducted to validate the performance of models. 

Chapter 3 proposes a supervisory power control for a dispatchable fixed-pitch PMSG-based 

HKECS, operating in the stall region. The performance of the proposed control algorithm is 

verified experimentally with an electromechanical-based HKT emulator. 

Chapter 4 proposes a converter-based PMSG emulator. The design procedure and 

implementation of the emulator are discussed. The accuracy of the proposed emulator is 

investigated for the fundamental and low order voltage harmonics. Technical challenges are 

considered, and proper solutions are suggested.  

Chapter 5 proposes a new power sharing control strategy for a storage-less D-HK microgrid 

to provide steady-state and transient frequency support control and improve the operation of the 

diesel engine under light loading conditions. The proposed strategy is experimentally verified 

with an electromechanical-based HKT and diesel engine emulator. 

Chapter 6 concludes the work and suggests some recommendations and future works. 

1.6 Summary 

This chapter has provided a discussion of the research area and some related works. A review 

of the characteristics of a storage-less D-HK microgrid has been presented. Advantages and 

disadvantages of such microgrid have been highlighted. The research targets and objectives have 

been defined. The contributions of the research as well as list of publications have been 

presented. The chapter ends with the structure of the thesis.                                             .
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Chapter 2. Theory, Modeling and Design Considerations of Diesel-

Hydrokinetic Microgrid 

This chapter presents a theoretical background for the diesel-hydrokinetic (D-HK) microgrid. 

The steady-state and dynamic models of the HKECS and diesel genset are developed. The most 

recent works relevant to this subject are explored. Some technical issues related to control and 

operation of the HKECS and diesel gensets are explained. Simulation results are presented to 

show the performance of the system using Matlab© Simulink.  

2.1 Structure and Operation of HKECS 

Figure 2.1 shows a block diagram of the HKECS structure. The kinetic energy of the flowing 

water is transferred to electrical energy through a HKT and an electrical generator. The power 

electronic interfaces (PEIs) control the output power of the generator and deliver the electrical 

power to the electrical grid or local load. The PEIs convert variable voltage and variable 

frequency input to a fixed voltage and fixed frequency output. To explain the HKECS behavior, 

some principles are extracted from the WECS because of many shared similarities in their 

physical principles. 

 

Figure 2.1 Block diagram of the HKECS structure. 
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2.1.1 Hydrokinetic Turbine (HKT) 

The total power captured by an HKT depends on the density, cross-sectional area, cube of the 

water speed and turbine coefficient. The power and the torque generated by a fixed pitch HKT 

are described by [35]: 

𝑃𝐻𝐾𝑇 = 0.5  𝜌 𝐴 𝐶𝑝(𝜆) 𝑣𝑇
3 (2.1) 

𝑇𝐻𝐾𝑇 =
𝑃𝐻𝐾𝑇
𝜔𝑚

= 0.5  𝜌 𝐴 𝐶𝑞(𝜆) 𝑣𝑇
2 

(2.2) 

where A is cross-sectional area of the turbine, ρ is the density of water, 𝑣𝑇 is the speed of water, 

𝜔𝑚 is the turbine shaft speed (rotor speed), 𝐶𝑝is the turbine power coefficient or efficiency, and 

𝐶𝑞 is the turbine torque coefficent. The factor Cp indicates that the HKT can only capture a 

portion of the total available kinetic power of the flowing water because of losses involved. 

Power and torque coefficients are a nonlinear function of the tip speed ratio (𝜆), which is defined 

by:  

𝜆 =
𝑅𝜔𝑚
𝑣𝑇

 (2.3) 

where R is the radius of the turbine. The power and torque coefficients for the fixed-pitch cross-

flow HKT considered in this work can be given by [27]: 

𝐶𝑝(𝜆) =∑𝑎𝑖

7

𝑖=0

𝜆7−𝑖 (2.4) 

𝐶𝑞(𝜆) =
𝐶𝑝(𝜆)

𝜆
 (2.5) 

where 𝑎𝑖 are constant values. 

Figure 2.2 (a) shows 𝐶𝑝 and 𝐶𝑞 versus 𝜆 for the selected fixed-pitch cross-flow HKT. The 

constant values (𝑎𝑖 , 𝑖 = 0, 1, 2, 3, 4, 5, 6, 7) are given in Appendix A. The maximum value of 𝐶𝑝 

and corresponding tip speed ratio (𝜆𝑜𝑝𝑡) are around 0.31 and 2.1, respectively. The maximum 
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value of 𝐶𝑞 is around 0.16 at 𝜆 = 1.72. According to equation (2.1), the output power of the 

HKT for a given water speed can be reduced to a desired value by decreasing the power 

coefficient 𝐶𝑝. This can be done by operating at either below or above 𝜆𝑜𝑝𝑡. Figure 2.2 (b) shows 

the calculated output power of a HKT at different water speeds and rotor speeds. It can be 

observed that the maximum power of the turbine across different water speeds follows the 

maximum power point tracking (MPPT) curve.  

 

 

(a) 

 

(b) 
 

Figure 2.2 (a) 𝐶𝑝 and 𝐶𝑞 versus 𝜆 curves; (b) HKT power versus turbine shaft speed (𝜔𝑚) at different 

water speeds (𝑣𝑇). 



 

17 

 

2.1.2 Drivetrain System 

The total HKT power can be transmitted to the PMSG by a drivetrain system. The term 

“drivetrain” system for the HKECS mainly involves all rotating parts between the turbine and the 

generator including the HKT rotor blades and shaft, the gearbox with both low-speed and high-

speed shafts, the generator shaft, and coupling shafts which connect two shafts together at their 

ends [28]. The gearbox is used to increase the low speed of the HKT to the high speed of the 

PMSG. The drivetrain can be modeled with different methods depending on the purpose of the 

study. The HKECS drivetrain is commonly modeled as a lumped single-mass model or a two-

mass model [28], [33]. In the lumped single-mass model, the drivetrain components are lumped 

together and work as a single rotating mass. Neglecting the gearbox losses and inertia, and the 

flexibility of the coupling shafts, the dynamic equation of the single-mass drivetrain referred to 

the turbine side can be given by 

𝑑𝜔𝑚
𝑑𝑡

=
𝑇𝐻𝐾𝑇
𝐽
−
𝑇𝑒𝑃𝑀𝑆𝐺

′

𝐽
−
𝐵

𝐽
 (2.6) 

where 𝐽, 𝐵, and 𝑇𝑒𝑃𝑀𝑆𝐺
′ are the total system inertia, the total system friction damping, and the 

generator electromechanical torque reflected to the turbine side of the gearbox, respectively. 

𝑇𝐻𝐾𝑇 and 𝜔𝑚 can be related to the generator electromechanical torque 𝑇𝑒𝑃𝑀𝑆𝐺 and the generator 

rotor speed 𝜔𝑔 by the gearbox with a gear ratio 𝑔𝑟: 1, as given by  

𝑔𝑟 =
𝑇𝐻𝐾𝑇
𝑇𝑒𝑃𝑀𝑆𝐺

=
𝜔𝑔

𝜔𝑚
      (𝑔𝑟 > 1) (2.7) 

𝐽 and  𝐵 can be calculated by 

𝐽 = 𝑔𝑟
2𝐽𝑃𝑀𝑆𝐺 + 𝐽𝐻𝐾𝑇 (2.8) 

𝐵 = 𝑔𝑟
2𝐵𝑃𝑀𝑆𝐺 + 𝐵𝐻𝐾𝑇 (2.9) 

where 𝐽𝑃𝑀𝑆𝐺  and  𝐽𝐻𝐾𝑇 are the moment of inertia of the generator and the turbine, and 𝐵𝑃𝑀𝑆𝐺 and  

𝐵𝐻𝐾𝑇 is the friction damping of the generator and the turbine, respectively.  
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When considering the flexibility of the coupling shafts, the drivetrain can be modeled as a two-

mass drivetrain. The two-mass drivetrain dynamic model is given in Appendix B. 

2.1.3 Electrical Generator, PMSG 

The PMSG is an attractive option for the small-scale fixed-pitch hydrokinetic systems 

compared to other electrical generators such as induction generators [36]. A PMSG with large 

number of poles can eliminate the requirement of the gearbox and operate with a high-power 

density. A PMSG’s output voltage and frequency are variable and proportional to the rotor 

speed. So, it requires a power electronic converter to link the PMSG to the electrical load or the 

grid. 

 Figure 2.3 shows the equivalent circuit of the PMSG in d-axis and q-axis frames [37]. The 

following equations represent the dynamic models of the PMSG. 

𝑑𝑖𝑠𝑑
𝑑𝑡

= −
1

𝐿𝑑
𝑣𝑠𝑑 −

𝑅𝑠
𝐿𝑑
𝑖𝑠𝑑 +

𝐿𝑞

𝐿𝑑
𝑝𝑖𝑠𝑞𝜔𝑔 (2.10) 

𝑑𝑖𝑠𝑞

𝑑𝑡
= −

1

𝐿𝑞
𝑣𝑠𝑞 −

𝑅𝑠
𝐿𝑞
𝑖𝑠𝑞 −

𝐿𝑑
𝐿𝑞
𝑖𝑠𝑑𝑝𝜔𝑔 +

1

𝐿𝑞
𝜓𝑃𝑀𝑝𝜔𝑔 (2.11) 

𝑑𝜔𝑔

𝑑𝑡
=
𝑇𝑚𝑒𝑐
𝐽𝑃𝑀𝑆𝐺

−
𝑇𝑒𝑃𝑀𝑆𝐺
𝐽𝑃𝑀𝑆𝐺

−
𝐵𝑃𝑀𝑆𝐺𝜔𝑔

𝐽𝑃𝑀𝑆𝐺
 (2.12) 

 

 

(a)                                                                  (b) 

Figure 2.3 Equivalent circuit of the PMSG in d-axis and q-axis frames. 
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where 𝑣𝑠𝑑 and 𝑣𝑠𝑞 are the stator voltages, 𝑖𝑠𝑑 and 𝑖𝑠𝑑 are the stator currents, 𝐿𝑑 and 𝐿𝑞 are the 

equivalent inductances of stator windings in dq-frame, respectively. 𝑅𝑠 is the stator resistance, 

𝜔𝑔 is the generator mechanical rotor speed, 𝜓𝑃𝑀 is the flux linkage produced by the permanent 

magnets, and 𝑝 is the number of pole pairs. 𝑇𝑚𝑒𝑐 is the mechanical input torque which is equal to 

𝑇𝐻𝐾𝑇/𝑔𝑟 for a single-mass drivetrain. 𝐽𝑃𝑀𝑆𝐺  and 𝐵𝑃𝑀𝑆𝐺 are the system moment of inertia and 

damping of the generator, respectively. 

The electromagnetic torque is equal to: 

𝑇𝑒𝑃𝑀𝑆𝐺 = 1.5𝑝(𝜓𝑃𝑀𝑖𝑠𝑞 − (𝐿𝑞 − 𝐿𝑑)𝑖𝑠𝑑𝑖𝑠𝑞) (2.13) 

For constant flux operation when 𝑖𝑠𝑑 equals to zero, the electromagnetic torque is equal to  

𝑇𝑒𝑃𝑀𝑆𝐺 = 1.5𝑝𝜓𝑃𝑀𝑖𝑠𝑞 , => 𝑇𝑒𝑃𝑀𝑆𝐺 = 𝐾𝑇𝑖𝑠𝑞 (2.14) 

where KT is the generator torque constant.  

2.1.4 Control Strategies for Fixed-Pitch HKT 

Figure 2.4 shows the power coefficient versus rotor speed at a constant water speed for a 

fixed-pitch HKT. The turbine can work in either the low-speed (stall) region (section I), the 

MPPT point or the high-speed region (section II).  

 

Figure 2.4 the power coefficient (𝐶𝑝) versus rotor speed  (𝜔𝑚) for a constant water speed (𝑣𝑇). 
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Low-speed (stall) region: in this region, the output power of the HKT varies between zero 

and the maximum available power, while its rotor speed changes from zero to MPPT speed. 

Since the turbine rotor speed can be zero, one can implement the shutdown procedure in this 

region. For a fixed-pitch HKT, the shutdown procedure includes reducing the shaft speed to zero 

by controlling generator speed, and then applying the mechanical braking system at zero rotor 

speed. It is highly recommended to stop the rotor turbine when the water speed is very high to 

avoid electrical and mechanical problems [28]. However, direct power control in this region 

requires a sophisticated control scheme because of the inherent instability characteristics of the 

HKT [27], [38]. From nominal water speed to the maximum water speed (cut-off speed), the 

output power must be limited to the rated value of the HKT; an operation mode called a constant 

power mode (CPM). The transition between the MPPT and the CPM at rated water speed is 

important. During this transition, the rotor speed should be limited to the rated level to keep 

centrifugal forces below values tolerated by the rotor [25]. However, based on the application of 

HKT turbine in the power system, the selection of operating parameters such as the nominal 

water speed and the cut-off water speed can change during the design procedure [39].   

MPPT point: the MPPT algorithm extracts maximum power from the HKT. In MPPT 

operation, the generator speed controller regulates the rotor speed (𝜔𝑚) so that the turbine 

rotates at the optimal tip speed ratio for various water speeds. The rotor turbine speed changes 

linearly with the water speed through the MPPT operation. Usually, if the MPPT is used, it 

begins from the cut-in water speed and finishes at the rated water speed as shown in Figure 2.2 

(b). The cut-in speed is the speed at which the turbine and generator begin rotating and 

generating power. 

Table 2.1 gives a summary of some MPPT algorithms available in the literature [40], [41], 

[42]. The MPPT methods can be broadly classified into searching algorithms, optimal curve 

characteristic techniques, and the combination of searching and optimal curve methods. 

Advantages and disadvantages of each method are mentioned in Table 2.1. In this research, an 

optimal curve characteristic method such as power signal feedback (PFS) will be used because of 

its simple and satisfactory steady-state and dynamic performance. This method can later be 

improved to take advantage of the combination of searching and optimal curve characteristics 

algorithms. A diode rectifier followed by DC-DC converters (boost type) or active rectifiers are 
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the most common power converter structures suggested in the literature to implement the MPPT 

procedure for the PMSG speed control.  

MPPT 

Methods 
Features 

Searching 

method such as 

hill climbing 

searching 

(HCS) 

 

Advantages: 

• Does not require any prior knowledge of the system characteristics. 

• Can be implemented without using water speed sensor. 

Disadvantages: 

• Its performance significantly deteriorates under rapidly change of water 

speed. 

• The speed of convergence and the efficiency of the MPPT dependeds on the 

perturbation step size. 

• Oscillations are an unavoidable in the HCS control. 

Optimal curve 

characteristics 

methods such 

as power signal 

feedback (PSF), 

tip speed ratio 

(TSR), etc. 

 

Advantages: 

• Very fast and efficient 

• Satisfactory steady-state and dynamic characteristics 

• A-priori system specific knowledge is required. 

Disadvantages: 

• The non-constant efficiencies of the generator-converter subsystems can 

result in the deviation of the actual optimum points from the stored data. 

• Cannot be used together with variable-pitch control or stall region control. 

Combination of 

searching and 

optimal curve 

characteristics 

Advantages: 

• Fast tracking capability under high rate of change of water speed conditions 

• Does not require any prior knowledge of the system characteristics 

• Water speed measurement is not required 

Disadvantages: 

• Require a complex control procedure 

Table 2.1 A summary of some MPPT algorithms used in the HKECS. 
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High-speed region: in this region, the output power of the HKT can change from the MPPT 

value to zero, while the rotational speed operates above the MPPT speed. During very low power 

operation, the turbine rotor speed is much higher than the MPPT speed, which may lead to the 

problem of over-speed [27] during high water speeds. The PMSG/turbine must work below the 

rated value of the rotor speed. However, some control strategies exist in the literature regarding 

the operation of the turbine in this region [43], [44], [45]. The rated value of the generator rotor 

speed is increased when the operation of the HKT in the high-speed region is desirable. In this 

region, the turbine operates at a deloading (DL) mode by decreasing turbine power efficiency, 

obtained with the help of generator power/torque control [44]. The HKECS can contribute to 

frequency support control and active power sharing of the microgrid by adding power reserves 

obtained from the deloaded turbine and the stored kinetic energy in the rotating parts to the grid 

during a disturbance, e.g., a sudden load change. Ignoring losses, Figure 2.5 shows the HKECS 

power flow while increasing the load power 𝑃𝑙𝑜𝑎𝑑  and the HKT working in section II. The load 

power increase should trigger a speed reduction to increase the HKT power 𝑃𝐻𝐾𝑇 and decrease 

stored mechanical power 𝑃𝑚𝑒𝑐ℎ at the same time. Therefore, the load power increase is 

compensated by releasing the stored kinetic energy and converting to electrical energy. The DL 

percentage should be determined based on prevailing water speed and the maximum allowable 

limit of the generator rotor speed [45]. Furthermore, it is important to use an appropriate control 

strategy to control rotor speed so that sufficient stored power is injected into the microgrid. 

 

Figure 2.5 HKECS power flow during deceleration when HKT works in section II. 
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2.1.5 HKECS Power Electronic Interfaces 

A PMSG is commonly connected to a load/grid through a power electronic interface (PEI), 

which usually includes a generator-side and a grid/load-side converter. The generator-side and 

grid-side converter are connected back-to-back through a DC-link capacitor. Control strategies of 

the grid-side and the generator-side can be developed based on HKECS and grid requirements. 

Figure 2.6 shows three most common generator-side configurations that can be used with the 

PMSG in low voltage (LV) operations where voltages are below 1000V [46]. A 2-level voltage 

source inverter (2L-VSI) is selected for the grid-side converter. A review of these configurations 

used in the literature is given in following sections. 

 

Figure 2.6 Different generator-side converter topologies. 

2.1.5.1 Option I: 6-switch converter and 2L-VSI  

In this option, a 6-switch converter (active rectifier) and a 2L-VSI are connected through the DC-

link capacitor. The PMSG can operate with a variable rotor speed and power factor control by 

using the 6-switch converter as the generator-side converter. This converter usually controls the 

torque (or speed) of the PMSG by controlling dq-frame currents (𝑖𝑠𝑑 and 𝑖𝑠𝑞). In this case, the 
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torque (or speed) of the PMSG is controlled with 𝑖𝑠𝑞, while 𝑖𝑠𝑑 can be kept at zero [47]. Figure 

2.7 shows the schematic diagram of the PMSG controller based on the 6-switch converter in the 

dq-frame. The current feedback signals are converted from abc to dq-frame using the Park 

transformation and passed through the controllers to generate the required control signals. Then, 

control signals are converted from dq to abc-frame and delivered to the pulse width modulation 

(PWM) inverter [37]. Park transformation and its inverse are given in Appendix B. Although the 

six-switch converter makes the control scheme more complicated and sensitive than the simple 

structures such as the diode rectifier, it provides a full-scale control for the PMSG. Moreover, the 

harmonic distortion developed in the output current of the generator is lower than the diode 

rectifier structures. Also, the generator losses can be minimized by optimal control of the d-axis 

stator current [48]. Another benefit of this topology is bi-directional operation, which can help 

starting up the turbine system [27]. 

 

 

Figure 2.7 PMSG controller in dq-frame [37]. 

The grid-side converter is controlled so as to transfer the available DC-link power into the 

grid. The controller can be designed to operate as a current-controlled voltage source inverter 

(CC-VSI) or voltage-controlled voltage source inverter (VC-VSI) [49]. The CC-VSI serves to 

control the active and reactive power generated to the grid based on desirable power factor while 
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VC-VSI makes desirable output voltage and frequency at the load side for a stand-alone 

operation. 

Figure 2.8 shows the schematic diagram of the 2-level CC-VSI and its electronic interface. It 

essentially involves two cascaded control loops. An internal current loop is responsible for 

regulating the inverter output current and an external DC-link voltage loop (or power-flow 

controller) is used to balance the power flow into the intermediate DC bus [50]. The output 

current of the inverter and grid voltage are transferred from the abc-frame to the dq-frame using 

the Park transformation and a phase-locked loop (PLL) controller [51]. The PLL provides an 

estimation of the grid frequency and phase angle from the grid voltage.  

 

 

Figure 2.8 Schematic of CC-VSI and its electronic interface. 
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The AC-side dynamics of the CC-VSI in the dq-frame can be given by the following 

equations. 

𝑑𝑖𝑜𝑑
dt

= −
𝑅𝐹
𝐿𝐹
𝑖𝑜𝑑 + 𝜔𝑖𝑜𝑞 +

𝑣𝑜𝑑
𝐿𝐹

−
𝑣𝑖𝑑
𝐿𝐹
   (2.15) 

𝑑𝑖𝑜𝑞

dt
= −

𝑅𝐹
𝐿𝐹
𝑖𝑜𝑞 − 𝜔𝑖𝑜𝑑 +

𝑣𝑜𝑞

𝐿𝐹
−
𝑣𝑖𝑞

𝐿𝐹
   (2.16) 

where 𝑅𝐹 and 𝐿𝐹 are the resistance and inductance of the filter, respectively. (𝑣𝑜𝑑, 𝑣𝑜𝑞), (𝑣𝑖𝑑, 

𝑣𝑖𝑞), and (𝑖𝑜𝑑, 𝑖𝑜𝑞) are the grid voltage, the output voltage of inverter, and the output current of 

inverter in the dq-frame, respectively.  

According to equation (2.15) and (2.16), the control block diagram of the inner current loops 

of the CC-VSI in the dq-frame is developed and shown in Figure 2.9. In this figure, the closed-

loop transfer function of the current control loop in the s-domain can be given as  

𝐺𝑐𝑖𝑙(𝑠) =
𝑖𝑜 (𝑑𝑞)

𝑖𝑜 (𝑑𝑞),𝑟𝑒𝑓
=

𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠)

𝑠𝐿𝐹 + 𝑅𝐹+𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠)
 (2.17) 

 

Figure 2.9 control block diagram of internal current controlled VSI in dq-frame. 
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𝐺𝑃𝑊𝑀(𝑠) is the transfer function of the PWM inverter and it can be determined in the s-domain 

as 

𝐺𝑃𝑊𝑀(𝑠)  =
𝑀𝑃𝑊𝑀

1 + 𝑠(𝑇𝑠/2 + 𝑇𝐷)
 (2.18) 

where 𝑀𝑃𝑊𝑀 is the gain of the PWM block, 𝑇𝑠 is the controller sampling time, and 𝑇𝐷 is the 

inverter delay. The current controller 𝐺𝑖(𝑠) is a proportional-integral (PI) type controller whose 

transfer function is given by  

𝐺𝑖(𝑠) = 𝐾𝑝𝑐 +
𝐾𝑖𝑐
𝑠

 (2.19) 

where 𝐾𝑝𝑐 and 𝐾𝑖𝑐 are the proportional and integral gains of the PI controller. The PI controller 

gains are designed so that 𝐺𝑖𝑐𝑙(𝑠) yields a unity DC gain and an adequate bandwidth with a 

rejection of high-frequency disturbances. Setting 𝐾𝑝𝑐 and 𝐾𝑖𝑐 to 𝐿𝐹/𝜏𝑖 and 𝑅𝐹/𝜏𝑖, respectively, 

then, 𝐺𝑖𝑐𝑙(𝑠) can be approximated as the first-order transfer function [50]   

𝐺𝑐𝑖𝑙(𝑠) =
1

𝜏𝑖𝑠 + 1
 (2.20) 

where 𝜏𝑖 is the time-constant of the current controller. 𝜏𝑖 represents the bandwidth of the current 

control loop and is a design choice. Here, the bandwidth of the current control loop is designed 

one-tenth of the inverter switching frequency 𝑓𝑠𝑤. The current controller parameters are designed 

for a 1.2 kHz bandwidth and a 73° phase margin. The Bode plot of the open-loop and closed-

loop of the inner current control are shown in Figure 2.10. From the closed-loop plot, the gain at a 

frequency of 0.1 Hz (low frequency) is 0 dB with a phase of 0° and the bandwidth (3 dB below 

its magnitude at DC) is about 1.2 kHz. 
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Figure 2.10 Bode plot for closed-loop and open-loop cuurent controller. VSI parameters: 𝑅𝐹 = 0.1 Ω, 

 𝐿𝐹 = 2 𝑚𝐻  𝜏𝑖 = 0.0008 𝑠, 𝑀𝑃𝑊𝑀=1, 𝑇𝑠 = 80 𝜂𝑠, 𝑇𝐷 = 20 𝜂𝑠. 

 

The output active and reactive power of the inverter in dq-frame can be given as [50]  

𝑃𝑔𝑟𝑖𝑑 =
3

2
(𝑣𝑜𝑑𝑖𝑜𝑑 + 𝑣𝑜𝑞𝑖𝑜𝑞) (2.21) 

𝑄𝑔𝑟𝑖𝑑 =
3

2
(𝑣𝑜𝑞𝑖𝑜𝑑 − 𝑣𝑜𝑑𝑖𝑜𝑞) (2.22) 

To obtain a decoupled active and reactive power control scheme of the CC-VSI, the d-axis 

voltage 𝑣𝑜𝑑 is aligned with the grid voltage as shown in Figure 2.11. Therefore, 𝑣𝑜𝑑is equal to 

grid voltage magnitude |𝑉𝑜|, and the resultant q-axis voltage 𝑣𝑜𝑞 is equal to zero. So, the equation 

of (2.21) and (2.22) can be simplified as  

𝑃𝑔𝑟𝑖𝑑 =
3

2
|𝑉𝑜|𝑖𝑜𝑑 (2.23) 

𝑄𝑔𝑟𝑖𝑑 = −
3

2
|𝑉𝑜|𝑖𝑜𝑞 (2.24) 
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From (2.24), the q-axis current reference 𝑖𝑜𝑞,𝑟𝑒𝑓 is obtained as 

𝑖𝑜𝑞,𝑟𝑒𝑓 =
𝑄𝑔𝑟𝑖𝑑,   𝑟𝑒𝑓

−1.5|𝑉𝑜|
 (2.25) 

where 𝑄𝑔𝑟𝑖𝑑,   𝑟𝑒𝑓is the reactive power reference, which can be set to zero, a negative value, and a 

positive value for unity power factor operation, leading power factor operation, and lagging 

power factor operation, respectively. The generated active power is represented by the d-axis 

current reference 𝑖𝑜𝑑,𝑟𝑒𝑓 . It is produced by a PI controller for the DC-link voltage control. The 

controller (DC-link controller) is chosen to have slower response than the inner current control 

loop. The controller gains were selected using MATLAB control system toolbox in order to 

obtain a zero steady-state error to a step reference signal and desired bandwidth and phase 

margin. Here, a bandwidth of 100 Hz and 73° phase margin is selected to provide a good DC-

link voltage regulation. The controller gains are given in Appendix A. 

 

Figure 2.11 Space vector diagram CC-VSI control scheme. 

The control task of the generator-side and grid-side converters may also change based on their 

application. In [52], the function of the generator-side converter is to regulate the DC-link 

voltage while the grid-side converter controls the active and reactive power injected into the grid, 
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independently. This method of control is suitable for the direct drivetrain multi-pole PMSG to 

damp the torsional oscillations actively in the drivetrain whenever the system gets excited, i.e., 

during water speed fluctuations.  

• Synchronous reference frame PLL 

 Figure 2.12 shows the block diagram of the PLL system implemented based on three-phase 

synchronous reference frame (SRF) [53]. It provides an accurate frequency and phase angle 

estimation of the grid voltage. The basic concept of the SRF-PLL is explained in [53]. For a 

balanced three-phase system when the PLL is locked, the q-axis voltage decreases to zero. When 

the PLL is not locked, the q-axis voltage is not zero and it has a small error. So, a closed-loop 

control system using a PI controller is applied on the q-axis voltage to remove steady-state error 

and then to lock the PLL. 𝑓𝑜 is the frequency feedforward which is set at the nominal frequency, 

e.g. 60 Hz. Figure 2.13 shows the performance of the PLL under both a phase jump of 90° and an 

increment step change of the grid frequency from 60 Hz to 59 Hz at 0.6 s. The applied 

proportional and integral gains of the PI controller were 2500 and 3200, respectively. It is shown 

that the locked AC voltage and estimated voltage phase angle are able to follow grid voltage and 

phase angle within 2 ms. Also, the grid frequency is estimated within 6 ms. 

 

Figure 2.12 Block diagram of three phase SRF-PLL. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2.13 Simulation results of SRF-PLL performance under both a phase jump of 90° and a step 

change of frequency from 60 Hz to 59 Hz. (a) the grid voltage in abc-frame, (b) the phase angle of the 

grid voltage, (c) input ideal and locked grid voltage, and (d) the grid and estimated frequency. 
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2.1.5.2 Option II: diode rectifier, DC-DC converter (boost type) and 2L-VSI 

Compared to the 6-switch converter and the 2L-VSI, this topology is simpler, cheaper and its 

control strategy has the benefits of lower parameter sensitivity and lower switching losses [54]. 

However, harmonic distortion including both low and high switching-frequency harmonics is 

developed in the output current of the generator. They cause power losses in the generator. 

Moreover, it is impossible to obtain the optimal current control such as loss-minimization control 

and flux-weakening control for the PMSG [21]. It increases the output voltage of the diode-

rectifier to a higher level which is appropriate for the VSI operation. Therefore, this topology 

improves the performance of the HKECS, especially during low water speeds. The grid-side 

converter can work to control the injected active and reactive power into the grid, or to regulate 

the output voltage and frequency at the load side of a stand-alone operation, as explained in 

previous section.  

For the PMSG connected to a diode rectifer, the per-phase equations in balanced steady-state 

operation are [37] 

𝑉𝑠 = 𝐸𝑔 − 𝐼𝑠(𝑅𝑠 + j𝑝𝜔𝑔𝐿𝑠) (2.26) 

𝐸𝑔 = 𝐾𝐸𝜔𝑔   (2.27) 

𝑇𝑒𝑃𝑀𝑆𝐺 = 𝐾𝑇𝐼𝑠 , 𝐾𝑇 =
3

2
√2 𝑝𝜆𝑚   (2.28) 

𝑃𝑒𝑃𝑀𝑆𝐺 = 𝑇𝑒𝑃𝑀𝑆𝐺  𝜔𝑔 (2.29) 

where 𝑅𝑠, 𝐿𝑠,  𝐸𝑔,  𝑉𝑠, 𝐼𝑠,  𝜆𝑚, and 𝜔𝑔 are the stator resistance, the stator inductance, the back 

electromotive force (back-EMF), the  generator terminal voltage, the generator line current, the 

flux linkage produced by the permanent magnets, the generator electrical speed of rotor, and the 

generator mechanical speed of rotor, respectively. 𝑝 is the number of pole pairs.  𝐾𝑇 and 𝐾𝐸 are 

the torque constant and the back-EMF constant, respectively. 𝑃𝑒𝑃𝑀𝑆𝐺  and 𝑇𝑒𝑃𝑀𝑆𝐺 are the 

generator output power and the electromechanical torque, respectively. 

Neglecting the power losses, the average values of the output voltage, current and power of 

the diode rectifier in steady-state conditions are approximatly given by 
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𝑉𝑑𝑐 =
3√6

𝜋
𝑉𝑠 

(2.30) 

𝐼𝑑𝑐 =
𝜋

√6
𝐼𝑠 (2.31) 

𝑃𝑑𝑐 = 𝑉𝑑𝑐𝐼𝑑𝑐 ≈ 𝑃𝑒𝑃𝑀𝑆𝐺 = 3𝑉𝑔𝐼𝑔 ≈ 𝑃𝐻𝐾𝑇 (𝑉𝑇, 𝜔𝑚) (2.32) 

From equation (2.26), (2.27), and (2.30) 𝑉𝑑𝑐 can be deducted as  

𝑉𝑑𝑐 =
3√6

𝜋
𝐾𝐸𝜔𝑔 −

3√6

𝜋
𝐼𝑠(𝑅𝑠 + j𝑝𝜔𝑔𝐿𝑠) (2.33) 

From equation (2.33) , it is possible to obtain an approximation for 𝑉𝑑𝑐 as a function of 

generator rotor speeds and water speeds. Using the parameters listed in Appendix A, the 

theoretical relationship between output voltage of the diode rectifier and the generator rotor 

speed for various water speeds is obtained and shown in Figure 2.14. There one can observe that 

the 𝑉𝑑𝑐 − 𝜔𝑔 relationship is approximately linear and can be expressed as  

𝑉𝑑𝑐 = 𝐾𝑉𝜔𝑔 (2.34) 

where 𝐾𝑉 is the voltage constant. Equation (2.34) helps to implement a simple control scheme 

and to avoid the generator speed measurement [55]. With this method, the shaft speed of the 

PMSG/HKT can be regulated by adjusting the value of 𝑉𝑑𝑐. This can be realized using the PWM 

DC-DC boost converter. 
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Figure 2.14  𝑉𝑑𝑐 vs. PMSG rotor speed 𝜔𝑔 across various water speeds. 

 

• Averaged model of the boost converter 

The simplified circuit and nonlinear averaged model of the boost converter are shown in 

Figure 2.15 (a) and (b) [56]. The dynamics of the idealized boost converter can be described by 

the following equations: 

𝑑𝑖𝑑𝑐
dt

=
1

𝐿𝑐
[�̅�𝑑𝑐 − 𝑑

′�̅�𝑜] (2.35) 

𝑑�̅�𝑜
dt

=
1

𝐶
[𝑑′𝑖�̅�𝑐 −

�̅�𝑜
R
] (2.36) 

where 𝑣𝑑𝑐  , 𝑖𝑑𝑐, 𝑣𝑜, 𝐿𝑐, and C are the input voltage, the input current, the output voltage, the 

input inductor and the output capacitor of the DC-DC boost converter, and overbars denote 

average values. 𝑑′ = 1 − 𝑑 , where 𝑑 is the duty cycle. From equation (2.15) and (2.16), if the 

output voltage is regulated by the grid-side converter at a given value, the input voltage as well 

as input current of the boost converter can be controlled through a feedback control system.  
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(a) 

 

(b) 

Figure 2.15 a) Simplified circuit of the boost converter, b) nonlinear averaged model of the boost 

converter. 

Figure 2.16 shows simulation results of the HKECS when a PMSG is connected to a three-

phase grid through a diode rectifier, a DC-DC boost converter and a 2L-VSI. The input 

mechanical torque of the PMSG is set at -15 N.m. The grid is 120 V L-L and 60 Hz. The 

function of the 2L-VSI is to regulate the DC-link voltage at 280 V while it regulates the output 

reactive power of the HKECS 𝑄𝐻𝐾𝐸𝐶𝑆 at 0 VAR (unity power factor). Other simulation 

parameters are given in Appendix A. A step change from 0.5 to 0.6 at 20 s is applied to the duty 

cycle of the boost converter. Figure 2.16 (a) shows the input voltage 𝑣𝑑𝑐  and the output voltage 

𝑉𝑑𝑐−𝑙𝑖𝑛𝑘 of the boost converter. One can see that 𝑉𝑑𝑐−𝑙𝑖𝑛𝑘 is regulated at 280 W while 𝑣𝑑𝑐 is 

changed from 140 V to 111 V according to the duty cycle change. 𝑣𝑑𝑐 decreases with increasing 

the duty cycle and vice versa. The HKECS output active and reactive power are shown in Figure 

2.16(b). One can see that the generated active power is changed with duty cycle variation while 

the HKECS is controlled to operate at unity power factor. The fundamental waveforms of 

HKECS output current and grid voltage are also shown in Figure 2.16(c).  
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(a) 

 
(b) 

  
(c) 

Figure 2.16 Simulation results of the power electronics interface performance of the HKECS performance 

for an increase step change from 0.5 to 0.6 in duty cycle of the boost converter. a) output voltage of diode 

rectifier and DC-link voltage b) output active and reactive power of the HKECS, c) output current and 

voltage of the HKECS. 

2.1.5.3 Option III, diode rectifier + 2L-VSI 

    In this configuration, a DC-link capacitor links the diode rectifier and 2L-VSI as shown in 

Figure 2.6. This structure is simpler, cheaper and more reliable than the 6-switch converter and 

2L-VSI [57]. The VSI controls the HKECS active and reactive power. In this way, the speed of 
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the PMSG can be controlled by the inverter output current/power.  However, the magnitude of 

the DC-link voltage changes widely, which can lead to overvoltage, with potential damage to the 

equipment, and under voltage, with a loss of power control by the inverter. In [58], [59], and 

[60], a breaking resistor or controllable DC load (CDCL) is suggested for assisting with the 

regulation of the DC-link voltage for overvoltage and active power curtailment (APC). To obtain 

the DC-link voltage regulation with the CDCL, sizing of braking resistor and capacitor is an 

important issue. The minimum DC-link voltage should be selected to be more than grid line 

voltage magnitude to operate the inverter properly. The DC-link voltage decreases when the 

equivalent resistance reduces. Sizing the capacitor depends on DC-link voltage ripple, voltage 

recovery time, and other factors.  

Furthermore, the output voltage of the diode rectifier becomes relatively low during low water 

speeds. As mentioned earlier, the DC-link voltage must be higher than the grid line-line voltage 

magnitude. One alternative solution can be that the VSI absorbs reactive power from the grid to 

deal with this limitation [61]. Figure 2.17 shows the VSI vector diagram under unit power factor 

(UPF) and leading power factor (LPF) operation. Neglecting losses, for the constant output 

active power, the output voltage of the inverter can be lower than the grid voltage when the 

inverter works at the LPF. However, some issues such as the over-current of the converter and 

synchronous generator may limit this application. Another solution is using a gearbox. This helps 

to increase the shaft speed as well as DC-link voltage. However, the maintenance problem of the 

gearbox introduces another issue. Similar to the option II, high harmonic distortion develops in 

the output current of the generator due to the diode rectifier. It may cause heating issues, 

efficiency reduction, and torque ripple in the PMSG.  
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Figure 2.17 VSI vector diagram for unit power factor (UPF) and leading power factor (LPF) operation. 

2.2 Diesel Generator Set  

Figure 2.18 shows the diesel genset model. It includes five main components: a diesel engine 

as a prime mover, a coupling shaft, an electrical generator i.e. a synchronous generator, a speed 

governor, and automatic voltage regulator (AVR) [22]. The mathematical model of the genset 

subsystems are described in following sections. 

 

Figure 2.18 Diesel genset model. 
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2.2.1 Diesel Engine and Coupling Shaft 

The mathematical model of the diesel engine consists of three main elements: fuel injection 

gain, fuel injection delay, and the inertia of rotating parts including the engine and flywheel [34], 

[62]. The fuel injection gain and delay model can be described as  

𝑇𝑒𝑛 = 𝑇𝑓(𝑚𝑓)𝑒
−𝜏𝑠𝑡 (2.37) 

where 𝑇𝑒𝑛 is the engine mechanical torque and 𝑇𝑓 is a nonlinear function of the diesel engine 

fuelling rate, 𝑚𝑓. 𝜏𝑠 is dead-time of the diesel engine which depends on the engine 

characteristics. The shaft dynamic of the diesel engine torque and the generator can be 

represented by the mathematical equations similar to equation (2.6). 

2.2.2 Electrical Generator  

The genset is usually equipped with a wound rotor synchronous generator. It can be modeled 

in the dq-frame based on model 1.0 of IEEE Std. 1110-2002 [63], [34]. This model includes the 

dynamics of the field and stator circuits. The model equations are  

𝑑𝑖𝑠𝑑
dt

= −
𝑅𝑠
𝐿𝑠
𝑖𝑠𝑑 + 𝜔𝑒𝑖𝑠𝑞 −

𝑣𝑠𝑑
𝐿𝑠
−
𝐿𝑚
𝐿𝑓

𝑑𝑖𝑓

dt
   (2.38) 

𝑑𝑖𝑠𝑞

dt
= −

𝑅𝑠
𝐿𝑠
𝑖𝑠𝑞 + 𝜔𝑒𝑖𝑠𝑞 −

𝑣𝑠𝑞

𝐿𝑠
− 𝜔𝑒

𝐿𝑚
𝐿𝑓
𝑖𝑓   (2.39) 

𝑑𝑖𝑓

dt
= −

𝑅𝑓

𝐿𝑓
𝑖𝑓 +

𝑣𝑓

𝐿𝑓
−
𝐿𝑚
𝐿𝑓

𝑑𝑖𝑠𝑑
dt
   

(2.40) 

where 𝑣𝑠𝑑, 𝑣𝑠𝑞 and 𝑖𝑠𝑑, 𝑖𝑠𝑞 are the stator voltage and currents in the dq-frame, respectively. 𝑅𝑠 

and 𝐿𝑠 are the stator resistance and inductance, 𝐿𝑓 is the field excitation circuit inductance and 

𝐿𝑚 is the mutual inductance between field circuit and the d-axis of the stator. 𝑣𝑓 and 𝑖𝑓 represent 

the excitation circuit voltage and current, and 𝜔𝑒 is the electrical angular speed of the generator. 

𝜔𝑒 is synchronized with the generator shaft speed (mechanical) 𝜔𝑚 as  
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𝜔𝑚 =
𝜔𝑒
𝑝
=  
2𝜋𝑓𝑒
𝑝

 (2.41) 

where 𝑝 is the number of pole pairs and 𝑓𝑒  is the electrical frequency of the generator. 

The active power, reactive power, electromagnetic torque generated by the synchronous 

generator based on the dq-frame parameters are given as [50] 

𝑃𝑔𝑒𝑛 =
3

2
(𝑣𝑠𝑑𝑖𝑠𝑑 + 𝑣𝑠𝑞𝑖𝑠𝑞) (2.42) 

𝑄𝑔𝑒𝑛 =
3

2
(𝑣𝑠𝑑𝑖𝑠𝑞 − 𝑣𝑠𝑞𝑖𝑠𝑑) (2.43) 

𝑇𝑔𝑒𝑛 =
𝑃𝑔𝑒𝑛

𝜔𝑚
=
3

2
𝑛𝑝𝑝𝐿𝑚𝑖𝑠𝑞𝑖𝑓 (2.44) 

2.2.3 Speed Governor 

The speed governor adjusts 𝜔𝑚, as well as 𝜔𝑒, after load turbulence on the diesel genset. It 

can operate either in an isochronous control mode or a droop speed control mode. In the 

isochronous mode, 𝜔𝑚 will return to a reference speed set point after a load change. With the 

droop regulation, the droop control provides a reference speed for the governor control as a 

function of the diesel genset output power [64]. The reference generator shaft speed can be 

calculated as 

𝜔𝑚,   𝑟𝑒𝑓 = 𝜔𝑚,   𝑛𝑙 −𝑚1𝑃𝑔𝑒𝑛 (2.45) 

where 𝜔𝑚,   𝑛𝑙, 𝑃𝑔𝑒𝑛 and 𝑚1 are the no-load generator shaft speed (rad/s), the diesel genset output 

power (W), and the droop gain (rad/sW), respectively. With isochronous regulation, the droop 

gain is disabled (𝑚1=0), and 𝜔𝑚,𝑛𝑙  is set to a constant value, e.g., 188.49 rad/s (or 60 Hz for 4 

poles machine).  

Figure 2.19 (a) illustrates the speed governor block diagram. The governor speed structure is a 

PI controller with feedback of the actual shaft speed. The PI controller is designed to eliminate 



 

41 

 

the steady-state error between the actual generator shaft speed and reference generator shaft 

speed, and to obtain a fast dynamic response. The actual generator shaft speed can be estimated 

from the generator output voltage based on the PLL [65] as discussed in previous Section. 

2.2.4 Automatic Voltage Regulator (AVR) 

The excitation system regulates the output voltage of the synchronous generator. It includes 

an electronic AVR and an exciter circuit. The VAR adjusts the synchronous generator terminal 

voltage by regulating the excitation level of the synchronous generator. It is modelled based on 

IEEE Std. 412.5. It includes a thyristor-based rectifier controlled by a closed-loop PI controller 

as shown in Figure 2.19 (b). Regarding the dynamics of the rectifier, it can be represented as a 

first- order transfer function with time-constant 𝜏𝑟𝑒𝑐, and a linear gain 𝑔𝑟𝑒𝑐.  

 

 

(a) 

 

(b) 

Figure 2.19 The model of (a) speed governor, (b) AVR. 
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Figure 2.20 shows simulation results of an isochronous controlled diesel genset which is 

connected to a three-phase load. The initial value of the load is 1.25 kW and then changes to 2 

kW at 20s. The no-load generator shaft speed is selected at 188.49 rad/s (60 Hz) while the droop 

gain value is zero. Other parameters of the diesel genset are given in Appendix A. Figure 2.20 (a) 

shows that the generator frequency (or speed) is returned to its reference value (60 Hz) after the 

load change, regardless of the output power of the diesel genset. The output power, current and 

voltage of the diesel genset are shown in Figure 2.20 (b), (c), and (d), respectively.  

Figure 2.21 shows simulation results for the diesel genset and load change similar to the previous 

test, while the diesel genset operates based on the droop control mode. In the droop mode, the 

no-load generator shaft speed and the droop gain value are selected 194.77 rad/s (62 Hz) and 

0.0005 rad/sW, respectively. Figure 2.21 (a) shows the generator frequency performance before 

and after the load change. It can see that the steady-state value of the generator frequency 

changes with the diesel genset output power based on equation (2.45). Figure 2.21 (b), (c), and 

(d) show the output power, output current and voltage of the diesel genset, respectively. 
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Figure 2.20 Isochronous mode operation of diesel 

genset; (a) frequency, (b) output active power, (c) 

output phase voltage, and (d) output current.  

Figure 2.21 Droop mode operation of diesel 

genset; (a) frequency, (b) output active power, (c) 

output phase voltage, and (d) output current. 

2.3 Summary 

This chapter presented the theoretical background and modeling of the storage-less D-HK 

microgrid. The power tracking control challenges in the HKECS have been discussed. The 

operation of the HKT in both low and high-speed regions have been compared. The HKECS can 

dispatch its output power in the low-speed region from the maximum available power to zero. 

Moreover, the shutdown procedure is achieved in this region. However, an instability problem 

appears due to the inherent characteristics of the HKT. The HKT can be deloaded in the high-

speed region where the power reserve is obtained from the stored kinetic energy in rotational 

parts of the HKECS. However, the deloading percentage and the control strategy to control the 

rotor speed so that sufficient stored power can be injected into the grid, are some of the 

challenges. 
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Some advantages and disadvantages of three conventional power converter topologies have 

been highlighted. A 6-switch converter plus 2L-VSI (back-to-back converter) and diode rectifier 

plus DC-DC converter plus 2L-VSL allow continuous power regulation from zero to the highest 

turbine speed. The diode rectifier plus DC-DC converter is simpler and cheaper than the 6-switch 

converter. However, the problems of harmonic distortion and power losses in the generator arise. 

The diode rectifier plus 2L-VSI can operate at both maximum power tracking and over-speed 

operation. Moreover, in order to achieve active power curtailment and regulate DC-link voltage, 

a controllable DC load can be connected at the DC-link of this topology. However, the sizing of 

the controllable DC load should be considered. Some simulations have shown and discussed in 

order to investigate characteristics and some features of the storage-less D-HK microgrid. 

.
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Chapter 3. Supervisory Power Control for a Dispatchable Fixed-Pitch 

PMSG-Based Hydrokinetic Energy Conversion System 

This chapter presents a new dispatchable power controller for a fixed-pitch cross-flow 

hydrokinetic energy conversion system (HKECS) operating in the low rotational speed (stall) 

region. It delivers a given power requested by an operator (𝑃𝑑𝑐,   𝑠𝑝) provided that the water 

speed is high enough. If not, it delivers as much as possible, operating with a maximum power 

point tracking (MPPT) algorithm while meeting the basic operating limits (i.e. generator voltage 

and rotor speed, rated power and maximum water speed), shutting down automatically if 

necessary.  All this with smooth transitions between modes of operation and without sensing 

neither water speed nor generator speed. The HKECS employs a permanent magnet synchronous 

generator (PMSG), a diode rectifier and a boost DC-DC converter connected to a generic DC 

bus. The control strategy is realized with a single variable, the duty cycle of the boost DC-DC 

converter. It employs an inner diode rectifier output voltage loop and an outer HKECS power 

control loop. The control system is designed and developed based on a linearized model of the 

system. The performance of the proposed dispatchable power controller and supervisory control 

algorithm is verified experimentally with an electromechanical-based hydrokinetic turbine 

(HKT) emulator. 

 

3.1 Introduction  

A hydrokinetic energy conversion system (HKECS) extracts kinetic energy from the running 

water in a river or from tidal currents in the sea. It produces electricity without dams and the 

associated infrastructure required for the conventional hydropower generation [8]. Most 

hydrokinetic turbines (HKTs), such as the cross-flow, operate with a fixed pitch angle. In order 

to control the power absorbed from the water flow, the HKT’s rotational speed has to be 

controlled which can be done using a variable-speed generator control [66], [67]. The 

mechanical power absorbed by the HKT is then converted into electrical power what is usually 

done with a permanent magnet synchronous generator (PMSG) and a power electronics 

interface. A three-phase diode rectifier followed by a boost DC-DC converter is very common as 

the “generator side converter” of small (1 kW – 100 kW) commercial HKECSs [68]. A three-
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phase 6-switch voltage source converter (VSC) has also been considered for HKECSs [69]. It 

can draw a less distorted current from the PMSG and offers more control flexibility at the 

expense of higher costs. 

Usually, below rated water speed (𝑣𝑇,𝑁), the HKECS operates with a maximum power point 

tracking (MPPT) algorithm. From 𝑣𝑇,𝑁  to the cut-off water speed (𝑣𝑇,cut−off), the output power 

should be limited to the rated value of the HKECS, while can be described as a constant power 

mode (CPM), with the HKT operating in the low rotational speed (stall) region. For the 

connection of the HKECS to an AC or DC grid, it is important that it can respond to a grid 

dispatcher’s request to regulate its power production to a given reference value [69]. This can be 

seen as a power regulation mode (PRM) in which the output power should be controlled 

anywhere between zero and the maximum power, as defined by the power vs. water speed curve 

envelope. In addition, the system should shut down if the water speed exceeds 𝑣𝑇,𝑐𝑢𝑡−𝑜𝑓𝑓. This 

can be done with mechanical brakes, but using the power electronics interface would be highly 

desirable. 

Operation of HKECSs and WECSs with MPPT and CPM, above rated water/wind speed, 

have been discussed in [15], [70], [71], [72], [73], [74]. In the majority of the cases, a diode 

rectifier followed by a boost DC-DC converter has been used. A robust gain scheduled control 

scheme for an HKT operating in MPPT and CPM with a single rotor speed control loop was 

proposed in [15]. In [70], operation in CPM in the stall region was accomplished with a cascaded 

outer power and inner speed/voltage control scheme. Besides, a power control strategy to ensure 

safe switching between MPPT and CPM at the rated water speed was presented. In [71], a soft-

stall method employing cascaded outer rotor speed (diode rectifier voltage) and inner current 

controllers for operating the turbine in CPM during high wind conditions is discussed. In [72], 

operation in CPM in the stall region is carried out based on a single speed/voltage control loop 

and a boost DC-DC converter. In [73] using a buck DC-DC converter, a robust overall power 

control strategy for operation in MPPT, speed limiting mode (SLM) and CPM is reported. This is 

achieved with an adaptive controller used as a speed regulator in an outer power and inner 

speed/voltage control loop. In [74], also with a buck DC-DC converter, the smooth transition 

between MPPT and CPM is obtained by a cascaded outer power, middle voltage and inner 

current control scheme. However, in all these methods, a control scheme that allows HKECSs 
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with a diode rectifier and DC-DC converter to operate anywhere within the envelope of the 

power vs. water speed has not been reported. Such a control scheme was achieved in [27] with 

the more sophisticated and costly three-phase 6-switch VSC using a cascaded inner current and 

outer power control loop. Nonetheless, it did not discuss a supervisory control system that yields 

an operator set reference power, provided that the water speed is high enough, or the maximum 

possible otherwise. It should also automatically adjust to water speed variations, delivering when 

possible the requested power, with seamless transitions, while respecting generator voltage and 

rotor speed as well as water speed limits. 

In this chapter, such a supervisory control system is developed for an HKECS with a PMSG-

based fixed-pitch HKT. A diode rectifier followed by a boost DC-DC converter is selected as a 

generator-side converter. It is realized with a cascaded inner speed/voltage and outer power 

control loop. 

3.2 Description of HKT Operating Conditions  

 Figure 3.1 shows the conventional envelope of the output power of a HKT (𝑃𝐻𝐾𝑇) as a 

function of the water speed (𝑣𝑇). From cut-in (𝑣𝑇,𝑐𝑢𝑡_𝑖𝑛) to 𝑣𝑇,𝑔𝑁, the water speed at which the 

generator rotor speed reaches its rated value, the HKT operates in the MPPT mode. From 𝑣𝑇,𝑔𝑁 

to rated water speed (𝑣𝑇,𝑁), the generator speed should be limited to its rated value, what can be 

described as a speed limiting mode (SLM). The SLM can be ignored from the envelope with 

increasing the rated value of generator rotor speed in some application when the operation of the 

HKT in the high speed region is desirable. From 𝑣𝑇,𝑁 to the cut-off water speed (𝑣𝑇,𝑐𝑢𝑡−𝑜𝑓𝑓), the 

output power is limited to the rated value of the HKT, while can be described as a constant 

power mode (CPM). The system should shutdown if the water speed exceeds 𝑣𝑇,𝑐𝑢𝑡−𝑜𝑓𝑓. Unlike 

this conventional approach, where a value of 𝑣𝑇 implies a single value of 𝑃𝐻𝐾𝑇, the HKT should 

be able to regulate its output power to a given reference value anywhere between zero and the 

maximum value of the 𝑃𝐻𝐾𝑇 vs. 𝑣𝑇 envelope. This can be achieved with a power control scheme 

at the stall region called power regulation mode (PRM). In order to achieve safe and seamless 

transition between operating modes, a supervisory power control system is required. Such a 

supervisory control system is discussed in details in Section 3.4.  
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Figure 3.1 HKT output power (𝑃𝐻𝐾𝑇) vs. water speed curve (𝑣𝑇). 

 

 

Figure 3.2 shows the schematic diagram of the HKECS considered in this chapter. It consists 

of a fixed-pitch HKT including a gear box, a PMSG connected to a diode rectifier, a boost DC-

DC converter and a generic DC bus. The latter represents either an autonomous DC microgrid, 

with loads and energy storage system (ESS), or the DC side of an inverter for interfacing the 

HKT to an AC grid. It is assumed that the DC bus is regulated by the DC microgrid or grid-tied 

inverter. The boost DC-DC converter is used to step up the voltage level to a suitable value for 

the generic DC bus but mostly to control the output power of the HKECS. The control unit 

consists of a cascaded outer power and inner output diode rectifier voltage (rotor speed) control 

loop and a supervisory control system as discussed in details next Section. The input signal 

provided by an operator is a reference output power (𝑃𝑑𝑐,   𝑠𝑝) that can be used for shut-down if 

set to zero. The required feedback signals are the output voltage (𝑣𝑑𝑐) and current (𝑖𝑑𝑐) of the 

diode rectifier. No measurements of water nor generator rotor speeds are required. The main 

parameters of the HKECS considered in this chapter are shown in the Appendix A. 
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The output power and torque of a fixed-pitch cross-flow type HKT were introduced in the 

Section 2.1.1. According to equation (2.1), the output power of the HKT, for a given water 

speed, can be reduced by decreasing the power coefficient 𝐶𝑝. This can be done by operating at 

either below or above the tip speed ratio for maximum 𝐶𝑝. ( 𝜆𝑜𝑝𝑡). Regulating the HKT’s output 

power below the 𝜆𝑜𝑝𝑡 region is desirable since it can prevent high rotor speeds [71]. However, it 

requires a more sophisticated control strategy since this region is open loop unstable [15]. This 

subject will be discussed in next Section.  

3.2.1 MPPT Operation 

As shown in Figure 2.2, the HKT operates at maximum power tracking mode (MPPT) for 

various water speeds when it operates at the tip speed ratio for maximum 𝐶𝑝 ( 𝜆𝑜𝑝𝑡) . There are 

several methods to control a HKECS and a WECS to operate in the MPPT mode [75], [76]. 

Many require measurements of 𝑣𝑇 and/or 𝜔𝑚, what makes the system more costly. An 

interesting and simple MPPT algorithm which does not require either one was proposed in [35].  

From equation (2.1), the maximum power from the HKT can be written as follow: 

 

 
 

Figure 3.2 Schematic diagram of the HKECS. 
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𝑃𝐻𝐾𝑇_𝑚𝑎𝑥 = 0.5𝜌𝐴𝐶𝑝,   𝑚𝑎𝑥𝑣𝑡
3 (3.1) 

Substitute equation (2.3) into equation (3.1), 𝑃𝐻𝐾𝑇_𝑚𝑎𝑥 can be obtained as  

𝑃𝐻𝐾𝑇_𝑚𝑎𝑥 = 𝐾𝑜𝑝𝑡𝜔𝑚
3  (3.2) 

where 𝐾𝑜𝑝𝑡 is a constant value depending on the HKT parameters and is given by   

𝐾𝑜𝑝𝑡 =
0.5𝜌𝐴𝑅3𝐶𝑝,   𝑚𝑎𝑥

𝜆𝑜𝑝𝑡
3  (3.3) 

Taking into account that 𝑉𝑑𝑐 is proportional to 𝜔𝑚, the reference voltage corresponding to 

𝑃𝐻𝐾𝑇_𝑚𝑎𝑥 for any value of 𝑣𝑇 is obtained by substituting equation (2.34) into equation (3.2), 

resulting in 

𝑉𝑑𝑐.  𝑀𝑃𝑃𝑇 = 𝐾𝑉
′ √

𝑃𝑑𝑐
𝜇𝐾𝑜𝑝𝑡

3

 (3.4) 

where 𝜇 is the efficiency of the system and 𝐾𝑉
′  is equal to 𝑔𝑟𝐾𝑉. 𝐾𝑜𝑝𝑡 and 𝜇 can be obtained 

through off-line tests or simulations on the HKT, generator, and diode rectifier [35]. Therefore, 

in order to operate the HKT in the MPPT mode, 𝑃𝑑𝑐   can be measured and used to calculate a 

reference value for 𝑉𝑑𝑐 according to equation (3.4). The control loop for 𝑉𝑑𝑐 is analyzed and 

designed in next Section. 

3.3 Design of the Controllers for Power and Speed/Voltage Regulation in the Stall Region  

In order to design a control system for obtaining a desired performance in the low rotational 

speed (stall) region, it is necessary to have a model that represents the behaviour of the HKECS 

at its various operating points. Due to the nonlinear nature of the HKECS, a linearized model of 

the system is needed if one wishes to employ a linear proportional-integral-derivative (PID) type 

controller [38], [77]. Since the electrical dynamics related to the stator of the PMSG, and power 
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electronics interface is much faster than the electromechanical dynamics, the former can be 

neglected.  

Using a single-mass lumped model for the drivetrain of the HKECS and neglecting the 

friction losses the torque equation of the HKT and PMSG is given by 

𝑇𝐻𝐾𝑇 − 𝑇𝑒𝑃𝑀𝑆𝐺
′ = 𝐽

𝑑𝜔𝑚
𝑑𝑡

 (3.5) 

where 𝐽 and 𝑇𝑒𝑃𝑀𝑆𝐺
′ are the total system inertia and the generator electromechanical torque 

reflected to the turbine side of the gear box.  

Using Taylor series expansion on equations of (2.1), (2.28), and (3.5) around one equilibrium 

point (E.P.), defined by (𝐼𝑑𝑐0, 𝜔𝑚0, 𝑉𝑇0)  and ignoring the high-order terms, the linearized small-

signal dynamics of the system is given as  

∆𝑇𝐻𝐾𝑇 − ∆𝑇𝑒𝑃𝑀𝑆𝐺
′ = 𝐽

𝑑∆𝜔𝑚
𝑑𝑡

 (3.6) 

where 

∆𝑇𝐻𝐾𝑇 =
𝜕𝑇𝐻𝐾𝑇
𝜕𝜔𝑚

|
𝜔𝑚0
𝑉𝑇0

∆𝜔𝑚 +
𝜕𝑇𝐻𝐾𝑇
𝜕𝑣𝑇

|
𝜔𝑚0
𝑉𝑇0

∆𝑣𝑇 (3.7) 

where “Δ” is the variation of the variable with respect to the E.P. “
𝜕

𝜕𝜔𝑚
” and “

𝜕

𝜕𝑣𝑇
” are the 

derivative as a function of 𝜔𝑚, and 𝑣𝑇, respectively, and can be calculated as  

𝜕𝑇𝐻𝐾𝑇
𝜕𝜔𝑚

|
𝜔𝑚0
𝑉𝑇0

= 𝛼 = 0.5𝜌𝐴𝑅2𝑉𝑇0(
1

𝜆0

𝜕𝐶𝑝

𝜕𝜆
|
𝜆0

−
𝐶𝑝0

𝜆0
2) (3.8) 

𝜕𝑇𝐻𝐾𝑇
𝜕𝑣𝑇

|
𝜔𝑚0
𝑉𝑇0

= 𝛽 =
0.5𝜌𝐴𝑅𝑉𝑇0

𝜆0
(−𝜆0

𝜕𝐶𝑝

𝜕𝜆
|
𝜆0

+ 3𝐶𝑝0) (3.9) 

, and 
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∆𝑇𝑒𝑃𝑀𝑆𝐺
′ =

𝜕𝑇𝑒𝑃𝑀𝑆𝐺
′

𝜕𝐼𝑑𝑐
∆𝐼𝑑𝑐 = 𝐾′𝑇∆𝐼𝑑𝑐,   𝐾𝑇

′ =
2√3

𝜋𝑔𝑟
𝐾𝑇 (3.10) 

where 
𝜕

𝜕𝐼𝑑𝑐
 is the derivative as a function of 𝐼𝑑𝑐, 

Substituting equation (3.7) and (3.10) into equation (3.6), and taking Laplace “dynamic of the 

system, the linearized small-signal model of the HKECS showing how the rotor speed varies 

with the average value of the output current of the diode rectifier (𝐼𝑑𝑐) and water speed (𝑣𝑇) can 

be expressed as  

𝜔𝑚(𝑠) =
−𝐾𝑇

′

𝐽𝑠 − 𝛼
𝐼𝑑𝑐(𝑠) +

𝛽

𝐽𝑠 − 𝛼
𝑣𝑇(𝑠) (3.11) 

where α and β are parameters that change according to the steady-state operating points. 

As pointed out in Section 3.1, HKECSs are usually controlled with a cascaded inner 

voltage/speed and an outer power loop. Mathematical models for these loops as well as the 

design of suitable (linear) PID-type controllers are discussed in the following Sub-Sections. 

3.3.1 The Inner Speed/Voltage Loop 

As mentioned before, besides stepping up the output voltage of the diode rectifier, the boost 

DC-DC converter provides a single parameter control means for the HKECS. According to 

equation (2.35), the relationship between the average output voltage (𝑉𝑑𝑐) and current (𝐼𝑑𝑐) of 

the diode rectifier and the duty cycle (d) of the boost DC-DC converter in the Laplace domain is 

given as 

𝑉𝑑𝑐(𝑠) = 𝐿𝑐𝑠𝐼𝑑𝑐(𝑠) + 𝑑
′(𝑠)𝑉𝑜(𝑠) (3.12) 

where 𝑑′(𝑠) = 1 − 𝑑(𝑠) and 𝑉𝑜(𝑠) is the DC-link voltage. Since the DC-link is assumed to be 

regulated to a certain value, 𝑉𝑜(𝑠) can be represented by constant value, 𝐾𝑚. Substituting 

equation (2.34), (2.28), (2.32) and (3.12) into equation (3.11) and considering 𝑉𝑜(𝑠) = 𝐾𝑚, one 

can obtain an equation that represents how the average value of the output voltage of the diode 
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rectifier, which is proportional to the rotor speed, varies with the control variable of the boost 

converter and the (uncontrollable) water speed.  

𝑉𝑑𝑐(𝑠) =
𝐾𝑇
′𝐾𝑉

′𝐾𝑚
𝐿𝑐𝐽𝑠2 − 𝐿𝑐𝛼𝑠 + 𝐾𝑇

′𝑘𝐾𝑉
′ 𝑑

′(𝑠) +
𝐿𝑐𝛽

𝐿𝑐𝐽𝑠2 − 𝐿𝑐𝛼𝑠 + 𝐾𝑇
′𝐾𝑉

′ 𝑣𝑇(𝑠) (3.13) 

where 𝐾𝑇
′ =

2√3

𝜋𝑔𝑟
𝐾𝑇. In order to design a controller for the voltage loop, one needs a transfer 

function relating the duty cycle of the boost DC-DC converter to 𝑉𝑑𝑐, which can be obtained 

from equation (3.13):  

𝑉𝑑𝑐(𝑠)

𝑑′(𝑠)
=

𝐾𝑇
′𝐾𝑉

′𝐾𝑚
𝐿𝑐𝐽𝑠2 − 𝐿𝑐𝛼𝑠 + 𝐾𝑇

′𝐾𝑉
′  (3.14) 

From equation (3.14), the system poles can be calculate as 

𝑠1,2 =
𝐿𝑐𝛼 ± √(𝐿𝑐𝛼)2 − 4𝐿𝑐𝐽𝐾𝑇

′𝐾𝑉
′

2𝐽𝐿𝑐
 (3.15) 

Figure 3.3 shows the real part of the plant poles for the cut-in (1.2 m/s) and cut-out (3 m/s) 

water speeds considering the typical range of λ. The system poles have a positive value, being 

located in the right-half-plane (RHP) of the complex plane, for 0.3 < λ < 1.72. This range 

corresponds to the region where the slope of the 𝐶𝑞 vs. 𝜆 curve (
𝜕𝐶𝑞

𝜕𝜆
 ) is positive. λ = 1.72 

corresponds to 𝐶𝑞,𝑚𝑎𝑥 as shown in Figure 2.2 (a). Moreover, the most critical condition, at which 

the poles of the plant present the largest positive real part, occur for 𝑣𝑇 = 3 m/s and λ = 0.8. In 

the MPPT condition where λ = 𝜆𝑜𝑝𝑡 = 2.1, the real part of the plant poles is negative. 
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To stabilize the system dynamics in the stall region, the plant is compensated using a standard 

PID controller and a unity feedback closed-loop voltage control system. The voltage controller 

transfer function, 𝐶𝑉(𝑠), is defined as  

𝐶𝑉(𝑠) = 𝐾𝑝 +
𝐾𝑖
𝑠
+ 𝐾𝑑𝑠 (3.16) 

where 𝐾𝑝, 𝐾𝑖 and 𝐾𝑑 are the proportional, integral and derivative gains, respectively. The voltage 

controller gains were selected using MATLAB control system toolbox in order to obtain a zero 

steady state error to a step reference signal, with a maximum overshoot of 15%, and a settling 

time of less than 0.2 s [78]. The controller is designed for the most critical operating point, 𝑣𝑇 =

3 𝑚/𝑠 and 𝜆 = 0.8. The values of the gains of the voltage controller are given in the Appendix 

A. Figure 3.4 shows the root locus of the system with the designed controller. The closed-loop 

poles have positive real parts, meaning that a stable system is ensured. To observe the behavior 

of the designed controller in the time-domain, the step responses for different values of 𝜆 and for 

𝑣𝑇 = 3 m/s and 𝑣𝑇 = 1.2 m/s are shown in Figure 3.5. It is clear that the system presents 

virtually the same response irrespective of the operating point on the 𝐶𝑝 and 𝐶𝑞 vs. 𝜆 curves.  

 
 

Figure 3.3. The real part of plant poles vs. tip speed ratio at water speed 1.2 m/s and 3 m/s. 
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Figure 3.4 Root locus of the system with the designed voltage controller at 𝑣𝑇 = 3 𝑚/𝑠 and 𝜆 =
0.8. 

 

 

 

Figure 3.5 Step response of the voltage loop for 𝑣𝑇 = 1.2 m/s and 3 m/s at 𝜆 = [0.15, 0.8, 2.1, 3]. 

 

3.3.2 The Outer Power Loop 

The output power of the diode rectifier (𝑃𝑑𝑐) can be regulated to a desirable reference value in 

the stall region using an outer power control loop as shown in Figure 3.6. The error between the 

reference and measured powers passes through a power controller to produce a reference value 
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for the inner voltage loop. For the design of this controller, one needs a relation that shows how 

the actual power is affected by the output voltage of the diode rectifier. Since 𝑃𝑑𝑐 is the product 

of 𝑉𝑑𝑐 and 𝐼𝑑𝑐, the latter being internal to the voltage loop, obtaining a transfer function 

analytically is not straightforward. 

One method that can be used to obtain an approximate transfer function between 𝑃𝑑𝑐 and 𝑉𝑑𝑐 

is to apply a step variation in the reference voltage and observe the output power [78]. In 

principle, from the response of the measured power, one can obtain gain and time constants that 

represent this relation. An experimental test, with the set-up described in Section 2.6, was 

performed to determine the dynamic relation between 𝑃𝑑𝑐 and 𝑉𝑑𝑐. The response of 𝑃𝑑𝑐, with the 

power loop open, to a variation in 𝑉𝑑𝑐
∗  from 80 V to 85 V, with  𝑣𝑇 = 3 m/s is shown in Figure 

3.7. One can see that the output power first decreases, then increases before reaching a steady-

state value higher than before. This indicates a non-minimum-phase system where the power 

loop has an RHP zero. The transfer function corresponding to the relation between 𝑃𝑑𝑐 and 𝑉𝑑𝑐 

can be approximated as [78] 

𝑃𝑑𝑐(𝑠)

𝑉𝑑𝑐(𝑠)
=
𝑀(1 − 𝑇𝑧𝑠)

(1 + 𝑇𝑝𝑠)
 (3.17) 

where 𝑀, 𝑇𝑧, and 𝑇𝑝 are the gain and time constants corresponding to the zero and pole locations. 

The transfer function parameters identified from Figure 3.7 using MATLAB transfer function 

estimation (tfest) function are given in the Appendix A. In order to obtain a zero steady-state 

error to a step input, an integral controller was selected for the power control loop. It is 

represented by 

𝐶𝑃(𝑠) =
𝐾𝑖𝑝

𝑠
 (3.18) 

where 𝐾𝑖𝑝 is the integral gain. 

𝐾𝑖𝑝 was selected as 0.1, so as to also mitigate the impact of the RHP zero. The dynamic 

response of the power loop to a step input variation is shown in Figure 3.8 for 𝑣𝑇 = 1.2 m/s and 

𝑣𝑇 = 3 m/s at 𝜆 = 0.8. There one sees a relatively slow dynamic response, but this is not critical 
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since the power reference value does not change frequently. The settling time for 𝑣𝑇 = 3 m/s and 

𝑣𝑇 = 1.2 m/s are around 5 s and 9 s, respectively.  

 

 
 

Figure 3.6 A cascaded inner voltage and outer power loop control block diagram of the system for 

operation in the stall region. 

 

 

 

 
 

Figure 3.7 𝑃𝑑𝑐 open-loop response to a variation in 𝑉𝑑𝑐
∗  from 80 V to 85 V with  𝑣𝑇 = 3 m/s. 
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Figure 3.8 Step responses of the power loop for vT = 1.2 m/s and 3 m/s at 𝜆 = 0.8. 

 

3.4 Proposed Supervisory Power Control System 

In most conventional power sources, an operator requests a given amount of power which is 

equal to or less than the known rated power. However, for renewable sources such as HKECS, 

the maximum power they can deliver varies with the fluctuating water speed. Ideally, if the 

renewable source cannot provide the required power (𝑃𝑑𝑐,𝑠𝑝), then it should provide as much as 

possible, according to the actual water speeds. This would correspond to operation in either 

MPPT or SLM as described in the Section 3.2. Regarding shutting down, this should be either 

due to an operator request, by making 𝑃𝑑𝑐,𝑠𝑝 = 0 W, or automatically as the water speed exceeds 

𝑣𝑇,𝑐𝑢𝑡_𝑜𝑓𝑓. This is what is achieved with the proposed supervisory control system, without 

measuring the water and the generator speeds. 

The operating conditions of the HKECS considered in this Chapter can also be described by 

means of the power (𝑃𝑑𝑐) vs. output voltage of the diode rectifier (𝑉𝑑𝑐) curves shown in Figure 

3.9. The envelope region concerns the curves connecting points A – B – C and D. The curve 

linking points A (at 𝑣𝑇,𝑐𝑢𝑡_𝑖𝑛) to B (at 𝑣𝑇,𝑔𝑁) corresponds to operation in the MPPT mode while 

that between points B and C (at 𝑣𝑇,𝑁) is related to SLM, where 𝑉𝑑𝑐 remains constant. The 
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operating points on line C – D (at 𝑣𝑇,𝑐𝑢𝑡_𝑜𝑓𝑓) concern the CPM. In this region, as 𝑣𝑇 increases 

𝑉𝑑𝑐 decreases, reaching a minimum value (𝑉𝑑𝑐,𝑐𝑢𝑡_𝑜𝑓𝑓) that can be used for determining that 𝑣𝑇 

has exceeded 𝑣𝑇,𝑐𝑢𝑡_𝑜𝑓𝑓. In fact, a value of 𝑉𝑑𝑐 that corresponds to 𝑣𝑇,𝑐𝑢𝑡_𝑜𝑓𝑓 for any value of 𝑃𝑑𝑐 

≤ 𝑃𝑑𝑐,𝑁can be obtained from the curve D – E and used for shutting down the system due to 

excessive water speed, even without sensing 𝑣𝑇. This curve is transcribed into a 𝑃𝑑𝑐 vs. 𝑉𝑑𝑐, cut-

off lookup table used in the proposed supervisory power control system. 

The overall block diagram of the proposed supervisory power control system for the HKECS 

is shown in Figure 3.10. The reference signal for the inner voltage loop (𝑉𝑑𝑐
∗ ) comes from the 

lowest of the output of the MPPT/SLM block (𝑉𝑑𝑐,12) or the output of the integral controller of 

the outer power loop (𝑉𝑑𝑐,𝐼), with 𝑃𝑑𝑐
∗  =𝑃𝑑𝑐,𝑠𝑝 ≤ 𝑃𝑑𝑐,𝑁. It is evident that the transitions between 

MPPT/SLM and CPM/PRM will be smooth due to the Min function. Let’s assume initially that 

the power requested by the operator (𝑃𝑑𝑐,𝑠𝑝) is less than the maximum available power 

(𝑃𝑑𝑐,𝑀𝑃𝑃𝑇) for a water speed of, say, 𝑣𝑇 = 2.8 m/s. As can be seen in Figure 3.10, the value of 𝑉𝑑𝑐 

at the intersection of the horizontal line 𝑃𝑑𝑐,𝑠𝑝 with the 𝑣𝑇  = 2.8 m/s power curve, is lower than 

the value of 𝑉𝑑𝑐 obtained at the intersection of 𝑃𝑑𝑐,𝑠𝑝 with the MPPT/SLM (A – B – C) curve. 

Since the former corresponds to the value of 𝑉𝑑𝑐,𝐼 and the latter to 𝑉𝑑𝑐,12, in steady-state, the 

system should operate in PRM with 𝑉𝑑𝑐
∗  = 𝑉𝑑𝑐,𝐼. If the value of 𝑣𝑇 decreases, the value of 𝑉𝑑𝑐,𝐼 

should increase, equalling that of 𝑉𝑑𝑐,12 at 𝑣𝑇 = 2.7 m/s. For 𝑣𝑇 < 2.7 m/s, the system would not 

be able to deliver the requested power despite operating in MPPT with 𝑉𝑑𝑐
∗  = 𝑉𝑑𝑐,12. In such a 

case, 𝑃𝑑𝑐 = 𝑃𝑑𝑐,𝑀𝑃𝑃𝑇< 𝑃𝑑𝑐,𝑠𝑝and the HKECS supplies as much power as possible but less than the 

amount required by the operator. 
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Figure 3.9 Power vs. output voltage of the diode rectifier for various water speeds and operating 

conditions of the HKECS. 

 

 

Figure 3.10 Overall control diagram of the proposed supervisory power control system. 
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However, with 𝑃𝑑𝑐,𝑠𝑝> 𝑃𝑑𝑐,𝑀𝑃𝑃𝑇, the power error (𝑒𝑝 = 𝑃𝑑𝑐,𝑠𝑝- 𝑃𝑑𝑐) remains positive and the 

output of the integrator increases with no possibility of increasing 𝑃𝑑𝑐. This results in the wind-

up of the integrator, making the system response very sluggish as the water speed recovers or 

𝑃𝑑𝑐,𝑠𝑝 decreases. This is the only critical condition that can appear but can be prevented using a 

simple If – Then – Else function (Module A). It sets the input of the integrator to 𝑖𝑛2 = 0 when 

𝑃𝑑𝑐,𝑠𝑝 > 𝑃𝑑𝑐 AND 𝑉𝑑𝑐,𝐼> 𝑉𝑑𝑐,12. For all other conditions, the integrator should be allowed to 

process the power error (𝑒𝑝 = 𝑖𝑛1), while should be minimized. 

Regarding the automatic shutdown of the system due to excessive water speeds (𝑣𝑇 ≥ 

𝑣𝑇,𝑐𝑢𝑡_𝑜𝑓𝑓), this can be done by setting 𝑃𝑑𝑐
∗  = 0, by using an If – Then – Else function (Module 

B). When the measured value of the output voltage of the diode rectifier (𝑉𝑑𝑐 ) is lower than the 

critical value obtained from the 𝑃𝑑𝑐 vs. 𝑉𝑑𝑐 , cut-off lookup table, 𝑃𝑑𝑐
∗  is set to zero automatically.  

3.5 Electromechanical-based HKT Emulator 

An experimental set-up was assembled in the laboratory to verify the performance of the 

proposed unified power controller for a fixed-pitch PMSG-based HKECS with a three-phase 

diode rectifier and a DC-DC boost converter as the power electronics interface. The development 

and application of HKT and wind turbine (WT) emulators have been discussed in various 

references [33], [79]. 

Figure 3.11 (a) shows the schematic diagram of the power circuit and control logic of the HKT 

emulator. It is based on a DC motor, whose torque is controlled through its armature current. 

This is achieved with a DC-DC buck converter operating with hysteresis current control (HCC) 

and fed from the AC grid through a three-phase diode rectifier. The reference signal for the HCC 

comes from the model (torque vs. shaft speed) of the cross-flow HKT. The inertia of the HKT is 

also emulated using a single-mass model for the drivetrain. The model of the HKT and drivetrain 

are implemented in a dSPACE DS1103 rapid control prototyping system. Figure 3.11 (b) shows a 

picture of the complete system implemented in the laboratory: HKT emulator and unified 

controller of the HKECS, with power converters, rotating machines and control platform. The 

experimental results shown in the following Section were obtained with a single DS1103 

controlling the HKT emulator and realizing the proposed unified power controller algorithm. 
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Moreover, simulations results are shown in Appendix B to demonstrate the performance of 

proposed supervisory power control system while water speed profile containing ripple. 

 
(a) 

 

 
(b) 

 

Figure 3.11 (a) Electromechanical-based emulator block diagram, (b) Experimental setup of the HKECS 

system. 
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3.6 Experimental Results and Discussion 

3.6.1 Power Control Strategy Procedure 

In this Section, selected test results are presented to demonstrate the effectiveness of the 

proposed control strategy. The rated power of the HKT is 1.45 kW. Considering the efficiency of 

the system to be 0.87, 𝑃𝑑𝑐,𝑁 is calculated as 1.26 kW. The rated generator speed is 105 rad/s, and 

the corresponding value of 𝑣𝑇,g𝑁 and 𝑉𝑑𝑐,max can be calculated as 2.7 m/s and 195 V, 

respectively. The water speed variations are shown in Figure 3.12 (a). Figure 3.12. (b), (c), (d), 

and (e) show the resulting output power, the output voltage of the rectifier, the generator rotor 

speed, and the power coefficient of the HKT, respectively, for various operating conditions.  

From t = 20 s to 40 s, 𝑃𝑑𝑐,𝑠𝑝 is set to 0.6 kW while the water speed is constant at 2.9 m/s. 

Since 𝑃𝑑𝑐,𝑠𝑝 is less than the maximum available 𝑃𝑑𝑐, the integrator is enabled and the Min 

function outputs 𝑉𝑑𝑐,𝐼. One can see that 𝑉𝑑𝑐 follows 𝑉𝑑𝑐,𝐼. The system operates in the PRM and 

𝑃𝑑𝑐 is regulated at 0.6 kW as shown in Figure 3.12 (b). In this segment, the average values of the 

output voltage of the rectifier and the generator rotor speed are found to be 113 V, and 61 rad/s, 

respectively. The power coefficient is found to be around 0.14, indicating that the HKT operates 

in the stall region. 

From t = 40 s to 140 s, 𝑃𝑑𝑐,𝑠𝑝 is changed to 1.26 kW. During this period, three operating 

conditions are expected according to the water speed variations. It decreases linearly from 2.9 

m/s at t = 60 s to 2.5 m/s at t = 120 s. From t = 40 s to 70 s, the water speed is more than 𝑣𝑇,N. 

Therefore, the control system must limit 𝑃𝑑𝑐 to its rated value for operation in CPM. The output 

power is limited to the rated valued as shown in Figure 3.12 (b). Since, 𝑃𝑑𝑐,𝑠𝑝 is set at 𝑃𝑑𝑐,𝑁, the 

integrator is enabled and the Min function outputs 𝑉𝑑𝑐,𝐼 as can be observed in Figure 3.12. (c), 

with decreasing water speed to abound 𝑣𝑇,𝑁 (2.8 m/s), 𝑉𝑑𝑐 and 𝜔𝑔 are increased to 182 V and 97 

rad/s. From t = 70 s to 90 s, the water speed is between 𝑣𝑇,gN and 𝑣𝑇,N. Therefore, the system 

operates in SLM, with constant 𝑉𝑑𝑐 and constant 𝜔𝑔. This can clearly be observed in Figure 3.12 

(c) and (d), respectively. 𝑉𝑑𝑐 is restricted to the rated value, (195 V) and 𝜔𝑔 is limited to its rated 

value, 105 rad/s. In this segment, 𝑃𝑑𝑐 decreases with decreasing water speed. 
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From t = 90 s to 140 s, water speed is below 𝑣𝑇,   gN, meaning that the system can no long 

supply 𝑃𝑑𝑐,𝑁 . Therefore, the system operates at MPPT. This is achieved with the Min function 

outputting  𝑉𝑑𝑐,12 which is lower than 𝑉𝑑𝑐,I as shown in Figure 3.12 (c). 𝑉𝑑𝑐,𝐼 remains constant 

since the integrator is grounded by the If-then-else function when 𝑃𝑑𝑐,𝑠𝑝 > 𝑃𝑑𝑐  AND 𝑉𝑑𝑐,12 < 

𝑉𝑑𝑐,𝐼. The values of the HKT’s power coefficient is found to be around 0.3, the value of 𝐶𝑝,𝑚𝑎𝑥 

as presented in Figure 2.2. 

At t = 140 s, 𝑃𝑑𝑐,𝑠𝑝 is changed to 0.6 kW, remaining in this condition until t = 160 s. The 

water speed is kept constant at 2.5 m/s.  Since 𝑃𝑑𝑐,𝑠𝑝 < 𝑃𝑑𝑐,𝑀𝑃𝑃𝑇, the power error (ep = 𝑃𝑑𝑐,𝑠𝑝 - 

𝑃𝑑𝑐) becomes negative and the output of the integrator decreases. Soon, 𝑉𝑑𝑐,𝐼 become less than 

𝑉𝑑𝑐,12 and the Min function outputs 𝑉𝑑𝑐,𝐼 and the system operates in the PRM. After a brief 

transient, 𝑃𝑑𝑐 is regulated at 0.6 kW as shown in Figure 3.12 (b). The value of the HKT’s power 

coefficient is set at 0.22. 𝑉𝑑𝑐 and 𝜔𝑔 are found to be 124 V, and 65 rad/s, respectively.   

As the experimental results demonstrate, the proposed supervisory power control system 

works properly while complying with the necessary operation limits. Moreover, the theoretical 

analyses discussed in previous Sections are found to agree with the experimental results. 

3.6.2 Shutdown Procedure 

As mentioned in Section IV, when 𝑉𝑑𝑐 falls below the value obtained from the 𝑃𝑑𝑐 vs. 

𝑉𝑑𝑐,𝑐𝑢𝑡_𝑜𝑢𝑡lookup table, the HKECS should automatically shut down. This successful operation is 

shown in Figure 3.13. The system operates initially with 𝑃𝑑𝑐,   𝑠𝑝= 1 kW and 𝑣𝑇  = 2.8 m.s. At t = 

20 s, the water speed starts to increase, reaching the value of 3 m/s (𝑣𝑇,𝑐𝑢𝑡_𝑜𝑢𝑡) at t = 40 s. This 

condition can be identified without the need for measuring 𝑣𝑇  based on the value of 𝑉𝑑𝑐. One 

can see from Figure 3.13 (c) that the value of 𝑉𝑑𝑐 decreases as 𝑣𝑇  increases, falling below  

𝑉𝑑𝑐,𝑐𝑢𝑡_𝑜𝑢𝑡, computed from the lookup table for 𝑃𝑑𝑐 = 1 kW, when 𝑣𝑇 = 3 m/s. At this moment, 

the shutdown algorithm sets 𝑃𝑑𝑐,𝑠𝑝 to zero. Figure 3.13 (b) shows the output power of the rectifier 

decreasing following the beginning of the shutdown process. At the same time, 𝑉𝑑𝑐 and 𝜔𝑔 start 

to decrease to zero, as shown in Figure 3.13 (c) and (d). Therefore, the proposed algorithm can 

shut down the HKECS automatically as the water speed exceeds 𝑣𝑇,𝑐𝑢𝑡_𝑜𝑢𝑡. 
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Figure 3.12 HKECS system parameters: (a) water speed variations, (b) output DC power, (c) 

output DC voltage, (d) PMSG rotor speed, and (e) turbine power coefficient. 

 



 

66 

 

 

 

Figure 3.13 HKECS system measurements during shut-down procedure at water speed 3 m/s: (a) 

water speed variations, (b) output DC power, (c) output DC voltage, (d) PMSG rotor speed. 
 

3.6.3 Power vs Water Speed Characteristic 

Finally, Figure 3.14 shows the assessment of the DC-link power characteristic with respect to 

the water speed. This was achieved by increasing the value of 𝑣𝑇 linearly from 1.2 m/s to 4 m/s. 

From 𝑣𝑇,𝑐𝑢𝑡−𝑖𝑛(1.2 m/s) to 𝑣𝑇,𝑁 (2.8 m/s), the HKECS operates at MPPT and SLM regions. The 

generated power of the HKT depends on the water speed cubed. Then, it is followed by the CPM 

region, from 𝑣𝑇,𝑁 to 𝑣𝑇,𝑐𝑢𝑡−𝑜𝑢𝑡 (3 m/s), where the captured power of the HKT is limited to its 
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rated value: 1.26 kW. For water speeds above 3 m/s, 𝑃𝑑𝑐 becomes zero, and the system shuts 

down. It looks quite similar to the theoretical power vs. water speed curve shown in Figure 3.9. 

 

 

Figure 3.14 DC-link power characteristic with respect to the water speed. 

 

3.7 Summary 

In this Chapter, a new dispatchable power controller for a fixed-pitch HKT with a PMSG 

followed by a diode rectifier and a boost DC-DC converter was presented. It allows an operator 

to set a reference power which is delivered, provided that the water speed is high enough. If not, 

it delivers as much as possible, operating with MPPT or in a speed limiting mode with an 

automatic shutdown in case of excessive water speeds. The transition between modes of 

operation occur smoothly as the water speed and reference power from the operator vary. This is 

achieved with a novel supervisory controller with simple If – Then – Else and Min functions 

along with a cascaded outer power and inner diode rectifier voltage loop control system with 

linear controllers. There is no need for sensing the water speed and the generator speed. The 

performance of the proposed supervisory controller was demonstrated experimentally with 

various tests conducted with an electromechanical HKT emulator with the PMSG, diode rectifier 

and boost DC-DC converter controlled by a DS-1103 dSPACE® system.
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Chapter 4. Power Electronic Converter-Based PMSG Emulator: A 

Testbed for Renewable Energy Experiments  

This chapter presents a converter-based permanent magnet synchronous generator (PMSG) 

emulator as a testbed for designing, analyzing, and testing of the generator’s power electronic 

interface and its control system. The permanent magnet synchronous generator model is 

formulated in a real-time digital simulator. A voltage type ideal transformer model (ITM) 

combined with a virtual impedance is presented as an interface algorithm between the software 

and hardware sides. The design procedure and implementation of the virtual impedance in a 

simulation platform is discussed. A 6-switch voltage source converter (VSC) is used as a power 

amplifier to mimic the behavior of the PMSG supplying linear and nonlinear loads. A 

proportional integral plus resonant (PI+res) controller is proposed as a voltage loop controller 

for tracking a distorted output voltage reference signal. The accuracy of the proposed emulator 

is investigated for the fundamental and low order voltage harmonics. Technical challenges of the 

PMSG emulator are considered, and proper solutions are suggested. The performance of the 

proposed emulator is compared with an actual PMSG. 

4.1 Introduction 

Permanent magnet synchronous generators (PMSGs) are widely used in wind/hydrokinetic 

energy conversion systems due to their high efficiency and power density, capability of variable 

speed operation and elimination of the rotor dc excitation system [80]. To control the power flow 

and quality, it is commonly connected to the load/grid by means of a power electronic interface 

(PEI), which usually includes a generator-side and a grid/load-side converter. 

A method to develop and test the generator’s power electronic interface (PEI) and the emulation 

of the generator is rapid control prototyping (RCP) [81]. The mathematical model of the 

generator and its associated prime mover, and the control sub-systems e.g. current and voltage 

control loops of the converter-based amplifier are programmed in a real-time simulator e.g. 

dSPACE controller. The simulator provides the reference signals for the power amplifier that 

replicates the output voltage of the generator. The power amplifier can be interfaced with an 

actual load to make a real-time simulation configuration with the load current being fed-back 

into the real-time simulation  
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Figure 4.1 Basic block diagram of the emulator of the PMSG-based energy conversion system. 

 

software as shown in Figure 4.1 [82]. Indeed, the emulation of the permanent magnet 

synchronous generator (PMSG) with RCP method and utilization of the power amplifier permits 

to develop a power hardware-in-the-loop (PHIL) testbed for testing and validating the 

generator’s PEI controller without the need for an actual PMSG and prime mover. 

An interface algorithm is required to link the software side with the hardware side as shown in 

Figure 4.1. It can be implemented using different methods leading to different degrees of 

accuracy and system stability. A general comparison of five core interface algorithms consisting 

of the ideal transformer method (ITM), the transmission line approximation (TLA), the transient 

first-order approximation (TFA), damped impedance method (DIM), and partial circuit 

duplication (PCD) is presented in [83]. The ITM is commonly used in many PHIL applications 

due to its simplicity of implementation and high accuracy [82]. Therefore, the ITM interface 

algorithm is chosen for this work. Depending on the application, one can use voltage 

amplification with current feedback, called voltage type ITM, or current amplification with 

voltage feedback, called current type ITM. Since the PMSG operates as a variable voltage and 

frequency source, the voltage type ITM is preferred as an interface algorithm. Furthermore, the 

stability of the voltage type ITM is guaranteed for most generator operating conditions. In fact, 

the stability of the voltage type ITM is guaranteed if the amplitude ratio of the source impedance 

to load impedance is less than one, while the stability of current type ITM is guaranteed in the 

opposite manner [83]. On the other hand, the voltage type ITM on the software side acts as a 
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controllable current source which is directly connected in series with the PMSG model. The 

dynamics of electric machines is defined by a set of mechanical and electrical differential 

equations [84] and the PMSG’s terminal voltage depends on the derivative of the generator’s 

current leading to computational problems. Therefore, using the voltage type ITM for the 

generator emulation presents some issues. A capacitor [85], an inductor [86], and a small 

parasitic resistor [87]  have been included at the terminals of the machine model to avoid 

computation of derivative terms. However, the procedure of selecting the type and parameters of 

this impedance and its impact on the machine’s dynamics as well as emulator performance has 

not been discussed. 

The type of power amplifier is another important aspect of the development of a PHIL 

simulation. Linear and converter-based (or switch-mode) power amplifiers are used for PHIL 

simulations [88]. The linear ones provide high dynamic performance with high bandwidth, up to 

20 kHz, and fast response time with few challenges regarding stability. However, they are much 

more costly and are considered to be viable for PHIL applications ranging from small up to 

medium power levels. Converter-based amplifiers are less expensive and can more easily be built 

from the small to the megawatt power levels. However, they provide dynamic characteristics of 

bandwidths up to 2-10 kHz, which is much lower than linear amplifiers. Their dynamic 

performance depends on the type of controller, the output filter topology (L, LC, LCL …) and 

the switching frequency. Some published papers for a generator/grid emulator have used a 

voltage-controlled voltage source converter (VC-VSC) [50], [59], [89]. A cascaded outer voltage 

and inner current control loop based on load current feedforward and decoupling compositions 

techniques in the dq-frame is common in this case. However, the voltage reference shall present 

low-order harmonic components when the PMSG is connected to a nonlinear load or PEI with a 

diode rectifier, which is very common in practice [90]. Tracking a reference voltage with low-

order harmonic components leads to yet another challenge.  

The utilization of the PHIL simulation for emulating electrical motors has been discussed in 

several papers [87], [91]. However, there are just a few published papers on emulation of electric 

generators [81], [85], [92], especially PMSGs. In [81], a wound rotor synchronous generator 

(WRSG) is emulated by a VSC with an L filter with the converter employing a single voltage 

loop using a proportional-integral (PI) controller. In order to avoid the computation of derivative 

parts, these are neglected and the machine’s dynamic characteristics are only represented by the 



 

71 

 

estimated transfer functions in a voltage type ITM. However, the performance of the emulator 

under nonlinear loading conditions where the derivative terms play an important role in the 

computation of the terminal voltages is not presented. In [85], a PMSG is emulated by a VSC 

with an LC filter using a voltage type ITM. A cascaded inner current and outer voltage control 

loop with PI controllers is used for regulating the output voltage and frequency of the converter. 

To deal with computational of the derivative terms, a capacitor is placed at the terminal of the 

PMSG in the simulation side. However, the sizing of the capacitor and its impact on the emulator 

performance are not discussed. Moreover, the accuracy of the emulator is not assessed with 

nonlinear loading conditions. A WRSG emulator is developed in [92] using the current type ITM 

with which the PMSG emulator cannot operate in standalone mode. Furthermore, the emulator 

performance is not tested under non-linear loading conditions.  

This chapter presents the idea of the PMSG’s emulator. A 6-switch converter-based power 

amplifier combined with a voltage type ITM interface are used to interface the simulation 

platform with the power amplifier. This is a VC-VSC with an LC filter. A cascaded inner current 

and outer voltage control scheme using a load compensating feedforward technique is employed 

to regulate the output voltage and frequency from zero to the maximum rated value. The voltage 

type ITM method is modified using a virtual impedance connected at the terminals of the 

generator model in the simulation environment. A procedure for selecting the virtual impedance 

so as to increase accuracy is employed. A proportional integral plus resonant (PI+res) 

compensator is used in the outer voltage loop, in the dq-frame, and inner current control loop to 

reduce the steady-state error and improve the transient response for both fundamental and low-

order harmonic components, e.g.  5th and 7th. In addition, by using this control strategy, the 

accuracy performance of the VC-VSC becomes independent of the load characteristics. The 

emulator is tested, and evaluated with linear and nonlinear loads. Finally, the effectiveness of the 

modified voltage type ITM with the virtual impedance and developed control strategy and 

compensation techniques of the converter for the PMSG emulator are verified with experimental 

results. 

4.2 PMSG Emulator Configuration 

A PMSG emulator system normally consists of three parts, namely [88]: 1) a real-time 

simulation system, 2) a power amplifier and 3) an interface that connects the simulated system 
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with the hardware system. Consider the system illustrated in Figure 4.2 (a), where the actual 

PMSG is directly connected to the actual load in the original system. Figure 4.2 (b) shows a 

PHIL simulation of the PMSG emulator in which the PMSG and its associated prime mover are 

modeled in the software and are connected to the actual load through the “interface scheme”. A 

voltage type ITM is selected for the interface algorithm. In this case, the PMSG terminal voltage 

𝑣𝑠 in the simulator is amplified by the power amplifier after passing through the digital-to-analog 

converter (DAC). The power amplifier operates as a controllable voltage source. The actual load 

current 𝑖𝑜 from the hardware is measured and transmitted to the real-time simulator, as a 

feedback signal. A unity-gain current-controlled current source is used to represent the actual 

load current in the software.  

A current sensor, a low pass filter (LPF) to attenuate high-frequency components, and an 

analog-to-digital converter (ADC) are used in the feedback path. The actual load can be any PEI 

or RLC load under test. A virtual impedance (𝑍𝑉) is placed at the generator terminal as shown in 

Figure 4.2 (b). It helps to build-up voltage at the PMSG stator terminals and then to solve the 

machine’s ordinary differential equations (ODEs). In fact, the load current feedback with the 

virtual impedance in the software are used to update the current, voltage, and speed calculation 

of the PMSG, thus closing the loop. The selection procedure and impact of the virtual impedance 

on the emulator system performance are addressed in Section 4.5. 
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4.3 PMSG Modeling in the Real-Time Simulator 

The mathematical model of a PMSG in the rotor reference frame can be formulated using the 

dq-frame equivalent circuits which represent the dynamic behavior of the stator voltages and 

currents, flux linkage and electromechanical torque of the PMSG [84]. The following 

assumptions are made in the choice of the machine equations.  

• Saturation is ignored although it can be considered by parameter changes.  

 

(a) 
 

 

(b) 

Figure 4.2 (a) The original system. (b) PHIL simulation for the PMSG emulator. 
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• The back electromotive force (back emf) is considered as sinusoidal.  

• Eddy currents and hysteresis losses are ignored.  

These assumptions are accurate enough to describe the performance of the PMSG during 

normal operating conditions. However, a more accurate machine model can be used based on a 

finite-element analysis (FEA) to accurately describe the machine performance during faults, 

saturation, etc. 

The mathematical model can be represented as  

𝑑𝑖𝑠𝑑
𝑑𝑡

= −
1

𝐿𝑑
𝑣𝑠𝑑 −

𝑅𝑠
𝐿𝑑
𝑖𝑠𝑑 +

𝐿𝑞

𝐿𝑑
𝑝𝑖𝑠𝑞𝜔𝑚 (4.1) 

𝑑𝑖𝑠𝑞

𝑑𝑡
= −

1

𝐿𝑞
𝑣𝑠𝑞 −

𝑅𝑠
𝐿𝑞
𝑖𝑠𝑞 −

𝐿𝑑
𝐿𝑞
𝑖𝑠𝑑𝑝𝜔𝑚 +

1

𝐿𝑞
𝜓𝑃𝑀𝑝𝜔𝑚 (4.2) 

𝑑𝜔𝑚
𝑑𝑡

=
𝜂𝑡
𝐽ℎ𝜔𝑚

𝑃𝑚𝑒𝑐 −
1.5𝑝

𝐽ℎ
[𝜓𝑃𝑀𝑖𝑠𝑞 − (𝐿𝑑 − 𝐿𝑞)𝑖𝑠𝑞𝑖𝑠𝑑] (4.3) 

where 𝑣𝑠𝑑, 𝑣𝑠𝑞, 𝑖𝑠𝑑 , 𝑖𝑠𝑑, 𝐿𝑑 and 𝐿𝑞 are the stator voltages, the stator currents, and the equivalent 

inductances of stator windings in dq-frame, respectively. 𝑅𝑠 is the stator resistance, 𝜔𝑚 is the 

generator mechanical rotor speed, 𝜓𝑃𝑀 is the flux linkage produced by permanent magnets, and 

𝑝 is the number of pole pairs. 𝑃𝑚𝑒𝑐 is the mechanical input power, and 𝐽ℎ is the system moment 

of inertia. It is assumed that the PMSG losses can be presented by 𝜂𝑡 which is the overall 

efficiency of the PMSG. 

The dq variables are obtained from abc variables through the Park transformation and the 

electrical rotor angular position is given by,  

𝜃 = ∫𝑝𝜔𝑚𝑑𝑡 (4.4) 

The approximate solution of the mathematical equations of the PMSG and prime mover are 

obtained using a fourth-order Runge-Kutta method with constant time step. This method is used 

to solve ODE systems numerically and has the advantage of simplicity and self-starting 
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regarding implementation on the real-time digital simulator. Figure 4.3 shows the block diagram 

of the PMSG in the real-time simulator. After solving the generator differential equations, the 

calculated stator voltages are sent to the power amplifier. The electrical specifications of the 

emulated PMSG are given in Appendix A. 

 

 

4.4 VSC Modeling and Control 

The converter-based power amplifier includes a 6-switch VSC and a three-phase LC filter, as 

show in Figure 4.4 (a). The filter, consisting of the series inductor 𝐿𝐹, parasitic resistor 𝑅𝐹 and 

shunt capacitor 𝐶𝐹, is designed to remove the high-frequency switching components originated 

by the pulse-width modulation (PWM). A cascaded inner current and outer voltage control 

scheme in the dq-frame is employed to regulate load voltage and frequency to the desired 

reference values. The desired frequency 𝜔 is set corresponding to the generator frequency. Angle 

ϴ required for the abc-frame to dq-frame transformation and its inverse is obtained from 

equation (4.4). The desired output/reference voltages  𝑣𝑜𝑑,𝑟𝑒𝑓 and 𝑣𝑜𝑞,𝑟𝑒𝑓 are set corresponding 

to the generator stator voltages,  𝑣𝑠𝑑 and  𝑣𝑠𝑑. Figure 4.4 (b) shows the control block diagram 

including the voltage control scheme, the closed-loop current controller and the model of the 

capacitor filter in the dq-frame. . It is assumed that the current and voltage controllers of the VSC 

are designed based on a balanced system. Therefore, the negative and zero-sequence components 

 

Figure 4.3 Block diagram of the PMSG in real-time simulation platform, where ‘t’ is the sampling 

time. 
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in the Park transformation are ignored. A step-by-step procedure to design the current controller 

and to model the VSC and LC filter in the dq-frame was presented in Chapter 2. As Figure 4.4 

(b) illustrates, the feed-forward compensation terms, 𝐶𝐹𝜔𝑣𝑜𝑑 and 𝐶𝐹𝜔𝑣𝑜𝑞, have been added to 

eliminate the coupling between 𝑣𝑂𝑑 and 𝑣𝑂𝑞. According to the figure, 𝑣𝑂𝑑 and 𝑣𝑂𝑞 can be 

controlled by the output signals from the voltage control scheme 𝑖𝑖𝑑,𝑟𝑒𝑓 and 𝑖𝑖𝑞,𝑟𝑒𝑓. In addition, 

the feedforward of the load current 𝑖𝑂𝑑 and 𝑖𝑂𝑞 have been added to the voltage control process in 

order to minimize the impact of the load current on the capacitor voltage [93]. Hence, the voltage 

closed-loop controller can perform under a wide range of load conditions. 

Referring to Figure 4.4 (b), 𝑖𝑖𝑑,𝑟𝑒𝑓 and 𝑖𝑖𝑑,𝑟𝑒𝑓 in the s-domain are determined as  

[
𝑖𝑖𝑑,𝑟𝑒𝑓(𝑠)

𝑖𝑖𝑞,𝑟𝑒𝑓(𝑠)
] = [

𝑢𝑑(𝑠)
𝑢𝑞(𝑠)

] + 𝐶𝐹 [
−𝜔𝑣𝑜𝑞(𝑠)

𝜔𝑣𝑜𝑑(𝑠)
] + [

𝑖𝑜𝑑(𝑠)
𝑖𝑜𝑞(𝑠)

] (4.5) 

and  

[
𝑢𝑑(𝑠)
𝑢𝑞(𝑠)

] = 𝐺𝑉(𝑠) [
𝑣𝑜𝑑,𝑟𝑒𝑓(s) − 𝑣𝑜𝑑(𝑠)

𝑣𝑜𝑞,𝑟𝑒𝑓(s) − 𝑣𝑜𝑞(𝑠)
] (4.6) 

where 𝐺𝑉(𝑠) represents the voltage controller. The dynamics of the load voltage can be 

determined in the state-space domain by using Kirchhoff’s current law at the capacitor node as 

𝑑𝑣𝑜,𝑎𝑏𝑐
𝑑𝑡

=
1

𝐶𝐹
(𝑖𝑖,𝑎𝑏𝑐 − 𝑖𝑜,𝑎𝑏𝑐) (4.7) 

Taking Park and Laplace transformations for both sides of equation (4.7), one obtains:  

𝑠 [
𝑣𝑜𝑑(𝑠)
𝑣𝑜𝑞(𝑠)

] = [
𝜔𝑣𝑜𝑞(𝑠)

−𝜔𝑣𝑜𝑑(𝑠)
] +

1

𝐶𝐹
[
𝑖𝑖𝑑(𝑠) − 𝑖𝑜𝑑(𝑠)

𝑖𝑖𝑞(𝑠) − 𝑖𝑜𝑞(𝑠)
] (4.8) 

The relationship between 𝑖𝑖𝑑, 𝑖𝑖𝑞 and 𝑖𝑖𝑑,𝑟𝑒𝑓, 𝑖𝑖𝑞,𝑟𝑒𝑓 can be determined as 
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(a) 

 

 

(b) 

 

Figure 4.4 (a) Schematic diagram of the VC-VSC for the converter-based power amplifier, (b) Control 

block diagram of the VC-VSC. 
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[
𝑖𝑖𝑑(𝑠)
𝑖𝑖𝑞(𝑠)

] = 𝐺𝑐𝑙𝑖(𝑠) [
𝑖𝑖𝑑,𝑟𝑒𝑓(𝑠)

𝑖𝑖𝑑,𝑟𝑒𝑓(𝑠)
] (4.9) 

where 𝐺𝑐𝑙𝑖(𝑠) is the closed-loop current controller transfer function and is given as  

𝐺𝑐𝑙𝑖(𝑠) =
𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠)

𝐿𝐹𝑠 + 𝑅𝐹 + 𝐺𝑖(𝑠)𝐺𝑃𝑊𝑀(𝑠)
 (4.10) 

where 𝐺𝑃𝑊𝑀(𝑠) is the transfer function of the PWM block which can be modeled as a first-order 

transfer function. A proportional-integral (PI) type compensator is chosen for the current 

controller 𝐺𝑖(𝑠) as  

𝐺𝑖(𝑠) = 𝐾𝑃𝑐 +
𝐾𝐼𝑐
𝑠

 (4.11) 

where 𝐾𝑝𝑐 and 𝐾𝑖𝑐 are the proportional and integral gains of the compensator. 𝐺𝑐𝑙𝑖(𝑠) is designed 

to yield a unity DC gain and a bandwidth with a good rejection of high-frequency disturbances, 

e.g. one-tenth of the converter switching frequency 𝑓𝑠𝑤.  

In order to design the voltage controller, one substitutes 𝑖𝑖𝑑(𝑠) and 𝑖𝑖𝑞(𝑠) from equation (4.9) 

into equation (4.8) and then 𝑖𝑖𝑑,𝑟𝑒𝑓 and 𝑖𝑖𝑑,𝑟𝑒𝑓 from equation (4.8) in equation (4.5), yielding 

[
𝑣𝑜𝑑(𝑠)

𝑣𝑜𝑞(𝑠)
] = 𝐺𝐴(𝑠) [

𝑣𝑜𝑑,𝑟𝑒𝑓(𝑠)

𝑣𝑜𝑑,𝑟𝑒𝑓(𝑠)
] + 𝐶𝐹𝐻𝑍(𝑠) [

𝜔𝑣𝑜𝑞(𝑠)

−𝜔𝑣𝑜𝑑(𝑠)
] − 𝐻𝑍(𝑠) [

𝑖𝑜𝑑(𝑠)

𝑖𝑜𝑞(𝑠)
]

⏟                        
𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑡𝑒𝑟𝑚𝑠

 (4.12) 

where  

𝐺𝐴(𝑠) =
𝐺𝑐𝑙𝑖(𝑠)𝐺𝑣(𝑠)

𝐶𝐹𝑠 + 𝐺𝑐𝑙𝑖(𝑠)𝐺𝑉(𝑠)
 (4.13) 

𝐻𝑍(𝑠) =
(1 − 𝐺𝑐𝑙𝑖(𝑠))

𝐶𝐹𝑠 + 𝐺𝑐𝑙𝑖(𝑠)𝐺𝑣(𝑠)
 (4.14) 

From equation (4.12), one can see that the output voltage is a function of both the reference 

voltage and the load current. 𝐺𝐴(𝑠) is the closed-loop voltage transfer function and 𝐻𝑍(𝑠) is the 
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system output impedance transfer function which determines the “transient terms” of equation 

(4.12).  

In equation (4.12), [1-𝐺𝑐𝑙𝑖(𝑠)] has a zero DC gain because 𝐺𝑐𝑙𝑖(𝑠) is designed to yield unity 

DC gain. Therefore, 𝐻𝑍(𝑠) as well as the “transient terms” of equation (4.12) reduce to zero in 

the steady-state. To obtain a fast attenuation to zero of the “transient terms” of equation (4.12), 

𝐺𝑐𝑙𝑖(𝑠) must have a fast transient response.  

The voltage controller 𝐺𝑉(𝑠) needs to be designed so that the load voltages can achieve an 

asymptotic tracking of the reference voltages with a fast transient response under linear and 

nonlinear loading conditions. If the converter is connected to a linear load leading to sinusoidal 

PMSG load currents as well as PMSG stator voltages, the dq-frame components are DC 

quantities. So, a standard proportional-integral (PI) controller can be employed for 𝐺𝑉(𝑠).  The 

controller has a large gain at zero frequency eliminating the steady-state error and 𝐺𝐴(𝑠) → 1. 

However, when the converter is connected to a nonlinear load, distortion appears in the PMSG 

stator voltage due to the load current harmonics. This will create additional AC components in 

the dq variables at specific frequencies related to the fundamental and low-order harmonics in 

the stationary frame. Hence, PI controllers encounter difficulties to eliminate the error in steady-

state since they have a large gain only at zero Hz. A proportional plus resonant (P+res) 

controller has been proven to eliminate the steady-state error effectively for a sinusoidal 

reference signal in the stationary frame [94]. In this Chapter, to obtain an effective reference 

voltage tracking a proportional-integral plus resonant (PI+res) is employed for the voltage 

control loop in the dq-frame. The transfer function of the PI+res controller is given by equation 

(4.15). 

𝐺𝑉(𝑠) = 𝐾𝑃𝑣 +
𝐾𝐼𝑣
𝑠⏟      

𝑃𝐼

+
2𝐾𝐼𝑣

′ 𝜔𝑐𝑢𝑠

𝑠2 + 2𝜔𝑐𝑢𝑠 + 𝜔0
2

⏟          
𝑅𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒

 (4.15) 

where 𝐾𝐼𝑣, 𝐾𝑃𝑣, and  𝐾𝐼𝑣
′  are the gains of the proportional, integral and resonant terms of the 

voltage controller. 𝜔𝑐𝑢 and 𝜔0 are the cut-off and resonant frequencies. At 𝜔0, the controller 

introduces a large gain, making the steady-state error very small. 𝜔0 must be tuned continually 

since the emulator is supposed to work under variable frequency. In addition, the PI+res 



 

80 

 

controller has the capability of double harmonic compensation [95]. For example, when the 

converter is connected to a three-phase nonlinear load e.g. diode rectifier, the fifth (−5𝜔) and 

seventh (7𝜔) harmonic components are present in the PMSG stator voltage. In the dq-frame, the 

5th and 7th harmonic components appear in two rotating frames at −5𝜔 − 𝜔 = −6𝜔 and 7𝜔 −

𝜔 = 6𝜔. By setting 𝜔0 at 6𝜔, one provides a high gain for replicating the 5th and 7th voltage 

harmonic components. The parameter values of the converter-based power amplifier are 

provided in the Appendix A. The controller gains were selected using MATLAB control system 

toolbox in order to obtain a zero steady-state error to a step reference signal and desired 

bandwidth and phase margin [78]. Considering the given LC filter and switching frequency, the 

current controller was designed for 1.2 kHz bandwidth and 68° phase margin and the voltage 

controller was designed for 100 Hz bandwidth and 50° phase margin. The resonance gains of the 

voltage controller were selected so that a finite gain of around 40 dB was obtained for the 

resonant peak, which is satisfactory for attenuating the harmonics tracking error. The parameter 

values of the VC-VSC are provided in the Appendix A.  

Figure 4.5 shows the Bode plot of 𝐺𝑣(𝑠), 𝐺𝐴(𝑠) and 𝐻𝑍(𝑠) when 𝜔0 is 2𝜋60 × 6 rad/s, 

corresponding to the sixth order harmonic of the fundamental frequency of the generator 

terminal voltage at the maximum rotor speed (60 Hz). Indeed, based on the generator rotor 

speed,  𝜔0 changes from zero to 2𝜋60 × 6 rad/s which 60 is the maximum electrical frequency. 

From the voltage controller 𝐺𝑣(𝑠), the gain at a very low frequency (e.g. 0.01 rad/s) is 50 dB and 

the gain at the resonance frequency is 40 dB. From the closed-loop voltage transfer function 

𝐺𝐴(𝑠), the gain at a very low frequency (e.g. 0.01 rad/s) is 0 dB with a phase of 0° and the gain at 

the resonance frequency is -0.0082 dB with a phase of 0.0056° in response to the reference 

voltage. From the system output impedance transfer function 𝐻𝑍(𝑠), at a very low frequency 

(e.g., 0.01 rad/s) is -150 dB and the gain at the resonance frequency is -106 dB in response to the 

load current. Therefore, the output voltage should track the reference voltage effectively while 

the VC-VSC closed-loop control performance becomes independent of the load dynamic 

properties, e.g. linear or nonlinear loads. 
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4.5 Virtual Impedance Selection and Performance Considerations 

Figure 4.6 (a) and (b) show the block diagram of the original system and the PMSG emulator 

system developed with a voltage type ITM and the virtual impedance, respectively. In this figure, 

𝐸𝑠 is the generator back electromotive force (EMF), 𝐺𝐴(𝑠) is the power amplifier transfer 

function (equation (4.13) ) , 𝐺𝐼(𝑠) is the current feedback filter transfer function, 𝑍𝑆(𝑠)is the 

PMSG stator equivalent impedance, 𝑍𝐿(𝑠) is the load equivalent impedance and 𝑒−𝑇𝑠 is the total 

delay of the emulator including measuring and converting devices and the power amplifier where 

T is the time delay. 

 

 

 

Figure 4.5 Bode plot of 𝐺𝑣(𝑠), 𝐺𝐴(𝑠) & 𝐻𝑍(𝑠) when 𝜔0 = 2𝜋60 × 6 𝑟𝑎𝑑/𝑠. 
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(a) 

 

(b) 

Figure 4.6 Block diagrams: (a) original system, (b) PMSG emulator with the modified voltage type 

ITM 

 

𝐺𝐼(𝑠) represents the transfer function of a LPF in the feedback load current signal and can be 

given as 

𝐺𝐼(𝑠) =
𝛼

𝑠 + 𝛼
 (4.16) 

where 𝛼 is the corner frequency of the LPF. 𝛼 = 10k is selected for 𝐺𝐼(𝑠) to attenuate high-

frequency components emerging out of the numerical computations while it has a minimum 

impact on the low order current harmonics.  

𝑒−𝑇𝑠 is represented by the first-order Padé approximation [78] and can be given as  
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𝑒−𝑇𝑠 =
−𝑠 + 𝛽

𝑠 + 𝛽
,            𝛽 > 0 and 𝛽 = 2/𝑇 (4.17) 

The time delays of the voltage and current Hall sensors used for voltage and current 

measurements, and the delay of PWM module are small and are neglected.  

The virtual impedance 𝑍𝑉(𝑠) can be calculated by considering the system accuracy. The 

accuracy of the PMSG emulator can be assessed by the transfer function perturbation (TFP)-

based method suggested by [81], [96] , [97]. 

The closed-loop transfer function of the original system can be obtained as 

𝐺𝐶𝐿,   𝑂𝑆(𝑠) =
1

𝑍𝑆(𝑠) + 𝑍𝐿(𝑠)
 (4.18) 

and the closed-loop transfer function of the proposed PMSG emulator can be obtained as  

𝐺𝐶𝐿,   𝐸𝑆(𝑠) =
𝑖𝑜(𝑠)

𝐸𝑆(𝑠)
=

𝐺𝐴(𝑠)𝑍𝑉(𝑠)𝑒
−𝑇𝑠

𝑍𝐿(𝑠)𝑍𝑉(𝑠) + 𝑍𝑠(𝑠)𝐺𝐴(𝑠)𝐺𝐼(𝑠)𝑍𝑉(𝑠)𝑒−𝑇𝑠 + 𝑍𝑠(𝑠)𝑍𝐿(𝑠)
 

(4.19) 

Thus, the relative error between the closed-loop transfer function of the original system and 

the closed-loop transfer function of the proposed PMSG emulator can be defined as  

𝐸𝑟𝑟𝑜𝑟(𝑠) = |
𝐺𝐶𝐿,   𝐸𝑆(𝑠) − 𝐺𝐶𝐿,   𝑂𝑆(𝑠)

𝐺𝐶𝐿,   𝑂𝑆(𝑠)
| (4.20) 

In order to eliminate the error defined by equation (4.20), 𝐺𝐶𝐿,   𝐸𝑆(𝑠) should be equal 

to 𝐺𝐶𝐿,   𝑂𝑆(𝑠). In order to make equation (4.18) equal to equation (4.19), the impedance 𝑍𝑉(𝑠) 

can be calculated as 

𝑍𝑉(𝑠) =
𝑍𝐿(𝑠)𝑍𝑆(𝑠)

𝐺𝐴(𝑠)(𝑍𝑆(𝑠) + 𝑍𝐿(𝑠))𝑒−𝑇𝑠 − 𝐺𝐴(𝑠)𝐺𝐼(𝑠)𝑍𝑠(𝑠)𝑒−𝑇𝑠 − 𝑍𝐿(𝑠)
 (4.21) 
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Although obtaining equation (4.21) is straightforward, it is defined as the ratio of different 

transfer functions. Therefore, the implementation of 𝑍𝑉  into the real time simulation platform 

presents serious challenges. Figure 4.7 shows the Bode diagram of equation (4.21) with changing 

loads. The loads are considered resistive or/and inductive types since they are the main loads in 

power system. One can see that the frequency response of  𝑍𝑉(𝑠) is nearly independent of 𝑍𝐿(𝑠). 

Furthermore, one can observe that the performance of  𝑍𝑉(𝑠) is similar to that of a series RLC 

impedance. It is capacitive in the low frequency and is inductive in the high frequency range. At 

the resonance frequency, which is between 6 Hz and 60 Hz, it is resistive. Figure 4.8 shows the 

comparison of the frequency response of equation (4.21) with the proposed series RLC 

impedance. Its impedance in the s-domain can be defined as  

𝑍𝑅𝐿𝐶(𝑠) =
𝐿𝑉𝐶𝑉𝑠

2 + 𝑅𝑉𝐶𝑉𝑠 + 1

𝐶𝑉𝑠
 (4.22) 

Where 𝐶𝑉, 𝐿𝑉, and 𝑅𝑉 are the capacitor, inductor and resistor of the RLC virtual 

impedance/filter. The parameters of the RLC virtual impedance are tuned in order to match the 

frequency response of equation (4.21) and it can be implemented in the software platform 

properly. This is a simple solution easy to implement. The parameter values of the transfer 

functions mentioned above are given in the Appendix A. 
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Figure 4.8 Comparison of the frequency responses of the virtual impedance calculated by (4.21) 

and proposed series RLC impedance/filter. 

 

Figure 4.7 Bode diagram of  (4.21) with changing loads up to 400% overload for the purely 

resistive and resistive-inductive load impedances. 
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4.6 Experimental Observations and Discussions 

To assess the performance of the proposed PMSG emulator, one was built and tested under 

various conditions. The selected PMSG for emulation is an actual 4-pole PMSG which is 

available in the laboratory. The parameter values of the PMSG are given in Appendix A. Figure 

4.9 shows a picture with the complete system implemented in the laboratory for the power 

electronic converter-based PMSG emulator. The simulation part consists of the PMSG model, 

the virtual impedance and the control system of the VSC which are implemented in 

MATLAB/Simulink. Using dSPACE real-time interface (RTI), and Simulink Coder TM, the 

Simulink models are compiled and downloaded into a dSPACE DS1103 controller board and 

then started on the real-time hardware automatically.  

In this Chapter, the fourth-order Runge-Kutta method with constant time step is selected as 

the simulation solver. The minimum possible execution sampling time for implementing the 

PMSG model and control schemes of the emulator is obtained as 80 μs. This defines the 

switching frequency of the converter, corner frequency of the low pass filter (LPF) and 

bandwidth of the cascaded control loops. Nonetheless, with this sampling time, one can replicate 

both fundamental and low-order harmonic components (5th and 7th) of the output voltage. 

However, for replicating high transient response of the system for other low-order harmonics e.g. 

11th and 13th and achieving high accuracy, choosing a faster processor than was used and 

redesigning of controller and LC filter parameters of the power converter would be beneficial. 

In addition, the PMSG emulator is designed to work for most normal operating conditions 

where the amplitude ratio of the source impedance including the virtual impedance to load 

impedance is less than one. In these cases, the stability of the voltage type ITM is guaranteed as 

discussed in [96]. Conversely, the PMSG emulator cannot work under a short circuit condition. 

The hardware part consists of the converter including 1200 V - 50 A IGBT half-bridge modules, 

LC filter and voltage and current hall-effect sensors. The developed PMSG emulator is designed 

based on a power converter rated at 11 kVA while the fundamental frequency and voltage range 

changes between 0 and 60 Hz, and between 0 and 220 V, respectively. 

It is assumed that the generator is driven by a prime mover in which the input power/torque 

can be changed as a time-varying input in the simulation side. Different scenarios are considered 

to verify the emulator performance. First, the emulator is tested with both linear and nonlinear 



 

87 

 

loads. The linear load consists of a resistive three-phase set while the nonlinear one is realized 

with a three-phase diode bridge rectifier and a resistive element. Then, the effect of the virtual 

impedance on the emulator’s performance is investigated. The experimental results shown in the 

following Section were obtained with dSPACE Control Desk. 

 

 

4.6.1 Changing the Input Power with a Constant Load Impedance 

In this sub-Section, the performance of the PMSG emulator with the suggested 𝑍𝑉 is tested 

during startup, steady state, and run down by changing the input power while keeping the actual 

 

 

Figure 4.9 Experimental setup. 
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load impedance constant. The input power changes as shown in Figure 4.10. The emulator is 

tested with both linear and nonlinear loads. The former consists of a three-phase set of 𝑅𝑎𝑐 = 20 

Ω/phase and the latter concerns a three-phase diode rectifier with a resistive load of 𝑅𝑑𝑐 = 20 Ω. 

The PMSG model results, 𝑣𝑠 and 𝑖𝑠, are obtained from the simulation while the PMSG emulator 

results, 𝑣𝑜 and 𝑖𝑜, are measured from the hardware as shown in Figure 4.2. Moreover, as 

mentioned before, selecting the value of the virtual impedance has an impact on the accuracy of 

the emulator. This accuracy can be demonstrated by the difference between waveforms of 𝑖𝑠 and 

𝑖𝑜, and waveforms of 𝑣𝑠 and 𝑣𝑜. 

Figure 4.11 (a), (b) and (c) show test results of the phase voltage, phase current and frequency 

of the PMSG emulator for the linear load. One can observe that the emulator is able to operate 

under different operating conditions, startup, generated output power and shutdown. The PMSG 

emulator is accelerated and decelerated according to the inertia of the machine and input power 

variations. The increase/decrease in the magnitude and frequency of the output voltage and 

current can be observed in both the PMSG model and PMSG emulator during start up/ run down. 

Figure 4.11 (d) and (e) show a zoomed-in view of the voltage and current waveforms of the 

PMSG model and PMSG emulator and the absolute error between them for a linear load. There, 

it can see that there is a good agreement between them. The maximum absolute error is 0.03 pu 

for the voltage and 0.04 pu for the current waveforms. 

 

 

 

Figure 4.10 Variation of the PMSG emulator input power. 
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Figure 4.11 Test results of the PMSG emulator connected to a linear load; (a) phase voltage, (b) phase 

current, (c) frequency, (d) zoomed-in voltage around t = 2s, (e) zoomed-in current around t = 2s. 
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Figure 4.12 (a) and (b) show the harmonic spectra of the voltage and current waveforms of the 

PMSG model and emulator for the linear load. The fundamental component of both voltage and 

current waveforms, at 37 Hz, are matched. The absolute errors for the voltage waveforms at 185 

Hz (5th harmonic) and at 259 Hz (7th harmonic) are 0.007 pu and 0.003 pu, respectively. The 

absolute error for the current waveforms at both the 5th harmonic and 7th harmonic are less than 

0.0005 pu. 

 

 

Figure 4.12 Harmonic spectra of the PMSG emulator connected to a linear load; (a) voltage, (b) 

current. 

Figure 4.13 (a), (b) and (c) show the test results of the phase voltage, phase current and 

frequency of the PMSG emulator for the nonlinear load. Similar to the linear load, the emulator 

is able to operate under different operating conditions such as start-up, generated output power 

and shutdown. Figure 4.13 (d) and (e) show a zoomed-in view of the voltage and current 

waveforms of the PMSG model and PMSG emulator and the absolute error between them for the 

nonlinear load. It can see that the emulated waveforms with the suggested control strategy 

properly follow the PMSG model. The maximum error is 0.05 pu for the voltage waveforms and 

0.06 pu for the current waveforms. 
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Figure 4.13 Results of the PMSG emulator connected to a non-linear load; (a) phase voltage, (b) 

phase current, (c) frequency, (d) zoomed-in voltage around t = 2s, (e) zoomed-in current around t = 

2s. 
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Figure 4.14 (a) and (b) show the harmonic spectra of the voltage and current waveforms of the 

PMSG model and emulator supplying a nonlinear load. The fundamental components of both 

voltage and current waveforms, at 27 Hz, are matched. The current harmonic spectrum of the 

PMSG model are very similar by the emulator one. The absolute error between the current 

waveforms at 135 and 189 Hz, the 5th and 7th harmonics, are less than 0.0006 pu. The absolute 

error at the 5th and 7th harmonics of the voltage waveforms, are calculated as 0.011 pu and 0.005 

pu, respectively. Figure 4.15 (a) and (b) show two cycles of the voltage and current waveforms 

of the PMSG model and emulator for the linear load in dq-frame. One can see that the 6th 

harmonic appears in d and q rotating frames, as discussed in Section 4.4. Moreover, the emulated 

waveforms in dq-frame with the suggested control strategy properly follow the PMSG model. 

This means that the proposed PI+res controller for the VSC is able to reduce the steady-state 

error and improve the transient response for fundamental and two low-order harmonic 

components: 5th and 7th. 

 

 

Figure 4.14 Harmonic spectra of the PMSG emulator connected to a nonlinear load; (a) voltage, (b) 

current. 
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Figure 4.15 Results of the PMSG emulator connected to a non-linear load; (a) voltage in dq-frame, (b) 

phase current in dq-frame for 2 cycles waveform. 

 

4.6.2 Effect of the Virtual Impedance on the Emulator’s Performance 

In order to show the effect of the choice of the virtual impedance on the emulator’s 

performance, a series resistive-capacitive (RC) filter is also considered as the virtual impedance. 

This is a case-study to verify its impact on the accuracy of the emulator when the load current 

has low-order harmonic components. Such virtual impedance behaves similarly to the one 

presented in [85]. The parameter values of the RC filter are selected so that the virtual impedance 

has lower impedance magnitude at frequencies above 60 Hz compared with the proposed virtual 

impedance as shown in Figure 4.8.  Therefore, the high frequencies components (> 60 Hz) of 

load current 𝑖𝑜 are passed into the virtual impedance and reduced in the PMSG model current 𝑖𝑠. 

Then the accuracy of the system decreases at high frequencies since it depends on the difference 

between 𝑖𝑜 and 𝑖𝑠. The RC filter is selected with 𝑅𝑉 = 5 Ω, 𝐶𝑉 = 5 𝑚F. It has 6.1 dB impedance 

magnitude for frequencies above 60 Hz and 60 dB impedance amplitude at zero frequency. The 

emulator is tested with a nonlinear load which is a three-phase diode rectifier with a resistive 

load of 𝑅𝑑𝑐  = 20 Ω. The frequency of the output voltage of the emulator is measured as 28 Hz for 

a given input power. Figure 4.16 (a) and (b) show test results of the phase voltage and phase 

current of the PMSG emulator with the RC filter as virtual impedance. One can see that the 

PMSG model current 𝑖𝑠 does not match the emulator load current 𝑖𝑜. The maximum absolute 
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error is 0.08 pu for the voltage and 0.42 pu for the current waveforms. Therefore, the RC filter 

introduces a large error when the load waveform presents fast varying components. 

 

 

 

Figure 4.16 Test results of the PMSG emulator using two different virtual impedances. (a) Phase 

voltage, (b) phase current. 

4.7 Summary 

A converter-based PMSG emulator as a testbed for testing and developing generator’s power 

electronic interfaces and its control system was reported in this Chapter. The model of the PMSG 

is formulated in a real-time simulator. A VC-VSC is used as a converter-based power amplifier. 

A virtual impedance, included in the software side, was proposed to improve the performance of 

the voltage type ITM interface for emulating an electrical generator. It is shown that it can be 

represented by a simple series RLC filter and its parameter can be selected irrespective of the 

load impedance value. A proportional-integral plus resonant controller is proposed for the 

voltage controller of the VSC in the dq frame. It is shown that the controller provides suitable 

voltage tracking not only for the fundamental component of variable frequency, but also for the 

5th and 7th harmonic components that appear when the PMSG supplies non-linear loads. The 
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accuracy of the system has been analyzed. Experimental results were presented to validate the 

overall PMSG emulator performance during startup, steady state, and run down. The results have 

demonstrated that the proposed PMSG emulator performs well with high accuracy for both linear 

and nonlinear loading conditions. Thus, the proposed PMSG emulator can be used as a testbed 

for testing and developing wind/hydrokinetic energy conversion systems.  
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Chapter 5. Power and Frequency Support Control for a Storage-less Diesel 

Hydrokinetic Microgrid 

This chapter presents an active power sharing control strategy for a storage-less diesel-

hydrokinetic (D-HK) microgrid with high or medium penetration of hydrokinetic power to 

mitigate: 1) the effect of the grid frequency fluctuation due to instantaneous variation in the 

water speed/load, and 2) light loading operation of the diesel engine. The diesel generator set 

(genset) works based on a power vs. frequency droop control. To achieve the above objectives, a 

supplementary control loop that includes virtual inertia and frequency droop control is added to 

the conventional control system of a hydrokinetic energy conversion system (HKECS). The 

conventional control scheme is the maximum power point tracking (MPPT) control. By adding 

the supplementary control loop, the hydrokinetic turbine (HKT) operates in a deloaded mode to 

obtain sufficient reserve power on a continuous basis for the frequency support control. Also, the 

HKECS output power can change continuously between the maximum power point and the 

maximum deloading (DL) percentage of the turbine and delivers power to the grid according to 

the loading conditions of the genset. The HKECS includes a fixed-pitch HKT, a permanent 

magnet synchronous generator (PMSG) and a low-cost power electronics interface including 

three-phase diode rectifier, DC-DC boost converter and three-phase inverter. The proposed 

strategy is experimentally verified with electromechanical-based diesel engine and HKT 

emulators controlled via a dSPACE® rapid control prototyping system. The transient and 

steady-state performances of the system, including grid frequency and power balancing control, 

are demonstrated. 

5.1 Introduction 

A large number of remote communities in northern Canada rely on diesel generator sets 

(gensets) [4]. The cost of electricity and environmental concerns suggest that hydrokinetic 

energy, as a renewable energy source, is a suitable alternative for power generation. A diesel-

hydrokinetic (D-HK) microgrid has potential to reduce CO2 emissions, fossil fuel consumption, 

and cost [98]. While a low level of hydrokinetic power penetration can be handled by the genset 

control system, a large or medium penetration level will have a negative effect on the transient 

and steady-state performance of the small-scale (1-100 kW) diesel hybrid microgrid. This is due 
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to the stochastic nature of water speed and variable load patterns [62]. It should be noted that the 

D-HK microgrids have not been extensively explored in the literature thus far. Therefore, some 

characteristics of D-HK systems are extended from diesel-wind (D-W) systems in this Chapter 

since most of their technical aspects are similar [28], [99]. However, the equivalent moment of 

inertia of an HKT is much greater than a wind turbine with the same power rating [31], [32], 

[100]. For example, the total moment of inertia for a 50 kW HKT is about 8407 kg.m2 [32] while 

this value is around 1775 kg.m2 for a 50 kW wind turbine [100]. 

A permanent magnet synchronous generator (PMSG)-based HKECS connects to the 

microgrid through a full-rated back-to-back power electronics converter [90], [101]. Considering 

variable water conditions, if the operation of maximum power point tracking (MPPT) is required, 

for a fixed-pitch HKT, the shaft speed of the turbine-generator has to be variable which is 

realized by the control scheme of the converter. However, with the medium and high penetration 

level of the hydrokinetic power, if the HKT operates with MPPT, the diesel genset might work 

with light loading, leading to deterioration in the engine performance and efficiency due to the 

issue of wet stacking. Diesel engine manufactures suggest a minimum load of about 0.4 p.u. to 

avoid this problem [23]. Therefore, an active power curtailment of the HKECS is desirable and 

necessary in order to mitigate the light loading condition on the diesel genset. Furthermore, the 

full-rated converter also decouples the generator frequency from the grid frequency. The 

disadvantage is that one tends to lose the inertia of the turbine-generator which can have a 

positive impact on the frequency regulation aspect of the microgrid during transient events [102]. 

A significant frequency reduction and a much-needed boost of diesel genset output power are 

expected during a large disturbance such as sudden increase in the load and/or decrease of water 

speed. The HKECS can release the kinetic energy stored in its rotating masses (e.g., blades, 

generator shaft, etc.) in order to support the grid frequency control. Moreover, these problems are 

magnified in storage-less D-HK microgrids where a conventional energy storage system is not 

available to mitigate power as well as frequency deviations by controlling active power [103]. 

Some studies have been done for the steady-state performance of a storage-less D-W/HK 

microgrid where the diesel engine runs at very low load due to a high level of wind/hydrokinetic 

power penetration [104], [105], [106], [60]. Using a dump load is an obvious solution to 

dissipate power generated by the HKECS and hence mitigate the low loading operation of the 
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diesel engine. However, given the cost and complexity of the hardware, and control system 

implementations, it is preferred to avoid its use if possible [104]. Reducing the HKECS output 

power is another solution [60]. It can be obtained by a blade pitch control and a generator speed 

control [67], [90]. The pitch regulated control is however not possible for most HKTs. This is the 

case for the cross-flow turbine considered in this thesis which has non-pitchable blades [27], 

[107]. On the other hand, generator speed control has been mostly used for the MPPT control 

[104], and there is little research on curtailing the WT/HKT output power with generator speed 

control in a storage-less D-HK to mitigate light loading condition of diesel genset. 

Regarding transient conditions, recently, add-on controllers with the grid frequency feedback 

are introduced to the PMSG-based WECSs/HKECSs to support grid frequency control [108], 

[109], [110], [111], [112], [113]. The controllers include an inertial controller [108], [109], 

[110], a primary power vs. frequency droop controller (or primary frequency droop controller) 

[111], or a combination of both [111], [112], [113]. The turbine also operates at a deloading (DL) 

mode by moving the power tracking curve from the MPPT curve to the right sub-optimal curve 

to provide a sufficient power reserve margin for supporting the primary frequency droop control. 

In the majority of cases [108], [109], [110], [111], [112], the frequency support controllers are 

added to the power control loop of a cascaded outer power and inner current control loop. In 

[113], the frequency support controllers are added either into the inner current or the outer power 

loop. However, these controllers and their associated gains, e.g. inertial and frequency droop 

gains, are mainly intended to deal with transient conditions for a given wind/water speed. The 

selection of inertial and frequency droop gains has been not addressed considering the variable 

nature of the wind/water speed, resulting unreliable WECS/HKECS output power. In [108], 

[109], [110], [111], [112], the selected power electronics converter was a back-to-back 6-switch 

converter which is more complex and costly compared to a rectifier, a DC-DC boost converter, 

and a three-phase inverter, which is used in [113]. Moreover, the reference power of the 

MPPT/DL mode was estimated by sensing the generator rotor speed using a relatively expensive 

shaft encoder. The turbine frequency support control capability in a small-scale D-W microgrid 

was investigated by regulating the output voltage of the generator-side converter in [100]. 

However, this was implemented by a back-to-back 6-switch converter through a complicated 

multi-loop control scheme. 
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The purpose of this study is to develop a new supplementary frequency control loop for the 

HKECS to support grid frequency control during transient events as well as to provide an 

effective load power sharing between the HKECS and genset during the steady-state conditions. 

It includes inertial and frequency droop controllers which are added to the conventional control 

system of the HKECS. The output power of diesel genset operates based on a power vs. 

frequency droop curve to make a variable frequency system so that the HKECS can regulate its 

output power based on the grid frequency. The basic droop control can help with power sharing 

in the steady-state condition but its effect on the transient response, frequency nadir and rate of 

change of frequency (ROCOF)-df/dt, is limited. By using the inertial controller, a better result is 

obtained. The proposed control strategy is realized with a single voltage loop control which the 

frequency support control scheme is added to the reference voltage. Selection and design of the 

frequency support control loop gains are discussed, and the effectiveness of the developed 

controller is verified experimentally with an electromechanical-based D-HK microgrid emulator. 

5.2 Power and Frequency Control for a Storage-Less D-HK Microgrid 

The schematic diagram of a generic storage-less D-HK microgrid used in this Chapter is 

shown in Figure 5.1. A diesel genset model includes two main parts, i.e., a prime mover (diesel 

engine) and an electrical generator (synchronous generator). In experimental work discussed in 

this Chapter, the synchronous generator is implemented with a 3.5 kW/220V/1800r/min/60Hz 

wound rotor synchronous generator (WRSG). The speed governor is a controller to regulate the 

speed of the diesel engine with a feedback of the actual shaft speed. The synchronous generator 

regulates the grid voltage with the automatic voltage regulator (AVR) while fulfilling the 

reactive power and voltage limitations (e.g., 1±5% p.u) of the microgrid. More details of the 

diesel genset model used in this Chapter are discussed in [64]. The genset typically works as a 

master unit, balancing demand and supply. The HKECS provides a variable amount of active 

power and can be seen as a variable negative electrical load. In steady state conditions, the total 

generation 𝑃𝑔𝑒𝑛 including HKECS  𝑃𝐻𝐾𝐸𝐶𝑆 and genset  𝑃𝑔𝑒𝑛𝑠𝑒𝑡, is equal to the total grid load, 

𝑃𝑙𝑜𝑎𝑑, which includes the line losses. The dynamic relationship between power generation and 

demand can be represented by equation (5.1) from the swing equation [114]. 
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𝑃𝑔𝑒𝑛 − 𝑃𝑙𝑜𝑎𝑑 ≈ 𝐽𝑔𝑓
𝑑𝑓

𝑑𝑡
≈
𝑑𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐
𝑑𝑡

 (5.1) 

where 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy stored in rotating machines that are directly connected to the 

grid, 𝐽𝑔 is the total grid inertia, 𝑓 is the grid frequency. 

According to (5.1), a sudden mismatch in supply and demand will lead to a variation in the 

grid frequency. Usually, the master unit, the diesel genset, will react to active power mismatches 

so as to bring the frequency back to a stable and acceptable value. Since the adjustment in the 

mechanical input power of the diesel genset cannot be done instantaneously, the grid frequency 

will vary with a rate, called rate of change of frequency (ROCOF or 
𝑑𝑓

𝑑𝑡
), and dictated mostly by 

the inertia connected to the shaft of the rotating machines connected to the grid. This is known as 

the inertial response of the system. Depending on the delays and gains in the speed/frequency 

loop of the diesel genset, the frequency will reach a minimum value called frequency nadir, and 

then bounce back towards the rated frequency, if the diesel genset operates in the isochronous 

mode. If the diesel genset works based on the droop frequency/speed control, the new steady-

state frequency can be up to +/- 5% depending on the actual power demanded by the load.  

 

Figure 5.1 Schematic diagram of a generic storage-less D-HK microgrid. 
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Conventionally, HKTs operate in the MPPT mode to capture as much power as possible from 

the water flow. Hence, they do not participate in active power sharing with the genset and 

provide frequency support, where the converted hydrokinetic power should vary with grid 

frequency. However, with the appropriate controls, they have capabilities to provide the 

frequency support similar to diesel gensets, by actively regulating its output active power 

supplied to the grid [110], [115]. The HKECS can supply an additional power proportional to the 

grid frequency deviation (∆𝑓) and the derivative of grid frequency (
𝑑𝑓

𝑑𝑡
). During a disturbance 

e.g. load change, these components can decrease the imbalance between generation and demand 

by injecting/absorbing more power from the HKT to microgrid until the governor 

increase/decrease the mechanical power of the diesel genset. The additional power is provided by 

kinetic energy stored on the HKECS’s rotating parts (e.g. blades, generator shaft, etc.), but it 

cannot guarantee beyond the transient period. Therefore, to provide an active power sharing in 

the steady-state (long-term), a power reserve is required. This reserve power can be obtained by 

operating the turbine in a deloaded (DL) mode. Controlling the turbine in the DL mode will be 

discussed in the next Section.  

Moreover, the parallel operation control of the HKECS and genset in the microgrid can be 

obtained by centralized or decentralized control [116]. The former requires communication 

between generators, while the latter control is obtained without an explicit communications 

system by using power vs. frequency droop-based local controllers. This Chapter contributes 

towards the latter control. The power vs. frequency droop control allows a proportional load 

sharing among the generators. Let us assume that the HKECS output power changes linearly 

with the grid frequency, the relation between the grid frequency and output power of the genset 

and HKECS for a droop controlled mode are given as 

𝑃𝑔𝑒𝑛𝑠𝑒𝑡 = 𝑚1 (𝑓1 − 𝑓) (5.2) 

𝑃𝐻𝐾𝐸𝐶𝑆 = 𝑚2 (𝑓2 − 𝑓) (5.3) 

where 𝑚1 and 𝑚2 are the slopes of the genset and HKECS droop curves (in kW/Hz), and 𝑓1 and 

𝑓2 are the reference frequency (in Hz) of the genset and HKECS, respectively. These values can 
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be set so as to control how much power each source supplies at a given frequency. 𝑓1 usually sets 

to the no-load frequency of the genset while 𝑓2 can set to a different value based on the load 

sharing control strategy.  

Considering a load variation for such system, the resulting frequency variation and genset 

output power variation can be given as [62].  

∆𝑓 =
∆𝑃𝑙𝑜𝑎𝑑
𝑚1 +𝑚2 

 (5.4) 

∆𝑃𝑔𝑒𝑛𝑠𝑒𝑡 =
𝑚1 

𝑚1 +𝑚2 
∆𝑃𝑙𝑜𝑎𝑑 (5.5) 

According to equation (5.4) and (5.5), the HKECS (with a slope of 𝑚2 ) has a capability in 

reducing variation of the grid frequency as well as the genset output power for a given load 

change.  

Therefore, the operation of HKECS in droop controlled provides an effective power sharing 

between generators in order to mitigate low-load running of the diesel generator in the steady 

state condition. Moreover, it also has a good effect on the transient response, e.g., frequency 

nadir and ROCOF as well. 

5.3 HKECS Configuration and Operation 

5.3.1 HKECS Control Scheme 

The schematic diagram for the HKECS used in this Chapter is shown in Figure 5.2. The output 

power and torque of a fixed-pitch cross-flow type HKT were introduced in the Section 2.1.1. The 

power electronics interface includes the generator-side converter (a three-phase diode bridge 

rectifier and a DC-DC boost converter) and grid-side converter (a three-phase inverter) with a 

common DC-link. Based on equation (2.34), the rotor speed of the PMSG/HKT (𝜔𝑔/ 𝜔𝑚) can be 

regulated by adjusting the value of  𝑉𝑑𝑐. This can be realized using the boost DC-DC converter. 

If  𝑉𝑑𝑐 can be controlled to track a given reference voltage, the power extracted by the  
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Figure 5.2 Block diagram of the HKECS. 

 

HKT from the water flow can be controlled [55], [90]. The DC-DC boost converter control unit 

consists of an output diode rectifier voltage (rotor speed) control loop, and an active power and 

frequency support control loop. The design of the voltage control loop has been discussed in 

Chapters 2 and 3. This Chapter focuses on the design of the active power and the frequency 

support control loop, which will be discussed in Section 5.4. 

The grid-side converter is a 6-switch inverter and is controlled so as to transfer the DC-link 

power into the grid, which is done by regulating the intermediate DC bus voltage. The grid-side 

inverter is designed to operate as a current-controlled voltage source inverter (CC-VSI). Its 

structure essentially involves two cascaded control loops. An inner current loop is responsible for 

regulating the inverter output current, and an outer DC-link voltage loop is used to balance the 

power flow into the intermediate DC bus. It should be able to regulate the DC-link voltage of the 

inverter regardless of the water speed variation. The reactive power control of the grid-side 
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converter can also be obtained by an outer reactive power loop. In the control loops, the output 

currents and grid voltages are converted from the abc frame to the dq frame using the Park 

transformation and a phase-locked loop (PLL) controller [51]. The PLL provides an accurate 

frequency and phase angle estimation of the grid voltage. The choice and parameter 

determination of the proportional-integral (PI)-type controllers and the PLL controller have been 

discussed in details in Section 2.1.5.1. In this Chapter, the grid-side converter is set to operate at 

unity power factor. The parameters of the HKECS are listed in Appendix A. 

5.3.2 DL Operation Mode 

To provide sufficient reserve power for supporting the frequency droop control, the HKT has 

to operate at a sub-optimal operating point, called DL operation mode [45]. For a fixed-pitch 

HKT and a given water speed, based on the turbine’s power–rotor speed curve, the DL mode can 

be obtained by shifting the operating point towards the right side of the MPPT point (high-speed 

region), which leads to a power reduction on the HKT output power. Considering that the 

relationship between the generator/turbine rotor speed and the output voltage of diode rectifier is 

linear and given by equation (2.34), the available power at the DL mode operation can be 

calculated as 

𝑃𝐻𝐾𝑇,   𝐷𝐿 = (1 −
%𝐷𝐿

100
)𝑃𝐻𝐾𝑇,   𝑀𝑃𝑃𝑇 (5.6) 

where %𝐷𝐿 is DL percentage and 

𝑃𝐻𝐾𝑇,   𝑀𝑃𝑃𝑇 = 𝐾𝑜𝑝𝑡𝑉𝑑𝑐
3  (5.7) 

𝐾𝑜𝑝𝑡 is the optimal coefficient and can be determined as  

𝐾𝑜𝑝𝑡 =
0.5𝐴𝜌𝑅3𝐾𝑉

′ 3𝐶𝑃,𝑚𝑎𝑥

𝜆𝑜𝑝𝑡
3  (5.8) 

where 𝐾𝑉
′   is the voltage constant. 𝐾𝑜𝑝𝑡 can also be obtained by an optimal power algorithm 

through off-line tests or simulations on the HKT, generator, and diode rectifier [107]. The 
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reserve power at a 𝐷𝐿 percentage can also be determined as  

𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑒 = 𝑃𝐻𝐾𝑇,𝑚𝑎𝑥 − 𝑃𝐷𝐿 = (
%𝐷𝐿

100
)𝑃𝐻𝐾𝑇,𝑚𝑎𝑥 (5.9) 

In equation (5.6) and (5.9), %DL can vary between 0 and 𝐷𝐿𝑚𝑎𝑥, where 𝐷𝐿𝑚𝑎𝑥 is the maximum 

acceptable DL percentage of the turbine and is a user-defined value. For example, when 𝐷𝐿𝑚𝑎𝑥 

is set at 15%, %DL changes between zero and 15, 𝑃𝐷𝐿 varies between 𝑃𝐻𝐾𝑇,   𝑀𝑃𝑃𝑇 and 

0.85𝑃𝐻𝐾𝑇,   𝑀𝑃𝑃𝑇, and 𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑒 changes between 0 and 0.15 𝑃𝐻𝐾𝑇,   𝑀𝑃𝑃𝑇, respectively. 

     Figure 5.3 shows the power vs. output voltage of the diode rectifier for various water speeds 

for the HKT. It is assumed that the power losses are ignored, 𝑃𝑑𝑐 is equal to 𝑃𝐻𝐾𝑇. One can see 

that the maximum turbine power across different water speeds follows an MPPT curve, line “A-

B”, which is corresponding to %DL= 0 in equation (5.6). When the turbine is deloaded to 

𝐷𝐿𝑚𝑎𝑥, the turbine power across various water speeds follows a 𝐷𝐿𝑚𝑎𝑥 curve, line “C-D”. These 

curves can be realized using look-up tables (𝑃𝑑𝑐vs. 𝑉𝑑𝑐). Also, for a given water speed e.g. 2.8 

m/s, one can see that the turbine power varies between 𝑃𝐻𝐾𝑇,   𝑀𝑃𝑃𝑇 (point B) and 𝑃𝐻𝐾𝑇,   𝐷𝐿𝑚𝑎𝑥 

(point D), where 𝑃𝐻𝐾𝑇,   𝐷𝐿𝑚𝑎𝑥 is the turbine power at 𝐷𝐿𝑚𝑎𝑥. This can be obtained by changing 

𝑉𝑑𝑐 between 𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇 and 𝑉𝑑𝑐,   𝐷𝐿𝑚𝑎𝑥, where 𝑉𝑑𝑐,   𝐷𝐿𝑚𝑎𝑥 is the output voltage of the diode 

rectifier at 𝐷𝐿𝑚𝑎𝑥, without using any mechanical sensors for water speed and rotor speed 

measurements. Moreover, it is assumed that there is a linear relationship between 𝑉𝑑𝑐 and 𝑃𝑑𝑐 in 

the DL mode (e.g., line “B-D”). It should be noted that as the turbine operates at a rotor speed 

higher than in the usual working condition (MPPT), the kinetic energy stored into the rotating 

shaft turbine will increase with the square of the rotor speed increase [113]. This kinetic energy 

can be released into the grid to support frequency control. 
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Figure 5.3 Power vs. output voltage of the diode rectifier for various water speeds and MPPT and DL 

Curves 

5.4 Proposed Frequency Support Control Scheme of the HKECS 

As discussed in the previous Section, the grid-side converter is in charge of regulating the 

DC-link voltage while controlling the power factor of the HKECS. So, active power control of 

the HKECS can only be done through the DC-DC boost converter which is placed between the 

uncontrollable diode rectifier and the grid-side converter. Active power control of the HKECS in 

the MPPT mode has been obtained by a single control loop, diode rectifier output voltage control 

loop, which adjusts the duty cycle of the boost converter [55], [90]. In the following sub-

sections, the inertial and droop control as add-on controllers will be introduced to this diode 

output voltage control loop in order to provide the frequency support control of a storage-less D-

HK microgrid for both transient and steady-state conditions. Moreover, a brief discussion on the 

selection and design of the frequency loop gains will be explained. 
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5.4.1 Frequency Support Control Scheme of the HKECS Using the Boost DC-DC 

Converter 

Figure 5.4 shows the block diagram of the proposed control scheme for the DC-DC boost 

converter. Without frequency support control (conventional control scheme), 𝑉𝑑𝑐,   𝑟𝑒𝑓 can be 

generated by the MPPT tracking curve as shown in Figure 5.3. 𝑉𝑑𝑐 is controlled by a voltage 

regulator using a proportional-integral (PI) controller. Then, the voltage regulator generates the 

duty cycle (D) of the DC-DC boost converter. With the frequency support control scheme, 

supplementary terms including the frequency droop control ∆𝑣𝑑𝑐,𝑑 and the inertial control 

∆𝑣𝑑𝑐,   𝑖 are added into the controller as given by equation (5.10) and (5.11). 

∆𝑉𝑑𝑐,d = 𝐾𝑑(𝑓−𝑓𝑟𝑒𝑓)   ,  𝑓 ≥ 𝑓𝑟𝑒𝑓 (5.10) 

∆𝑣𝑑𝑐,𝑖 = 𝐾𝑖
𝑑𝑓

𝑑𝑡
 (5.11) 

where 𝐾𝑑 and 𝐾𝑖 are the gains of the frequency droop control and the inertial control loops, 

respectively. 𝑓𝑟𝑒𝑓 is the reference frequency of frequency droop control. 𝑓𝑟𝑒𝑓 is set to the genset 

full-load frequency 𝑓𝑓𝑙, which corresponds to 100% loading of the genset. Also, the derivative of 

a noisy high-frequency signal will intensify the effect of that noise which leads to a failure of the 

controller performance. To prevent this issue, the derivative term can be represented by a high-

pass filter as shown in Figure 5.4. The time constant "T" should be selected small related to the 

main time constant of the system in order to detect 
𝑑𝑓

𝑑𝑡
 of the grid frequency accurately. The time 

constant "T" is set to 0.08 s which is smaller than the main time constant of the system used this 

work (≈1s). 
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Figure 5.4 DC-DC boost converter with frequency support control.  

 

From equation (5.10), 𝑉𝑑𝑐 changes according to the grid frequency deviation from a reference 

frequency value 𝑓𝑟𝑒𝑓. This term allows the HKECS to change the turbine operating point 

between MPPT and 𝐷𝐿𝑚𝑎𝑥 according to grid frequency. During the steady-state period, 
𝑑𝑓

𝑑𝑡
 is 

very small and can be ignored. Hence, 𝑉𝑑𝑐,𝑟𝑒𝑓 is 𝐾𝑑(𝑓−𝑓𝑟𝑒𝑓) + 𝑉𝑑𝑐,𝑀𝑃𝑃𝑇 . Since the genset 

works with droop speed control, a load change will result in a frequency change. By having the 

HKECS operating with frequency droop, the HKT power will not be as high as if the HKT was 

operating in MPPT and operating point will change too. The operating point changes according 

to setting value of 𝐾𝑑 which will be explained in the next sub-Section. Basically, this parameter 

is chosen so that the HKT operating point moves from the MPPT point towards the 𝐷𝐿𝑚𝑎𝑥 point 

when the grid frequency increases due to a decrease in the load power. Hence, the power 

supplied by the HKECS into the grid reduces and mitigates the light loading operation of the 

diesel genset. Moreover, the reserve power provided by the DL operation mode is increased 

leading to reserve more kinetic energy on the rotating masses which can be released into the grid 

for supporting frequency control during the transient period. Conversely, the turbine operating 

point moves towards the MPPT point when the grid frequency decreases due to an increase in the 

load power. This can help to maximize hydro resource utilization and reduce diesel engine’s fuel 

consumption, although less energy for the inertial control can be obtained. 
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Following a disturbance, the inertial control aims to decrease the ROCOF compared to the 

case when only the frequency droop control is used. For example, within the initial stage of an 

under-frequency event, the value of ROCOF is largely negative, so ∆𝑣𝑑𝑐,𝑖 is largely negative too. 

Therefore, the turbine rotor speed decreases faster, releasing more of the kinetic energy stored in 

the rotating masses into the grid within a shorter period. This results in a lower ROCOF 

compared to using only the frequency droop control.  

5.4.2 Selection of the Frequency Loop Gains 

To provide a high contribution of the HKECS to support the grid frequency control, large 

values of 𝐾𝑖 and 𝐾𝑑  are desirable [117]. However, substantial gains can take the HKT to the stall 

region (unusable region) or exceed voltage/current rating of the PMSG and converters. This is 

because the operating point of the HKT changes with water speed variations, and hence the 

stored kinetic energy on the rotating parts and the reserve power provided by the DL operation of 

the turbine change. These problems can be solved by setting 𝐾𝑖  and 𝐾𝑑 according to the HKT 

operating point. Moreover, the minimum value of the reference signal of the voltage control loop 

is set to 𝑉dc,   MPPT to avoid the HKT operation in the stall region. 

The frequency droop control gain 𝐾𝑑 is selected by the following equation. 

𝐾𝑑 = 𝐾𝑑0
𝑉dc,   MPPT

𝑉dc,   MPPT,max
 (5.12) 

where 𝐾𝑑0 is the droop gain-tuning factor and is a constant value. 𝐾𝑑0 is set according to 𝐷𝐿𝑚𝑎𝑥 

for 𝑣𝑇,   𝑚𝑎𝑥, where 𝑣𝑇,   𝑚𝑎𝑥 is the maximum allowable water speed. It is set so that the HKT 

operates at 𝐷𝐿𝑚𝑎𝑥 as grid frequency reaches 𝑓𝑚𝑙. 𝑓𝑚𝑙  corresponds to the minimum diesel engine 

loading (40% of rated value) according to the droop speed control on the diesel genset. At 

𝑣𝑇,   𝑚𝑎𝑥, 𝑉dc,   MPPT is equal to 𝑉dc,   MPPT,max and hence 𝐾𝑑 = 𝐾𝑑0. However, the HKT operation 

point may go beyond their corresponding 𝐷𝐿𝑚𝑎𝑥 point if a fixed value of 𝐾𝑑 is selected for water 

speeds lower than 𝑣𝑇,   𝑚𝑎𝑥. Hence, 𝐾𝑑 is automatically decreased by factor 
𝑉dc,   MPPT

𝑉dc,   MPPT,   max
 in 

equation (5.12), which 𝑉dc,   MPPT,max is more than 𝑉dc,   MPPT for water speeds lower than 

𝑣𝑇,   𝑚𝑎𝑥. 
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Table 5.1 shows variations of the HKECS output power and the output voltage of the diode 

rectifier with grid frequency for three different water speeds, 𝑣𝑇 = [1.8 𝑚/𝑠, 2.4 𝑚/𝑠, 2.8 𝑚/𝑠], 

while 𝐾𝑖 = 0 and 𝐷𝐿𝑚𝑎𝑥 = 25%. The results were obtained based on the simulation for the 

steady-state conditions. The rated power of the diesel genset is 3.5 kW, and it operates with 

droop speed control with a slope (𝑚1) of 1.076 Hz/kW. 𝑓𝑚𝑙 and the corresponding minimum 

loading of the diesel genset  𝑃𝑔𝑒𝑛𝑠𝑒𝑡,   𝑚𝑖𝑛 are calculated as 60.7 Hz and 1.4 kW, respectively. 

According to the procedure mentioned above, 𝐾𝑑0  and 𝑓𝑓𝑙 are selected as 24 V/Hz and 58.44 Hz, 

respectively. One can see that when the grid frequency moves towards its lowest value (𝑓𝑓𝑙), the 

HKT moves towards the MPPT point as well as ∆𝑉𝑑𝑐,𝑑 to zero, what is automatically done by 

decreasing factor (𝑓−𝑓𝑓𝑙) in equation (5.10). As a result, the genset’s output power decreases. 

On the other hand, when the grid frequency moves towards 𝑓𝑚𝑙, HKT moves towards the 𝐷𝐿𝑚𝑎𝑥 

point, resulting in reducing the output power of HKECS and increasing the genset’s output 

power. The power vs. frequency results of the HKECS from Table 5.1, and power vs. frequency 

plot of the genset are shown together in Figure 5.5. One can observe that HKECS presents 

different power-frequency droop characteristics while the water speed changes. At higher water 

speeds (e.g., 2.8 m/s), the variation of HKECS output power with grid frequency change is more 

than low water speeds (e.g., 1.6 m/s). Therefore, the HKECS contributes more to share the load 

with the genset at higher water speeds than lower water speeds. 

 𝒗𝑻 = 𝟐. 𝟖 𝒎/𝒔 𝒗𝑻 = 𝟐. 𝟒 𝒎/𝒔 𝒗𝑻 = 𝟏. 𝟔 𝒎/𝒔 

𝒇 

∆𝑽𝒅𝒄,𝒅= 

𝑲𝒅(𝒇−𝒇𝒓𝒆𝒇) 

(V) 

𝑽𝒅𝒄,𝒓𝒆𝒇 

(V) 

𝑷𝑯𝑲𝑬𝑪𝑺 

(kW) 

∆𝑽𝒅𝒄,𝒅= 

𝑲𝒅(𝒇−𝒇𝒓𝒆𝒇) 

(V) 

𝑽𝒅𝒄,𝒓𝒆𝒇 

(V) 

𝑷𝑯𝑲𝑬𝑪𝑺 

(kW) 

∆𝑽𝒅𝒄,𝒅= 

𝑲𝒅(𝒇−𝒇𝒓𝒆𝒇) 

(V) 

𝑽𝒅𝒄,𝒓𝒆𝒇 

(V) 

𝑷𝑯𝑲𝑬𝑪𝑺 

(kW) 

60.7 (𝑓𝑚𝑙) 54.24 244.24 1.038 46.64 208.64 0.630 31.45 142.45 0.178 

60.2 42.24 232.24 1.141 36.32 198.32 0.712 24.49 135.49 0.208 

59.7 30.24 220.24 1.257 26 188 0.778 17.53 128.53 0.229 

59.2 18.24 208.24 1.330 15.68 177.68 0.835 10.57 121.57 0.240 

58.8 8.64 198.64 1.369 7.43 169.43 0.859 5.01 116.01 0.255 

58.44 (𝑓𝑓𝑙) 0 190 1.385 0 162 0.870 0 111 0.257 

 

Table 5.1 Variation of the HKECS output power and output voltage of the diode rectifier with grid 

frequency for three different water speeds, 𝑣𝑇 = [1.6 𝑚/𝑠, 2.4 𝑚/𝑠, 2.8 𝑚/𝑠], while 𝐾𝑖 = 0 (∆𝑣𝑑𝑐,𝑖 = 0), 

𝐾𝑑 = 24, and 𝐷𝐿𝑚𝑎𝑥 = 25%. 



 

111 

 

 

 

Figure 5.5 Variations of the HKECS and genset output power with grid frequency for three different 

water speeds , 𝑣𝑇 = [1.6 𝑚/𝑠, 2.4 𝑚/𝑠, 2.8 𝑚/𝑠], while 𝐾𝑖=0 (∆𝑣𝑑𝑐,𝑖 = 0), 𝐾𝑑=24 and 𝐷𝐿𝑚𝑎𝑥= 25%. 

 

The inertial control gain 𝐾𝑖 is selected based on the largest credible load change and releasable 

kinetic energy (KE) stored in the rotating masses of the HKECS into the microgrid. The 

releasable KE for an HKECS from rotating masses can be given as  

𝛥𝐸𝐻𝐾𝑇 = 𝐽(𝜔𝑚
2 − 𝜔𝑚,𝑀𝑃𝑃𝑇

2 ) (5.13) 

Substituting equation (2.34) into equation (5.13), equation (5.14) can be obtained.  

𝛥𝐸𝐻𝐾𝑇 =
𝐽

𝐾𝑉
2 (𝑉𝑑𝑐

2 − 𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇
2 ) (5.14) 

From equation (5.1), (5.11), and (5.14), 𝐾𝑖 can be considered proportional to the releasable 

KE with a reasonable assumption. Also, the maximum releasable KE is obtained when 𝑉dc 

changes from 𝑉𝑑𝑐,   DLmax  to 𝑉𝑑𝑐,   MPPT  [118]. Moreover, a larger 𝐾𝑖 implies more releasable KE 

and more contribution to the reduction of the ROCOF than that of a smaller 𝐾𝑖. However, since 

frequency droop provides a variable DL operation for the HKT and considering water speed 
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variations, choosing a constant 𝐾𝑖 cannot be considered as an effective method. So, 𝐾𝑖 is selected 

by the following equation. 

𝐾𝑖 = 𝐾i0
𝑉𝑑𝑐
2 − 𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇

2

𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇,𝑚𝑎𝑥
2  (5.15) 

where 𝐾i0 is the inertial gain-tuning factor and is a constant value. In order to set 𝐾i0, the value 

of 𝐾𝑖 should be estimated so that 𝐾𝑖 becomes the largest possible value for the HKT to release 

the maximum KE into the grid at 𝑣𝑇,   𝑚𝑎𝑥. This can be obtained by running simulation tests on 

the D-HK microgrid for to a step-up load change while both generators operate with the droop 

frequency control. Then, 𝐾i0 is calculated by replacing 𝐾𝑖 in equation (5.15) for given 𝑉𝑑𝑐 values 

corresponding to 𝐷𝐿𝑚𝑎𝑥 and MPPT points. According to the above procedure, 𝐾𝑖 is obtained as 

40 V.s/Hz, and 𝐾i0 is calculated as 60 V.s/Hz for a 30% step-up load change. 

From equation (5.15) for a constant water speed, 𝐾𝑖 automatically decreases to zero as the 

operating point moves from the 𝐷𝐿𝑚𝑎𝑥 point to the MPPT point, by reducing factor of (𝑉𝑑𝑐
2 −

𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇
2 ) in equation (5.15). Also, for water speeds lower than 𝑣𝑇,   𝑚𝑎𝑥, 𝐾𝑖 is automatically 

decreased by factor 𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇,   𝑚𝑎𝑥
2  in equation (5.15), which is more than 𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇

2  for each 

water speed. This avoids the problem of very large gains taking the HKT to the stall region 

(unusable region) at low water speeds. Figure 5.6 (a) and (b) show the simulation results of the 

grid frequency, output voltage of diode rectifier and HKECS output power response to a 30% 

step-up load change for two water speeds, 𝑣𝑇 = [2.4m/s, 2.8m/s], while 𝐾𝑑0 and 𝐷𝐿𝑚𝑎𝑥 are set 

24 and 25%. For both water speeds, the results are shown for 𝐾i0 = 0 (without 𝐾i0), 𝐾i = 40 

V.s/Hz (fixed value), and 𝐾i selected based on equation (5.15). Setting 𝐾i based on equation 

(5.15), it can be observed that the transient frequency response of the grid regarding ROCOF and 

frequency nadir is improved in both water speeds. However, the improvement of these terms at 

𝑣𝑇 = 2.8 m/s is more evident than 𝑣𝑇 = 2.4 m/s. This is because the value of 𝐾𝑖 is decreased 

based on equation (5.15) due to moving of turbine operating point towards the MPPT point and 

reducing the water speed. Also, 𝑉𝑑𝑐 is decreased to 𝑉𝑑𝑐,   𝑀𝑃𝑃𝑇, as expected based on the above 

discussion. For 𝐾i = 40 V.s/Hz (fixed value), the transient frequency response of the grid 

regarding ROCOF and frequency nadir at 𝑣𝑇 = 2.8 m/s is the same as that 𝐾i selected based on 
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equation (5.15). However, as shown in Figure 5.6 (b). (ii) and (iii), one can observe that the HKT 

is taken to the stall region after the load change at 𝑣𝑇 = 2.4 m/s due to a large value of 𝐾i. The 

HKECS output power and the output voltage of diode rectifier are fallen to around zero. Also, 

the grid frequency dips to around 57 Hz, as shown in Figure 5.6 (b). (i). 

 

 

(a) 

 

(b) 

Figure 5.6 System response to a 30% step load change while 𝐾𝑑0 = 25 and 𝐷𝐿𝑚𝑎𝑥 = 25%;  (a) grid 

frequency (i), output voltage of diode rectifier (ii), output power of HKECS(iii) for 𝑣𝑇 = 2.8m/s,  (b) 

grid frequency (i), output voltage of diode rectifier (ii), output power of HKECS (iii) for 𝑣𝑇 = 2.4m/s. 

 

5.5 Experimental Results and Discussions 

5.5.1 D-HK Microgrid Emulator as Experimental Test-bed  

An experimental set-up was assembled in the laboratory to assess the performance of the 

proposed frequency support control scheme for the storage-less D-HK microgrid. Figure 5.7 

shows the block diagram of the storage-less D-HK microgrid emulator including the HKT and 
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diesel engine emulators. The development and application of the diesel genset and HKT/wind 

turbine emulator have been discussed in [25], [60], [64], [90]. The HKT emulator was based on a 

DC motor, whose torque is controlled through its armature current. This is achieved with a DC-

DC buck converter operating with hysteresis current control (HCC) and fed from the AC grid 

through a three-phase diode rectifier. The reference signal for the HCC comes from the model 

(torque vs. shaft speed) of the cross-flow HKT. More details on HKT emulator are given in [90]. 

The diesel engine of the genset is emulated by a separately excited DC motor. Its rotor speed is 

controlled by an ABB DCS800 motor drive. The model of the HKT and diesel engine are 

implemented in a dSPACE DS1103 rapid control prototyping system. This system is also used as 

an interface between the ABB drive hardware, ABB control desk, and Matlab/Simulink to 

provide feedback signals. Figure 5.8 shows a picture of the complete system implemented in the 

laboratory. A power electronics interface including diode rectifier, DC-DC boost converter and 

three-phase inverter connected to a step-up transformer is used to connect the PMSG to the AC 

microgrid. The parameters of the experimental setup are listed in Appendix A. The results shown 

in the following sub-Sections are obtained with the Yokogowa SL1000 data acquisition system 

with a sampling period of 20 𝜇𝑠. For demonstrating the performance of the proposed frequency 

support controller, the HKECS output power, genset output power, PMSG rotor speed, and grid 

frequency are illustrated through different scenarios in the following Sections. In all scenarios, 

the diesel genset is supposed to be operating in parallel with the HKECS. The CC-VSI of the 

HKECS works with unity power factor (𝑄𝑟𝑒𝑓 = 0) while the local AC load presents power factor 

of 0.98 lagging. The HKECS is assumed to be operating up to 25% DL mode from the MPPT 

point during tests while working based on the proposed frequency support control loops. 
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Figure 5.7 The block diagram of the storage-less D-HK microgrid emulator. 
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5.5.2 Response to a Step Load Variation 

This test concerns the system response before and after a step increment in the load. The initial 

load is 2.22 kW and then changes to 2.9 kW (30% step-up load change). Three cases are 

considered in this part. In all cases, the water speed is kept constant at 2.4 m/s during the test 

time. In case I, the HKECS operates in the MPPT mode. In case II, the HKECS operates with the 

proposed controller but with the inertial control loop disabled (𝐾𝑖 = 0). In case III, the HKECS 

operates with both proposed frequency droop and inertial control loops.  

Figure 5.9 shows waveforms of interest for case I. In all periods of the test, one can see that the 

HKECS operates in MPPT mode and does not participate in the frequency control and active 

power load sharing. 𝑃𝐻𝐾𝐸𝐶𝑆, 𝑉𝑑𝑐, 𝜔𝑔, 𝐶𝑃, and 𝑉𝑜 are kept constant at 0.95 kW, 160 V, 100 rad/s, 

3.1, and 280 V, respectively. Before the load increment, the frequency is 60.9 Hz, and the genset 

 
 

 

Figure 5.8 Hardware of experimental setup for a D-HK microgrid emulator; 1. dSPACE and ABB drive 

control desk, 2. DC motor and PMSG, 3. industrial ABB drive, wound rotor synchronous generator and 

DC motor, 4. AC and DC loads, 5. Synchronization device, 6. dSPACE interface hardware, 7. diode 

rectifier, DC-DC boost converter, and inverter, 8. current and voltage sensors, 9. DC-DC buck converter, 

10. coupling filters and transformers. 



 

117 

 

 

generates 1.27 kW. One can see that the diesel genset operates under the light loading condition 

as the grid frequency is higher than the minimum frequency 𝑓𝑚𝑙 (60.7 Hz) and the diesel genset 

output power is less than the minimum loading of the diesel genset 𝑃𝑔𝑒𝑛𝑠𝑒𝑡,   𝑚𝑖𝑛 (1.4 kW, 40% of 

rated value) After the load increment, the grid frequency drops to a minimum of 58.7 Hz after 

0.9 s, then it increases to a steady-state value of 60 Hz and the genset delivers 1.95 kW power to 

the grid. The frequency nadir and ROCOF are measured as 2.2 Hz and 2.44 Hz/s following the 

load step increase.  

 

 

Figure 5.9 The system response for case I. The HKECS operates in MPPT mode. (a) grid frequency 

𝑓, (b) HKECS output active power 𝑃𝐻𝐾𝐸𝐶𝑆 and genset output active power 𝑃𝑔𝑒𝑛𝑠𝑒𝑡, and (c) inverter 

DC-link voltage 𝑉𝑜, diode rectifier output voltage 𝑉𝑑𝑐, turbine power coefficient 𝐶𝑃, and generator 

rotor speed 𝜔𝑔. 
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Figure 5.10 shows waveforms of interest for case II. Before the load increment, the frequency 

is 60.55 Hz, and the genset generates 1.57 kW. One can observe that the HKECS output power is 

curtailed according to the DL operation mode compared to Case I and it generates 0.65 kW. 

𝑉𝑑𝑐, 𝜔𝑔, 𝐶𝑃, and 𝑉𝑜 are 195 V, 124 rad/s, 2.6, and 280 V, respectively. One can see that the 

genset operates above the light loading condition as the grid frequency is lower than 𝑓𝑚𝑙 (60.7 

Hz) and/or 𝑃𝑔𝑒𝑛𝑠𝑒𝑡 is higher than 𝑃𝑔𝑒𝑛𝑠𝑒𝑡,   𝑚𝑖𝑛 (1.4 kW). After the load increment, the frequency 

drops to a minimum of 58.8 Hz after 0.8 s, then it increases to a steady-state value of 59.8 Hz, 

and the genset generates 2.13 kW. One can see that as the frequency decreases, the HKECS 

increases its output power to support frequency control and active sharing during both the 

transient and steady-state conditions. Its output power increases to 0.9 kW and then decreased to 

0.77 kW in the steady-state condition. The frequency nadir and ROCOF are measured as 1.75 Hz 

and 2.1 Hz/s during the transient condition. 𝑉𝑑𝑐 and 𝜔𝑔 changes according to the frequency 

droop control. They decrease during the transient temporarily to 172 V, 105 rad/s, then they 

become stable at 185 V and 113 rad/s. After the load change, 𝐶𝑃 increases to 0.3, then decreases 

to 0.285, which is more than before the load increment. This means that the contribution of the 

HKECS in power sharing between generators in the microgrid is increased with an increase in 

the load power. The HKECS produces more power due to higher power demand. 

Figure 5.11 shows the system performance for case III. One can see that the steady-state 

performance is similar to case II, yielding expected results. However, the transient performance 

of the system, regarding frequency nadir and ROCOF is significantly improved when using both 

inertial and frequency droop control loops. The frequency nadir and ROCOF are measured as 1.6 

Hz and 1.4 Hz/s during the transient condition. One can see that the HKECS contributes to the 

frequency support control more than in case II. 𝑉𝑑𝑐, 𝜔𝑔, and 𝐶𝑃 are decreased to 166 V, 100 

rad/s, and 3.1 respectively, which correspond to the MPPT operation point.  

In both case I and case II, The HKECS can keep the inverter DC-link voltage constant at 280 

V while providing the grid frequency control support as shown in Figure 5.10 (d) and Figure 5.11 

(d).  

Table 5.2 shows a summary of the system response for Case I, Case II, and Case III results. 
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Figure 5.10 The system response for case II. The HKECS operates with proposed frequency 

support control while  𝐾𝑖 = 0 during the test. (a) grid frequency 𝑓, (b) HKECS output active 

power 𝑃𝐻𝐾𝐸𝐶𝑆 and diesel genset output active power 𝑃𝑔𝑒𝑛𝑠𝑒𝑡, and (c) inverter DC-link voltage 𝑉𝑜, 

diode rectifier output voltage 𝑉𝑑𝑐, turbine power coefficient 𝐶𝑃, and generator rotor speed 𝜔𝑔. 
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Figure 5.11 The system response for case III. The HKECS operates with proposed frequency support 

control loops. (a) grid frequency 𝑓, (b) HKECS output active power 𝑃𝐻𝐾𝐸𝐶𝑆 and diesel genset output 

active power 𝑃𝑔𝑒𝑛𝑠𝑒𝑡, and (c) inverter DC-link voltage 𝑉𝑜, diode rectifier output voltage 𝑉𝑑𝑐, turbine 

power coefficient 𝐶𝑃, and generator rotor speed 𝜔𝑔. 

 

 

Table 5.2 Summary of the system response for Case I, Case II, and Case III results for a 30% step-up load 

change. 𝑓𝑠 is the steady-state value of the grid frequency. 

Case No. 

Frequency nadir 

(𝛥𝑓𝑡) 
(Hz) 

ROCOF 

(𝛥𝑓𝑡/𝛥𝑡𝑡) 
(Hz/s) 

Steady-state values 

before the load change 

Steady-state values  

after the load change 

𝑓𝑠 
(Hz) 

𝑃𝑔𝑒𝑛𝑠𝑒𝑡  

(kW) 

𝑃𝐻𝐾𝐸𝐶𝑆 

(kW) 

𝑓𝑠 
(Hz) 

𝑃𝑔𝑒𝑛𝑠𝑒𝑡  

(kW) 

𝑃𝐻𝐾𝐸𝐶𝑆 

(kW) 

Case I 2.2 2.44 60.9 1.27  0.95 60  1.95 0.95 

Case II 1.75 2.1 60.7 1.57 0.65 59.8  2.13 0.77 

Case III 1.6 1.4 60.7 1.57 0.65 59.8  2.13 0.77 
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5.5.3 Response to a Water Speed Variation 

This part is performed to evaluate the system response during water speed variations while the 

HKECS is equipped with the proposed frequency support control. The water speed changes in 

the shape of a trapezium as shown in Figure 5.12 while the load is considered to be constant at 

2.9 kW during the test. Figure 5.13 and Figure 5.14 show key waveforms of the system response 

while the HKECS operates in the MPPT mode and with the proposed frequency support control 

loops, respectively. One can see that the variations (peak-to-peak) of the grid frequency, the 

output power of the diesel genset and the HKECS considerably decrease with the proposed 

controller as summarized in Table 5.3. This is obtained at the cost of a decline in the average 

power supplied by the HKECS, and consequently, with an increment in the amount of power 

delivered by the diesel genset. However, this amount of the power curtailment from the HKECS 

was considered as a reasonable power reserve and is a sensible compromise for the enhancement 

of the active power balancing and frequency response. 
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Figure 5.12 Water speed variations 

 

 

Figure 5.13 The system response to water speed variations while the HKECS operates with the MPPT 

mode. (a) grid frequency 𝑓, (b) HKECS output active power 𝑃𝐻𝐾𝐸𝐶𝑆 and diesel genset output active 

power 𝑃𝑔𝑒𝑛𝑠𝑒𝑡, and (c) inverter DC-link voltage 𝑉𝑜, diode rectifier output voltage 𝑉𝑑𝑐, turbine power 

coefficient 𝐶𝑃, and generator rotor speed 𝜔𝑔. 
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Figure 5.14 The system response to water speed variations while the HKECS operates with the 

proposed frequency support control loops. (a) grid frequency 𝑓, (b) HKECS output active power 

𝑃𝐻𝐾𝐸𝐶𝑆 and diesel genset output active power 𝑃𝑔𝑒𝑛𝑠𝑒𝑡, and (c) inverter DC-link voltage 𝑉𝑜, diode 

rectifier output voltage 𝑉𝑑𝑐, turbine power coefficient 𝐶𝑃, and generator rotor speed 𝜔𝑔. 

 

Table 5.3 Summary of the system response to water speed variations while the HKECS operates with the 

MPPT mode, and with the proposed frequency support control loops. 

Test 
𝛥𝑓𝑃𝐾−𝑃𝑘   (Hz) 
(peak-to-peak) 

𝛥𝑃𝐻𝐾𝐸𝐶𝑆 (W) 
(peak-to-peak) 

𝛥𝑃𝑔𝑒𝑛𝑠𝑒𝑡  (W) 

(peak-to-peak) 

With the MPPT mode (𝐾i = 0 and 𝐾d = 0) 1 475 487 

With the proposed frequency support control loops 0.7 350 338 
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5.6 Summary 

This Chapter presents a new frequency support control for a storage-less D-HK microgrid. 

The control scheme has been proposed for a fixed-pitch PMSG-based HKECS by synthesizing 

inertial and frequency droop control loops to improve the grid frequency response and to 

mitigate light loading operation of the diesel engine. It has been achieved by the inexpensive and 

simple configuration, including a diode rectifier, a DC-DC boost converter, and an inverter, and 

a single voltage control loop combined with the add-on frequency control scheme. With the help 

of the voltage control, the turbine’s rotor speed, as well as its output power, is directly regulated 

by controlling the output voltage of the diode rectifier. There is no need for sensing the water 

speed and the generator speed. The procedure to select the frequency control loop gains has been 

proposed through the different water speeds while considering the minimum loading of the diesel 

engine and the HKT rotor speed limit range. Electromechanical-based emulator of the diesel 

genset and the HKT have been built for investigating the system performance with proposed 

frequency support control experimentally. The results have been demonstrated through step load 

change and water speed variations tests. Results showed that the use of the HKECS with the 

inertial and frequency control droops could significantly improve the steady-state and transient 

performance of the grid frequency and reduce the genset and HKECS power various. Moreover, 

the light loading operation of the diesel engine was mitigated by using the proposed frequency 

droop control for the HKECS. To sum up, the proposed frequency support control is 

recommended for storage-less small-scale diesel-hydrokinetic/wind microgrids, which are not 

equipped with energy storage devices such as ultracapacitor, flywheel, or batteries. 
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Chapter 6. Conclusions and Future Works 

This chapter concludes the research work presented in this Ph.D. Based on the explanations 

made through the separate chapters of the research, the overall conclusion of the research work 

is presented, leading to the suggestion of future work. 

6.1 Conclusions 

The conclusions of this thesis are listed as below: 

In Chapter 1: 

• A discussion of the research area and some related works are provided.  

• A review of the characteristics of a storage-less D-HK microgrid is presented and 

some advantages and disadvantages of such microgrid are highlighted. 

• The research targets and objectives are defined.  

In Chapter 2: 

• The theoretical background and modelling of the storage-less D-HK microgrid are 

discussed. The steady-state and dynamic models of the HKECS and diesel genset are 

formulated and simulated in order to investigate some features of the storage-less D-HK. 

• Some benefits and drawbacks of three common power converter topologies for the 

HKECS are discussed. A 6-switch converter plus 2L-VSI (back-to-back converter), and 

diode rectifier plus DC-DC converter plus 2L-VSL allow continuous power regulation 

from zero to the highest turbine speed. The diode rectifier plus DC-DC converter is 

simpler and less expensive than the six-switch converter. However, the problems of 

harmonic distortion and power losses in the generator arise.  

• Power tracking control challenges in the HKECS are explained. The operation and 

control scheme of the HKT in both low and high-speed regions are compared. The 

HKECS can dispatch its output power in the low-speed region from the maximum 

available power to zero. However, an instability problem appears due to the inherent 

characteristics of the HKT. The HKT can be deloaded in the high-speed region where 

the power reserve is obtained from the stored kinetic energy. However, the de-loading 
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percentage and the control strategy to control the rotor speed so that optimal stored 

power can be injected into the grid, are some of the challenges. 

In Chapter 3: 

• A dispatchable power control scheme for a fixed-pitch HKT with a PMSG followed by a 

diode rectifier and a boost DC-DC converter is presented. It allows an operator to set a 

reference power which is delivered, provided that the water speed is high enough. If not, 

it delivers as much as possible, operating with MPPT or in a speed limiting mode with an 

automatic shutdown in case of excessive water speeds.  

• The controller is achieved with a novel supervisory controller with simple If – Then – 

Else and Min functions along with a cascaded outer power and inner diode rectifier 

voltage loop control system with linear controllers. Using this controller, the HKT can 

transit between modes of operation smoothly as the water speed and reference power 

from the operator change.  

• The performance of the proposed supervisory controller was demonstrated 

experimentally with various tests conducted with an electromechanical HKT emulator 

with the PMSG, diode rectifier and boost DC-DC converter controlled by a DS-1103 

dSPACE® system. 

In Chapter 4: 

• A converter-based PMSG emulator as a testbed for testing and developing generator’s 

power electronic interfaces and its control system is introduced.  

• A VC-VSC is used as a converter-based power amplifier. The model of the PMSG is 

formulated in a real-time simulator. A virtual impedance, included in the software side, 

has been proposed to improve the performance of the voltage type ITM interface for 

emulating an electrical generator. The accuracy of the system is analysed. It is shown that 

it can be represented by a simple series RLC filter and its parameters can be selected 

irrespective of the load impedance value.  

• A proportional-integral plus resonant controller is also introduced for the voltage 

controller of the VSC in the dq frame. It is shown that the controller provides proper 

voltage tracking not only for the fundamental component of variable frequency but also 
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for the 5th and 7th harmonic components that appear when the PMSG supplies non-linear 

loads.  

• Experimental results were shown to validate the overall PMSG emulator performance 

during startup, steady state, and run down. The results have demonstrated that the 

proposed PMSG emulator performs well with high accuracy for both linear and nonlinear 

loading conditions. 

In Chapter 5: 

• A frequency support control for storage-less D-HK microgrid is introduced. The 

frequency support control scheme is implemented by add-on inertial and frequency droop 

controllers to the conventional control scheme of the HKECS.  

• The procedure to select the frequency control loop gains is explained through the 

different water speeds while considering the minimum loading of the diesel engine and 

the HKT rotor speed limit range. With the proposed control scheme, there is no need for 

sensing the water speed and the turbine speed.  

• The system performance with the proposed frequency support control was experimentally 

investigated by the diesel engine and the HKT emulator. The system performance has 

been verified through different tests.  

• Results showed that the use of the HKECS with the inertial and frequency control droops 

could significantly improve the steady-state and transient performance of the grid 

frequency, reduce diesel genset and HKECS power variations, and mitigate the light 

loading operation of the diesel engine.  

6.2 Proposed Future Work 

The following topics are suggested as future work based on the acquired experiences through the 

separate contributions of this research work. 

Power and Frequency Support Control for a Storage-less Diesel Hydrokinetic Microgrid 

• Diode rectifier plus DC-DC converter plus 2L-VSL has been used as a generator-side 

converter in this work. This topology is simple and inexpensive, but the problems of 

harmonic distortion and power losses in the generator arise. It would be interesting to 

investigate other three-phase semi-controlled rectifiers for the generator-side converter 
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such as Minnesota rectifier, Vienna rectifier, etc., which can help to mitigate the total 

harmonic distortion (THD) at ac mains [119].  

• The hydrokinetic performance curve is subjected to a set of complex fluid-dynamic 

interactions, and the HKT may work within a set of curves instead of following only one 

curve [120]. In this study, only one curve was considered, and the electromechanical-

based HKT emulator was developed based on one curve. It would be interesting to 

develop the HKT emulator with a more sophisticated model.  

Power Electronic Converter-Based PMSG Emulator: A Testbed for Renewable Energy 

Experiments  

• In the choice of the machine equations, it is assumed that saturation, eddy currents and 

hysteresis losses are ignored although it can be considered by parameter changes. These 

assumptions are accurate enough to describe the performance of the PMSG during 

normal operating conditions. However, a more accurate machine model can be used 

based on a finite-element analysis (FEA) to accurately describe the machine performance 

during faults, saturation, etc.  

• It is assumed that the current and voltage controllers of the VSC are designed based on a 

balanced system. Therefore, the negative and zero-sequence components in the Park 

transformation are ignored. Developing the controllers for an unbalanced system would 

be interesting. 

Power and Frequency Support Control for a Storage-less Diesel Hydrokinetic 

Microgrid 

• As an extension of this study, it is necessary to identify the most important factors that 

limit the performance of the proposed control scheme in practice. This can be considered 

as future work. 

• It would be interesting to provide a cost analysis of the proposed D-HK microgrid in 

comparison with the cost of typical diesel plants used in remote communities. 
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Appendix A 

The parameters of the study 

The main parameters of Chapter 2, Chapter 3, and Chapter 5 are given below.  

 

TABLE A.1  

HKT PARAMETERS 

Parameter Value Parameter Value 

𝑃𝐻𝐾𝑇,𝑁 1.45 (kW) Turbine inertia 2.5 (kg.m2) 

R 0.33 (m) 𝑣𝑇,𝑐𝑢𝑡_𝑖𝑛  1.2 (m/s) 

H 0.5 (m) 𝑣𝑇,   𝑔𝑁 2.7 (m/s) 

𝜌 1000(kg.m−3) 𝑣𝑇,   𝐶𝑁 2.8 (m/s) 

gr 6 𝑣𝑇,   𝑐𝑢𝑡_𝑜𝑓𝑓 3.0 (m/s) 

𝐶𝑝 = 0.0119𝜆
6 + 0.127𝜆5 + 0.496𝜆4 + 0.795𝜆3 + 0.39𝜆2 + 0.0762𝜆

+ 0.000237. 

 

. 

 

 

TABLE A. 2 

PMSG AND POWER ELECTRONICS INTERFACE PARAMETERS 

Parameter Value Parameter Value 

𝑃𝑃𝑀𝑆𝐺,𝑁 5 (kW) J 0.01 (kg.m2) 

𝜆𝑚 0.6 (V.s) 𝑉𝑜  250 (V) 

𝑅𝑔 0.37 (Ω) 𝐾𝑉 1.8 

𝐿𝑔 0.0014 (𝐻) 𝐾𝑇 2.08 

𝑛𝑝 2 𝜇 0.86 
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TABLE A. 3 

CONTROL SYSTEM PARAMETERS 

Parameter Value  Parameter Value  

Sampling time 80 (μs) 𝜏 0.8 (s) 

𝐾𝑝 

𝐾𝑖 

𝐾𝑑 

𝐾𝑖𝑝 

0.024 

0.29 

0.0005 

0.1 

𝑇𝑧 

𝑇𝑝 

M 

0.27 (s) 

0.4 (s) 

5.2 

 

TABLE A. 4  

PARAMETERS OF DC MOTOR (HKT EMULATOR) 

Parameter Value  Parameter Value  

P 11 (kW) n 1750 (RPM) 

V 240 (V) J 0.06  (kg.m2) 

I 53.5 (A) KT_DC 1.18 (N.m/A) 

 
TABLE A.5 

PARAMETERS OF DIESEL ENGINE 

Parameter Value Parameter Value 

τs 0.022(s) m 5.5e-5(rad/sW) 

mf 1.5(lb/s) ωnen 188.5(rad/s) 

J 0.163  (kg.m2)   

 

TABLE A. 6  

PARAMETERS OF DC MOTOR AND DC DRIVE (GENSET EMULATOR) 

Parameter Value  Parameter Value  

PDC motor 5 (HP) n 1800 (RPM) 

I 22.7 (A) 
I 

(ABB DCS800 ) 
25 (A) 

V 220 (V)   

 

 

 



 

147 

 

 
TABLE A.7  

PARAMETERS OF WOUND ROTOR SYNCHRONOUS GENERATOR 

Parameter Value  Parameter Value  

Pge 11 (kW) V 220 (V) 

Sge 14 (kVA) n 1800 (RPM) 

I 36 (A) p 2 

The main parameters of Chapter 4 are given below. 

TABLE A.8 

PMSG AND POWER ELECTRONICS INTERFACE PARAMETERS 

Parameter Value Parameter Value 

𝜆𝑎𝑓  0.63(𝑉. 𝑠) 𝑉𝑑𝑐   350(𝑉) 

𝑅𝑠  0.1718(Ω) 𝑓𝑠𝑤  12(𝑘𝐻𝑧) 

𝐿𝑑  , 𝐿𝑞   5.14, 14.19(𝑚𝐻) 𝐶𝐹  7(𝜇𝐹) 

Poles 4 𝑅𝐶    0.5(Ω) 

Inertia  0.033(𝑘𝑔.𝑚2) 𝐿𝐹  1(𝑚𝐻) 

   𝑅𝐹    0.5(Ω) 
 

TABLE A.9 

CONTROL AND MEASUREMENT SYSTEM PARAMETERS 

Parameter Value Parameter Value 

𝐾𝑃𝑐 7 𝛼 10000 

𝐾𝐼𝑐 20852 Sample Time   80(𝜇𝑠) 

𝐾𝑃𝑣 0.0036 Time delay (𝜇𝑠) 15 

𝐾𝐼𝑣 1.5 𝜔𝑐𝑢 1 

𝐾𝐼𝑣
′  45   

 

TABLE A.10 

SYSTEM PER UNIT BASE VALUES 

Parameter Value Parameter Value 

𝑉𝑏𝑎𝑠𝑒  180 (𝑉) (Phase) 𝑓ℎ−𝑏𝑎𝑠𝑒 60(𝐻𝑧) 

𝐼𝑏𝑎𝑠𝑒  12.6 (𝐴) (Phase) 𝑆𝑏𝑎𝑠𝑒  3402(𝑉𝐴) 
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Appendix B 

• Two-Mass Drivetrain System (Chapter 2) 

Figure B.1 shows the physical model considered for the representation of the two-mass 

drivetrain system. In this model, 𝐽𝐻𝐾𝑇 and 𝐵𝐻𝐾𝑇 are the mass moment of inertia and friction 

damping coefficient of the trubine, respectively. K is torsional spring constant, indicating the 

stiffness of the mechanical shaft at the low-speed side (turbine side). 𝐽𝑃𝑀𝑆𝐺  is the mass moment 

of inertia and 𝐵𝑃𝑀𝑆𝐺 is friction damping of the generator at the high-speed side (PMSG side). 

The mathematical equations of the two-mass model are given by [121], [28]. 

d𝜔𝑚
dt

=
𝑇𝐻𝐾𝑇
𝐽𝐻𝐾𝑇

−
𝐵𝐻𝐾𝑇
𝐽𝐻𝐾𝑇

𝜔𝑚 −
K

𝐽𝐻𝐾𝑇
 (𝜃𝑚 − 𝜃𝐿𝑆)    (B.1) 

𝑑𝜔𝑔

dt
=
𝑇𝐻𝑆
𝐽𝑃𝑀𝑆𝐺

−
𝑇𝑒𝑃𝑀𝑆𝐺
𝐽𝑃𝑀𝑆𝐺

−
𝐵𝑃𝑀𝑆𝐺
𝐽𝑃𝑀𝑆𝐺

𝜔𝑔  (B.2) 

𝑔𝑟 =
𝑇𝐻𝑆
𝑇𝐿𝑆

=
𝜔𝐻𝑆
𝜔𝐿𝑆

=
𝑛𝐿𝑆
𝑛𝐻𝑆

      (𝑔𝑟 > 1) (B.3) 

Where 𝜔𝐿𝑆 and 𝜔𝐻𝑆 are the angular speed at the low-side and high-side of an ideal gearbox with 

gear ratio 𝑔𝑟: 1, where 𝑔𝑟 = 𝑛𝐿𝑆/𝑛𝐻𝑆 . 𝜃𝑚 and 𝜃𝐿𝑆 are the angle of the turbine shaft and the angle 

of low-side of the gearbox, respectively.    

 

Figure B.1 Two-mass drive train system 
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• Torque (or Current) Control of a DC motor Controlled with HCC by a DC-DC Buck 

Converter-HKT emulator (Chapter 3) 

The torque developed by a separately excited DC motor can be given as  

𝑇𝑒 = 𝐾𝑇𝐼𝑎 (B.4) 

where 𝐼𝑎 is the armature current and 𝐾𝑇 is the torque constant factor.  

The current of DC motor is controller based on HCC control with DC-DC buck converter as 

shown in Figure B.2. The HCC is implemented by using a J-K flip-flop as shown in Figure B.3. 

When the actual current of the DC motor (𝐼𝑎) keeps in the tolerance band, the state of the switch 

remains the same. The tolerance band is selected around the reference current (𝐼𝑎,   𝑟𝑒𝑓) of the 

machine. The switch will be turned off, if 𝐼𝑎 will be higher than the upper limit of the tolerance 

band. If 𝐼𝑎  is less than the lower limit of the tolerance band, the switch will be turned on. From 

equation (B.4), the reference current can be related to reference torque, which is defined by 

produced torque by the HKT. Figure B.4 shows the performance of the HCC implemented by a 

J-K flip-flop. 𝐼𝑎,   𝑟𝑒𝑓 is 10A, Frequency of clock signal is 3.33 (kHz) and tolerance band (Ɛ) is 

0.2 A. 

 

Figure B.2 Block diagram of  HKT emulator 
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Figure B.3 Torque Control of a DC motor Controlled with HCC from a DC-DC Buck converter 

 

 

 

Figure B.4 the performance of the HCC implemented by a J-K flip-flop. 𝐼𝑎,   𝑟𝑒𝑓= 10A, frequency of 

clock signal  =3.33 (kHz) and tolerance Band (Ɛ) = 0.2 A 
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• Impact of Water Speed Variations on the System’s Behavior (Chapter 3) 

In this Section, simulation tests are performed to demonstrate the impact of water speed 

variations on of the proposed control system’s behaviour. Figure B. 5. (a) shows the water speed 

profile. Figure B. 5. (b), (c), (d), and (e) show the resulting output power, output voltage of the 

rectifier, the generator rotor speed, and the power coefficient of the HKT, respectively, for 

various operating conditions.  

From t = 110 s to 130 s, 𝑃𝑑𝑐,   𝑠𝑝 is set to 0.6 kW while the water speed is changed as shown in 

Figure B. 5. (a). Since 𝑃𝑑𝑐,   𝑠𝑝 is less than the maximum available 𝑃𝑑𝑐, the integrator is enabled 

and the Min function outputs 𝑉𝑑𝑐,   𝐼. In Figure B. 5. (c), one can see that 𝑉𝑑𝑐 follows 𝑉𝑑𝑐,   𝐼. The 

system operates in the PRM and 𝑃𝑑𝑐 is regulated at 0.6 kW as shown in Figure B. 5. (b). In this 

segment, the power coefficient is less than 0.3, indicating that the HKT operates in the stall 

region. 

 From t = 130 s to 150 s, 𝑃𝑑𝑐,   𝑠𝑝 is changed to 1.26 kW. In this segment, 𝑃𝑑𝑐,   𝑠𝑝 is more than 

maximum available power according to actual water speeds. Therefore, the integrator is 

grounded and the Min function outputs 𝑉𝑑𝑐,   12. In this segment, the system operates in 

MPPT/SLM. The power coefficient is found to be around 0.3, the value of maximum power 

coefficient 𝐶𝑃,   𝑚𝑎𝑥.  

At t = 150 s, 𝑃𝑑𝑐,   𝑠𝑝 is changed to 0.6 kW, remaining in this condition until t = 170 s. Since 

𝑃𝑑𝑐,   𝑠𝑝 < 𝑃𝑑𝑐,   𝑀𝑃𝑃𝑇, the integrator is enabled and the Min function outputs 𝑉𝑑𝑐,   𝐼. The power 

control algorithm regulates 𝑃𝑑𝑐 to 𝑃𝑑𝑐,   𝑠𝑝. As shown in Figure B. 5. (b), after a brief transient, 

𝑃𝑑𝑐 is regulated at 0.6 kW. Finally, it is shown that the proposed supervisory power control 

system works properly with water speed profile containing ripple. 
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Figure B.5 HKECS system parameters: (a) water speed variations, (b) output DC power, (c) output DC 

voltage, (d) PMSG rotor speed, and (e) turbine power coefficient. 
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Appendix C 

Park Transformation  

The dq variables are obtained from abc variables through the Park transformation as: 

 

𝑣𝑑𝑞0 (𝑡) = [

𝑣𝑞(𝑡)

𝑣𝑑(𝑡)
𝑣0(𝑡)

] = 𝑇 [

𝑣𝑎(𝑡)
𝑣𝑏(𝑡)
𝑣𝑎(𝑡)

] = 𝑇 𝑣𝑎𝑏𝑐(𝑡) C.1 

 

where,  

 

𝑇 =
2

3

[
 
 
 
 cos (𝜃) cos (𝜃 −

2𝜋

3
) cos (𝜃 +

2𝜋

3
)

sin (𝜃) sin (𝜃 −
2𝜋

3
) sin (𝜃 +

2𝜋

3
)

1 1 1 ]
 
 
 
 

 C.2 

 

where 𝜃 is the electrical rotor angular position.  

 


