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Abstract 

In this thesis, the performance of 3 different drives to operate the flywheel energy storage 

system (FESS) were analysed. These machines are the permanent magnet synchronous 

machine (PMSM), the squirrel cage induction machine (SCIM) and the doubly fed induction 

machine (DFIM) (also referred to as slip ring/wound rotor induction machine). The vector 

control model for the 3 systems were built using PSIM.9 in order to prove the functionality of 

the 3 machines for the flywheel application as different vector control topologies as well as 

different methods for speed control of the machines were used. For PMSM and SCIM, field 

weakening is required to reach higher speed above rated speed while keeping the back emf 

voltage and the power constant, while for DFIM a slip range of +/- 0.3 (+/- 30 % of rated speed) 

can be used. The speed ranges of the 3 machines as well as their voltage and current rating 

while operating in the constant power region was examined to determine the energy storage 

capability as well as the converter rating, cost and losses. Some improvements for reducing the 

converter rating and thus the losses and cost for the DFIM were proposed by reducing the full 

speed range used to be -20% to 30% of the rated speed. Also, another improvement for the 

PMSM design was proposed for reducing the amount of injected magnetizing current required 

for the field weakening approach. This was done by using smaller magnets, and this will reduce 

the overall current so smaller current rating for the converter can be used and thus also reducing 

the losses and the size of the converter. 
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Chapter 1  

Chapter 1 

Literature review of the flywheel energy storage 

technology 

 

1.1. Background and Operation concept 
 

Nowadays with an increased demand of energy supply quality and especially with the 

introduction of renewable sources of generation which normally have unpredictable nature and 

experience many interruptions/disturbances. Different types of Energy Storage Systems (ESS) 

can be used to compensate this issue. These ESSs basically aim at balancing the electrical 

energy supply and demand and thus improving the electrical systems reliability/availability 

besides improving the quality and stability of the system for steady supply operation. The 

principle of the ESS is based on storing and recovering one available source of energy 

(chemical, thermal, magmatic or mechanical) into electrical power/energy [1]. When the power 

demand is high, the ESS provides the extra power needed and when generation exceeds 

demand, this extra power/energy will be stored. This makes ESS more important as storage is 

needed during high generation periods or for sources which has unpredictable nature (e.g. wind 

energy sometime generates more energy than needed if the wind speed is quite high) [2] [3]. 

On the other hand, during low generation problem/failures or when not enough power source 

from renewable energy systems is available, the stored energy can be used.  

Flywheel energy storage system (FESS) is one form of energy storage which was used from 

long time ago but introduced to the industry lately as an alternative to the existing energy 

storage systems. The FESS operation concept is using electrical energy input from the network 

when the generation is more than the demand and convert it into kinetic energy. The flywheel 

has a spinning mass called a rotor which will use this kinetic energy form to keep spinning and 

storing the energy using the basic kinetic energy equations:  

E = 
1

2
𝑚𝑣2 =

1

2
𝑚(𝑟ω)2 =  

1

2
𝑚𝑟2ω2                                        (1.1) 
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Where E is the energy stored in the FESS, m is the mass of the rotating body, r is the radius of 

the cylinder through which the mass rotates and ω is the angular speed of its rotation. The term 

𝑚𝑟2 is referred to as the moment of inertia. 

This rotor/spinning body as presented in Figure 1.1 is rotating in a vacuum (frictionless) 

enclosure to reduce the drag effect and thus provide low discharge. In case of power system 

failure,  a backup supply is required for a short time, the inertia will keep the rotor spinning as 

it slows down and the stored kinetic energy is converted in electrical energy. The current 

flywheels consist of a large rotating cylinder, magnetic bearing, motor/generator, power 

electronics and vacuumed enclosure. The flywheel is connected to an electrical machine which 

acts either as a generator or motor depending on the state of operation (charging/discharging) 

and this machine is the mean of interaction with the utility grid via advanced power converters 

[4].The Power electronics (normally a back to back converters is used) consists of two stages: 

a machine side converter (MSC) and grid side converter (GSC). The MSC will control the 

power between the machine and the grid by controlling the active and reactive power and the 

torque via the rectifier stage. Also, the GSC and the DC link control the grid frequency and 

voltage in order to keep it within a desired range by controlling the DC link voltage. This will 

provide a reliable system and reduce the disturbances that may cause an unstable grid to fail.  

 

Figure 1.1.The two-dimensional representations of the FESS rotating mass (reprinted from  

[5]) 
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1.2. The main components of the FESS structure 
 

In this section, a brief description of the main components of the FESS structure will be 

discussed. These components can also be seen in Figure 1.2. 

 

Figure 1.2. A general structure and main component of a FESS beside a cross section from 

Beacon power 450 FESS (reprinted from [6]) 

 

1.2.1. Spinning rotor 

 

 This component determines the amount of energy that can be stored by the flywheel in terms 

of its material, speed limit and shape. This energy is directly proportional to the moment of 

inertia J and angular velocity squared Ω2  [7] [8] according to the following equation: 

  E= 
1

2
 JΩ2         (1.2) 

 

Since the FESS are electrically driven by a motor/generator, normally it operates within the 

speed limits of the machine (between Ω𝑚𝑎𝑥and Ω𝑚𝑖𝑛). This is done to avoid high voltage that 

may increase the rating/stresses and to limit the maximum torque that the machine needs to 

produce and thus the associated currents for a certain power rating and the energy stored in 

equation 1.2 can be rewritten as following: 

 

  ΔE= 
1

2
 J (Ω𝑚𝑎𝑥

2-Ω𝑚𝑖𝑛
2)      (1.3) 

 

Also, the structure of the FESS will affect the amount of the energy stored as the moment of 

inertia used in equations (1.2) and (1.3) is based on the mass of the rotor as well as the rotor 
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diameter as can be seen in equation (1.4) and (1.5). For this, the structure of the flywheel is 

built from hollow or solid cylinders with a shape that can vary from a long drum shaped to a 

short disc shaped rotor [9].  

 

 J= 
1

2
 m𝑟2        (1.4) 

  J= 
1

2
 ρπ𝑟4ℎ       (1.5) 

 

Where m is the mass of the rotor, r is the hollow/average diameter, h is the length of the 

flywheel and ρ is the mass density. 

The strength of the rotor material also influences the maximum speed limit of the flywheel, 

where this strength is referred to as a tensile strength σ [10]. For safety reasons, a margin should 

be kept between the stress on rotor and the rotor strength and this maximum stress can be 

calculated as following:  

σ𝑚𝑎𝑥 = ρ𝑟2Ω𝑚𝑎𝑥
2       (1.6) 

Lastly another factor affects the speed limit and hence the energy stored is the rotor geometry 

shape factor K. This shape factor in a relation with the energy per mass unit can be seen in 

the following equation: 

𝐸

𝑚
 = K 

σ𝑚𝑎𝑥

ρ
        (1.7) 

From the previous mentioned equations, the amount of stored energy by the FESS can be 

optimized either by increasing the moment of inertia (increasing mass or radius) or by 

increasing the rotating speed and managing the geometry and material used. Based on the 

application, the speed range of the flywheel can be decided to be a low speed flywheel (10,000 

rpm or below) or high-speed ones (above 10,000 rpm). So, upon the choice of speed, the 

flywheel material can be chosen to be either heavy metallic material with magnetic or 

mechanical bearing for low speed FESS or light but composite materials with magnetic 

bearings for high speed FESS. FESS offers a good choice for applications which require very 

quick response time (5-10 ms) with a short discharge period (few sec to 1 hour) and they are 

suitable for medium power rating application requiring a constant power supply during their 

discharging. Despite of the relatively high costs, they have very low maintenance cost and long-

life cycle. This life cycle can be of about 20 years (some flywheels have the ability to perform 

100,000 full depth of discharge cycles and some modern designs are capable of about 200,000 
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cycles) with a very low environmental impact (as no chemicals are used mainly) compared to 

the other energy storage systems. 

 

1.2.2. Motor/Generator 

 

 The electrical machine is connected to the FESS which enables the conversion of mechanical 

energy to electrical energy and vice versa as well as enabling the charging and discharging of 

the flywheel. This machine will act as a motor to charge the flywheel in case of excess power 

on the grid allowing it to withdraw this excess power and accelerating the rotating mass. The 

stored kinetic energy will be converted back to electrical energy by the machine in terms of 

energy deficit as the machine will act as a generator drawing the stored mechanical energy 

from the FESS by discharging it (deceleration). Flywheel operating machines are normally 

either Induction machines, permanent magnet synchronous machines and switched reluctance 

machines. 

 

1.2.2.1. Permanent magnet synchronous machine 

 

The permanent magnet synchronous machine (PMSM) are the most commonly used for the 

FESS in market due to its high-power density and high efficiency and low rotor losses. It is 

mainly used for applications where high speeds are needed or for having a smaller gearbox 

with the high speed of flywheel as it offers a high-speed range [11]. The drawback of the 

PMSM is that it has high eddy currents (high standby losses), its price is higher than other 

machine types and it has a low tensile strength. 

 

1.2.2.2. Induction machine 

 

Induction machines (IM) are mainly used for high power application and are characterized by 

lower cost compared to the PMSM... Two types of IM can be used: Squirrel cage (SC) which 

can be normally be used for low response application and the wound rotor/slip ring induction 

machine which is also referred to as doubly fed induction machine (DFIM) which offers a good 

alternative to the squirrel cage in terms of speed control. The DFIM have direct access to the 

rotor winding through which all the power processing control is done. For this, a smaller power 

converter can be used (for a normal slip (s) of 0.3 a power converter of only s* stator power 

which means only 30 % of the stator power flow will require a smaller converter to be 
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processed while the rest of the power will be directly connected to the utility grid via the stator. 

The drawbacks of using wound rotor induction machines is that they have a speed limit by the 

slip (normally it is within +/- 30% the rated speed) beside the control complexity and the higher 

maintenance requirement [12]. 

 

1.2.2.3.  Reluctance machines 

 

Lastly, for reluctance machine, they are very robust with a high-speed range, low idling losses 

and less complex control. Yet, it has a low power factor and power density compared to the 

other 2 machines besides a high torque ripple [12] [13]. Two types of reluctance machines can 

be used for high speed FESS applications which are: synchronous reluctance (synchronous AC 

machine) and switched reluctance (DC machine)  

 

1.2.3. Magnetically levitated bearings 

 

 Bearings are used to maintain the position of the rotor and they can either mechanical or 

magnetic according to the required life cycle, weight and speed. For long time, the mechanical 

bearings have been used but for the higher speeds, the magnetic bearings are used as they 

provide almost no friction losses without the need for any lubrication as the mechanical ones 

[14]. For the magnetic bearings used, it requires to be energized by some energy as long as it 

is active then it can stabilize the FESS by providing support to its weight using permanent 

magnets. Some of the commonly used magnetic bearings are: active magnet permeant bearings, 

passive magnet permeant bearings and super conducting magnetic bearings [12]. 

 
 

1.2.4. Power electronics/converters 

 

As discussed earlier, the operation of the FESS is based on energy conversion mechanism 

where the interaction with the utility grid is provided by the machine and a bi-directional power 

converter as can be seen in Figure 1.3 to control the power flow beside voltage and frequency.  



7 
 

 

 

Figure 1.3.The power converter connection with the FESS (reprinted from [15]) 

 

Many types of power converters can be used in the FESS such as: DC/AC, AC/AC or 

AC/DC/AC. The components of the converter (switching components) are selected depending 

on the application and the power ratings and they include mainly insulated gate bipolar 

transistors (IGBTs), bipolar junction transistor (BJT), thyristors (GTO, MCT and SCR) and 

metal oxide semiconductor field effect transistor (MOSFETS) [16] . The most commonly used 

switching devices recently is the IGBTs due to its high switching frequencies and high-power 

ratings available. And the most commonly used power converter arrangement with the FESS 

is the back to back AC/DC/AC together with a DC link (a capacitor) in a form of a three phase 

bridges switching inverter. These devices are controlled via a pulse width modulation 

mechanism (PWM) which uses rectangular pulses whose widths are modulated to generate AC 

signals. These pulses are used in the converter to generate a sinusoidal AC voltage from a DC 

source. The converter can also be seen as consisting of two main parts: machine side converter 

(MSC) and grid side converter (GSC) which is mainly an inverter producing an AC signal with 

the required frequency and magnitude from the fixed/variable DC voltage of the DC link 

capacitor. 

For both the machine side converter (MSC) and the grid side converter (GSC), higher switching 

frequencies are used to lower the current ripple and increase the control range but on the 

opposite side this will cause an increase in the switching losses. Besides, the use of high 

switching frequencies can reduce the harmonics of high order and generate better quality 

sinusoidal signals and those harmonics can be further reduced if AC filters are used along with 

the AC sides of the converter which will hence reduce the ripples and the processed power 

losses [17]. 
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1.2.5. Vacuumed housing 

 

The vacuumed housing is used to contain the spinning rotor and the other components in an 

environment of low gas drag as this aerodynamic drag losses is proportional with the rotational 

speed cubed so more losses are caused if it is operated in atmospheric pressure. This housing 

/enclosure is the static part of the FESS and is normally built from either heavy steel or 

materials with high strength (such as composite materials). To ensure that the enclosure is 

vacuumed, a vacuum pump (with a mixture of air and helium) is used to maintain a low pressure 

which works better with an efficient cooling system to process the heat generated from the 

motor/generator and the other part of the FESS  [18]. Since the power that goes into or outside 

the FESS is done through the motor/generator without rotary seals, this means that there will 

be a very little leakage in this case. For this reason, the pump is not required to operate 

continuously and can be used once then removed if a proper sealing of the housing is done. In 

case of the rotor failure, if it is made of composite materials then it will break down into small 

fragments. This will cause a pressure to exist inside the housing and its end plates as those 

fragments will cause energy to be dissipated by friction as the rotor keep rotating. For single 

piece rotor made of steel, if failure occurs, it will break down into bigger fragments and make 

it difficult for the housing to withstand the impact. For this a large containment is used beside 

trying to make the rotor from thinner discs. Finally, for high speed FESS, this containment 

represents almost half the weight of the whole FESS. 

 

1.3. Different energy storage technologies 
 

 Energy storage systems as discussed in section 1.1 are used for maintaining the quality of the 

electrical systems by solving the misbalance that may occur either on short term or long term. 

Table 1.1 summarize different types of energy storage and for this section the focus will be on 

the ESS which have quick response times (batteries, super conductors, super conductor 

magnetic energy storage) to be compared to the FESS. 
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Table 1.1.The comparison between different energy storage technologies (reprinted from 

[19]) 

  

1.3.1. Batteries 

 
Batteries have been used as a form of energy storage for long time, they store energy in 

chemical form and during discharge of the battery (which can take a short time of about 30-

100 ms to respond and from 10 minutes up to 8 hours to discharge all the stored energy), 

electrical energy is released using the redox reaction. Batteries are built from negative and 

positive electrodes referred to as anode and cathode. Those electrodes are connected externally 

to a circuit which manage the charging/discharging of the battery. Batteries can be connected 

in a form of battery bank either in parallel or series according to the desired voltage and current 

for the application. There are different batteries technologies where the oldest among them is 

the lead acid battery and the new alternatives are sodium sulphur and lithium ions which will 

be explained briefly as following: 

 

1.3.1.1. Lead acid batteries 

 

They are the oldest form of batteries used and they are made of a lead cathode and lead dioxide 

anode and the electrolyte is made of sulphuric acid which is used during the discharging process 

of the battery. Normally those batteries have an efficiency of 70-80 % and are normally used 

for small and medium scale energy storage yet they have the disadvantages of short life cycle, 
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high cost and high maintenance, low energy density and environmental risks due to the use of 

lead and sulphuric acid [20].  

 

1.3.1.2.Sodium Sulphur batteries 
 

One alternative to the traditional lead acid batteries which consist of a negative sodium 

electrode and a positive sulphur solution electrode with an electrolyte of alumina ceramic. They 

operate at high temperature of 300 ˚C to maintain the electrodes in molten state and have an 

efficiency of up to 80% [21]. The typical application is for high power energy systems of up to 

30 MW and they can provide energy for up to 6 hours. 

 

1.3.1.3. Lithium ion batteries 

 

A high efficiency battery (90-95 %) [21]  consist of lithium oxide cathode and graphite carbon 

anode separated by a lithium salt electrolyte. The typical energy storage system can be for 

power ratings from 1-10 MW in a form of battery banks. 

 

1.3.1.4. Redox flow batteries 

 

They are made of two electrolyte sets that flow through separate loops and those loops are 

joined in a cell yet separated by a membrane that prevents the mixing of the two electrolytes 

yet allow the ions to be exchanged. The advantage of these batteries is that since the electrolytes 

are contained outside the battery cell, this allows an energy storage extension by expanding the 

volume of the electrolyte containment [22]. There are different types of flow batteries such as 

Vanadium, ZnBr and Polysulphide bromide and the typical efficiency is about 75%. They are 

normally used for large scale energy storage systems with a high life cycle expectancy and 

high-power capacity but high cost and lower power densities. 

 

 

1.3.2. Super capacitors and super conductive magnetic energy storage (SMES):  

 
Super capacitors are used to store energy in the same way the normal capacitor operate using 

the following equation  

 

E = 
1

2
𝐶𝑣2                                                                              (1.8) 
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Normally a double layer capacitor is used with a very high electrostatic capacitance than the 

electromechanical pseudo capacitance which act to separate charges in Helmholtz double layer. 

This double layer exists between the electrolyte and the conductive electrode surface. It 

consists of 2 electrodes, electrolyte, 2 current collectors and a separator all contained in a 

housing. They are used for high power systems with a very quick response time, a very long-

life cycle (up to 40 years) and high efficiency of about 85-95%. Their main disadvantages are 

the low energy density and high self-discharges besides their high cost [22]. 

The SMES uses a magnetic field to store the processed energy where this field is generated 

using a DC current passing through a superconducting coil. This system requires a power 

converter interface between the SMES and the utility grid. The resistive losses of this system 

can be eliminated by operating a very low temperature (77 K-4 K). They offer a very quick 

response time in order of milliseconds and a high efficiency of 90% but to keep the system 

temperature low there will be energy consumed by the cryogenic cooling system. The main 

disadvantage of this system is that they have huge electromagnetic fields, a complex structure 

due to the cryogenically cooling system and high costs [23]. 
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1.4. FESS application fields 
 

FESS can be used in many applications especially those which require a very quick response 

such as microgrids and renewable technologies. They are used to resolve the mismatch between 

the generated and demanded energy in order to handle peak loads or to store the excess energy 

during low loading periods. This is essential in fulfilling the gap occurred due to power outages 

especially for critical loads in industrial and commercial areas. 

Some of the other applications where the FESS is used includes: 

1. Electric vehicles (peak power buffer in the vehicle), the use of the FESS can extend the 

battery life and also increase the regenerative braking capability 

2. Transportation: where pulsed power applications are needed 

3. Hybrid electric combat system 

4. Utility grid application and distribution systems support: this includes  

 Uninterrupted power supply (UPS) 

 Voltage sag compensation 

 Harmonic compensation  

 Frequency regulation 

 Flexible power conditioner (FACTs) 

5. Renewable technologies: to overcome the intermittency of the source  

6. Aerospace application: Satellites and international space stations (ISS) 

A summary of the FESS applications and the type of FESS material, power ratings, speed range 

for each application is shown in Table 1.2 
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Table 1.2.FESS application and some of the FESS criteria for each application (reprinted 

from [24]) 

 

As discussed earlier, the amount of energy stored by FESS is calculated from equation 1.3, so 

it can be seen that the speed range as well as the moment of inertia are the main factors for 

calculating the amount of energy to be stored by the flywheel. The speed range is obtained 

from the machine used for interaction between the FESS and the utility grid for a given constant 

power rating decided by the application.  

Project aims and objectives 

In this project, different electrical drive types will be analyzed in terms of the speed range that 

they can operate with the FESS as well as how to optimize this speed range and the installed 

power in the converter in order to achieve better efficiency, lower losses and cost as well as 

obtaining a good percentage of energy stored. 

 For this analysis, doubly fed induction machine (DFIM), Permeant magnet synchronous 

machine(PMSM) and squirrel cage induction machine will be analyzed in the following 

chapters. Chapter 2 will discuss the operation of the DFIM for the FESS operating on a full 

speed range of +/-30% of the rated speed (as a function of the slip). A proposed improvement 

in terms of reducing the converter size and thus its cost and losses will be discussed by reducing 

the speed range partially. This should yield in reducing the machine torque and thus the rotor 

current which is directly proportional to the torque. And since the converter is processing the 

rotor power, reducing the rotor current will reduce the converter size and losses which will 

cause a small compromise in terms of reducing the amount of energy that can be stored by the 

FESS. 
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In chapter 3, the PMSM will be discussed in detail beside the vector control topology that is 

used with it and a simulation model for the whole system will be built using PSIM.9. Since we 

are interested in the constant power application for the FESS, only speeds above the rated 

machine speed will be analyzed. For this reason, the field weakening approach will be applied 

to maintain constant back emf voltage and thus constant power. This is done by reducing the 

flux with the increasing speed (above the rated speed). The speed range that can be achieved 

by the PMSM will be analyzed as well as the functionality of the system in the field weakening 

region for the FESS application. A proposed technique for reducing the amount of the flux 

current that needs to be injected during the field weakening application in order to achieve a 

smaller overall current and thus a smaller converter rating and losses. 

In chapter 4, The 2 induction machines (DFIM and squirrel cage) vector control models will 

be analyzed using PSIM together with a detail discussion of the different vector control 

topologies used for each machine. Also, the squirrel cage operation above rated speed will 

require the application of field weakening to operate at higher speeds above the rated speed. 

This is done to ensure its operation in the constant power region required for the FESS 

application. The functionality of the 2 systems will be discussed and the speed ranges as well 

as the current and voltage rating to be compared with the PMSM vector control model in the 

last chapter in terms of converter sizing and losses. 

In chapter 5, the 3 vector controlled systems of the 3 drives will be compared in terms of the 

machine side converter ratings, losses, cost and temperature limits experienced by the IGBTs 

and diodes of the converter. The thermal modules in PSIM.9 will be used in the analysis in 

order to obtain those results which will give a proper comparison of the 3 systems in the 

conclusion chapter. 
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Chapter 2  

Chapter 2 

Estimating the Performance of the doubly fed 

induction machine used in the Flywheel Energy 

storage system 

 

2.1. Introduction  
 

This chapter discusses how the doubly fed induction machine can be exploited in terms of 

speed range and rotor current limits in order to reduces the losses (to be discussed in later 

chapter) of the machine during motoring/generating mode, the size of the used converter and 

the machine as well as the relation between the energy extraction in case of an imposed speed 

range +/- 30 % around the synchronous speed with the new proposed speed range. 

The doubly fed induction machine (DFIM) when used in a flywheel storage system (FESS) 

offers an opportunity to substitute the permanent magnet synchronous based machines 

(PMSM) as used in commercial FESS. This can help in reducing converter and machine cost 

and improve efficiency at top speed, as the bulk of the power is fed directly in the AC grid via 

the stator rather than being processed via an AC/DC and DC/AC power conversions. The 

PMSM performs well with the FESS based on the fact that they have high power density and 

a compact design together with a high round trip efficiency (The efficiency of storing the 

energy during the charging and discharging process [25], [26], [27]; yet the self-discharge 

losses are high due to mechanical friction and generator core losses. In addition, it needs to use 

a full-scale AC/DC/AC converter [26],through which all the power has to pass from the 

machine to the grid and vice versa. This process increases the price of the system (also the 

maintenance costs). The power losses during the processing of the full power passing through 

the converter lowers the top efficiency by the need to process the full power through two 

conversion stages. Also, the PMSM experiences high self-discharge losses due to the 

magnetism which can be reduced slightly by some mechanisms but still will remain high [27] 

As a proposed solution for this, DFIM specifically the wound rotor type can be used which has 

a direct access to the rotor winding via slip rings. This enables the stator power to be routed 

directly to the grid [28], [29]without the need for a transformer while a smaller portion of the 

mechanical power will be processed by the rotor as shown in Fig.1. This rotor processed power 
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represents 30% of the total machine rating according to the relation Pr = Smax*Ps. For this 

case, the slip range of the DFIM is normally between +0.3 to -0.3 [28] depending on the mode 

of operation either super synchronous or sub synchronous mode. The DFIM offers a significant 

solution for the high self-discharge losses of the PMSM at light loading and/ or when operating 

at high speed. On the opposite side, the maximum speed that can be achieved is 3900 rpm 

(using a 2-pole machine on a 50Hz network while operating at super synchronous mode of 

30% above the synchronous speed). This can be considered as a disadvantage as for smaller 

power rating machines below 100 kW normally the lower poles machines available are 4 

(ns=1500 rpm) which means a gearbox needs to be used between the FESS and the DFIM. The 

flywheel can operate at high speeds up to 16000 rpm (for this analysis, a smaller speed will be 

used- 4000 rpm) which means a gear box of a 3.8:1 ratio (ratio between 4000 rpm of the FESS 

and the lowest speed of the DFIM reached at sub synchronous mode 0.3*1500= 1050 rpm) will 

be needed, and thus the cost and losses of this gearbox will be discussed later. 

For this case, a quick comparison between DFIM and PMSM is presented in table 1 in order to 

get an idea of how they can be used for FESS application. 

Table.2.1 provides a general comparison between the PMSM and DFIM as a potential machine 

to operate the FESS.  

Table.2.1. PMSM and DFIM comparison 

PMSM advantages DFIM advantages 

No need for excitation Demagnetization is impossible to happen as 

long as the machine is connected to the 

grid/supply. 

No components are subject to wear out as no 

need for electrical winding. 

Possibility to control excitation field (by 

disconnecting the stator from the grid 

otherwise the field stays constant) , so no 

electromagnetic spinning losses 

High overall efficiency Can be built be low cost high strength 

material 

Highest power density Normally lower cost than PMSM as no 

permanent magnet is needed (high cost) 
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PMSM disadvantages DFIM disadvantages 

Risk of demagnetization Low overload capability  

Electromagnetic spinning losses at zero 

torque 

High maintenance costs 

Low strength of the Permeant magnet 

material which requires structural support 

against the centrifugal forces 

Complex rotor design due to the need of 

electrical windings and slip rings. 

Sensitive to heating High losses during excitation  

 Lower power density, power factor and 

efficiency compared to PMSM 
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2.2. The Topology of a DFIM and previous researches on DFIM based 

FESS 
 

It can be seen in Figure 2.1 that the reduced sized converter used in the DFIM set up consists 

of two stages: AC/DC Rotor side converter (RSC) and a DC/AC grid side converter (GSC). 

The back to back converters (normally PWM based) enable the control of the machine power 

via the field-oriented (vector) control [30]. The RSC enables the control of the torque and the 

active and reactive power of the machine (providing the reference active and reactive power 

by controlling the rotor current through a synchronously rotating frame using linear feedback 

loops with feed forward terms. The GSC together with the DC link between the 2 converter 

stages will allow the control of the grid voltage and frequency via controlling the DC link 

voltage within the desired limits [31], [32], [33] and the vector control of the DFIM will be 

discussed in next chapters when analyzing the performance of the system as a whole. 

 

 

Figure 2.1.The topology of the doubly fed induction machine based FESS with the grid 

connection (reprinted from [32]) 

 

Some researchers have been done on the use of DFIG to operate the FESS. It was proposed in 

[34] a new arrangement for using a DFIG based flywheel together with a battery for a micro 

grid application using wind turbines. It was proven that the flywheel performs well in terms of 

reducing the wind fluctuations as well as controlling frequency and the voltage of the micro 



19 
 

grid in islanded condition. Another paper [35] discussed the use of a DFIG based FESS to 

overcome the grid voltage sags when they occurred. As seen in fig. the maximum time for a 

voltage sag to occur is about 3 sec which make the FESS an ideal solution as it can provide the 

required voltage to compensate the voltage sag for short period until the problem is resolved. 

For this analysis, a 2.2 KW DFIG with a full speed range was used (+/-30% of the synchronous 

speed) and the control of the system was implemented to prove the functionality of the 

proposal. No previous researches were done to analyse the impact of altering the speed range 

of the DFIG on the amount of the stored energy percentage by the FESS and how a reduction 

or increment of this speed range (either in sub or super synchronous mode) can affect the 

converter and system size. 

In this chapter, the focus will be on how to determine the performance of the DFIM based 

FESS in terms of evaluating the speed range within the machine can operate and the relation 

between that and the energy extraction, the losses and the converter costs. For this purpose, a 

30 kW VEM slip ring doubly fed induction machine was used for the analysis which has the 

characteristic presented in Table 2.2 and a MATLAB script for the associated calculations and 

for plotting the results using the data of the machine mentioned before was used.  

 

Table 2.2.The VEM 30 kW slip ring machine specifications 

Constant Power rating: 30 kW Rotor current:88 A 

Stator-Rotor configuration: star-delta Rotor Voltage (L-L): 210 V 

Stator voltage: 400 V Rotor resistance: 0.02235Ω 

Stator current at full load: 54.5 A Number of poles: 4 

Rated speed: 1455 rpm Moment of inertia: 0.476Kg.𝑚2 

Efficiency: 91% Weight: 330 kg 

Power factor: 0.87 Locked rotor voltage: 500 V 
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2.3. System calculation for the full speed range and its simulations 

discussion 
 

The system which will be tested is assumed to be an ideal system and the DFIM rotor circuit 

is considered lossless (ideal), so no power losses between the FESS and the DFIM (either 

through the shaft or the gearbox) as well as the mechanical torque of the shaft will be equal the 

electromagnetic torque of the machine as in the equation:  

𝑇𝑒𝑚 = 𝑇𝑚.      (2.1) 

Since the discussion was performed for a constant power mode (a constant power of 30 KW 

should be maintained while charging (generating) or discharging (motoring)), so the torque and 

speed are inversely proportional according to the equation: 

𝑇𝑚= 
𝑃𝑚𝑒𝑐ℎ

 Ω
      (2.2) 

Where omega (Ω) is the rotor rotational speed in rad/s and Tm is the mechanical torque in N.m 

and it is the same as the electromagnetic torque of the machine. Since the torque and speed will 

be inversely proportional so it can be concluded that as the speed decreases faster (especially 

towards the edge of the sub synchronous speed 1050 rpm) the torque curve increases in faster 

scale than the super synchronous mode due to the following equations: 

𝑇𝑚= J * 
𝑑Ω

𝑑𝑡
  but 𝑇𝑚 = 𝑃𝑚𝑒𝑐ℎ * Ω     (2.3) 

Where J is the moment of inertia in Kg.𝑚2and 
𝑑Ω

𝑑𝑡
 is the acceleration/ deceleration of the 

machine in rad/ 𝑠2. So, using a time step (dt) of 0.001s (1 ms) and Pmech to be constant and a 

given moment of inertia, the change in rotor speed per time step can be obtained and thus the 

rotor speed over the speed range chosen can be plotted and the equivalent torque can be 

calculated and plotted from the following equations using a for loop in the MATLAB script:  

𝑇𝑒𝑚(x) =
𝑃𝑚𝑒𝑐ℎ

 Ω(𝑥)
       (2.4) 

𝑑Ω (x) = 
𝑇𝑒𝑚 (x)∗𝑑𝑡

𝐽
      (2.5) 

Ω (x+1) = Ω (x) + 𝑑Ω (x)    (2.6) 
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The rotor rotational speed range which will be used in the analysis is considered to be +/- 30 

% of the synchronous speed which is 1500 rpm, which means from 1950 rpm to 1050 rpm or 

204.2035 rad/s to 109.9557 rad/s.  

The torque of a three-phase induction motor is proportional to the flux per stator pole, rotor 

current and the power factor of the rotor as following.  

T = k ɸ I2 cosɸ2       (2.7) 

Where, ɸ is the stator flux, I2 is the rotor current, ɸ2 is the phase angle between rotor emf and 

rotor current and K is a constant = 3/(2π*ns/60), ns is the machine synchronous speed and 

divided by 60 to have its rps value. 

 But the rotor emf (E20) is directly proportional to flux per stator pole, i.e. E2 ∝ ɸ, so the 

equation can be rewritten as: T ∝ E20* I2 cosɸ2 or T =k1 E20*I2 cosɸ2. And the rotor current 

in terms of Torque can be rewritten as:  

I2= 
𝑇

E20∗cosɸ2∗
3

2𝜋∗
𝑛𝑠
60

      (2.8) 

So, by substituting the machine equivalents in the equation: 

E20 ∗ cosɸ2 ∗
3

2𝜋∗
𝑛𝑠

60

  = 
210

√3
∗ 0.87 ∗

3

2𝜋∗
1500

60

 = 2.00067  (2.9) 

And dividing that by the efficiency of 0.91; the Torque and rotor current relation can be 

expressed as:                        

   𝐼𝑟 = 
𝑇𝑒𝑚

2.213
       (2.10) 

Note: During the selection of the DFIM required to supply/store the required mechanical 

constant power of the FESS, it is important to compare several machine manufacturers for the 

same power ratings in terms of:  

1. The Power factor and efficiency 

2. The Moment of inertia  

3. The overall weight of the machine and the design dimensions.   

The relation between the mechanical power, rotor speed, toque and the rotor current as a 

function of time can be seen in Figure 2.2.  
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Note that the at lowest operating speed, the torque is maximum and since the rotor current is 

directly proportional to the torque, then maximum rotor current occurs at 0.3*rated speed (1050 

rpm which is the lowest speed at the sub synchronous mode) and it is equal to 123.2 A. This 

means that the maximum rotor power losses at that point can be calculated as following: 3* 

(𝐼𝑟)2*𝑅𝑟 = 3* (123.2 )2*0.0223 = 1 KW 

 

 

Figure 2.2.The DFIM mechanical power, Torque, Speed (rpm) and rotor current curves vs 

time. 

 

The rotor voltage can be calculated using the given open circuit rotor voltage (line voltage 

converted to phase voltage) and the calculated slip (s) as following: 

𝑉𝑟= s* 
V20𝐿−𝐿

√3
       (2.11) 

Where s is the slip (s = 
Ω𝑠−Ω𝑟

Ω𝑠
 where Ω𝑠 = 1500 𝑟𝑝𝑚 𝑎𝑛𝑑 Ω𝑟 is varying from 1950 rpm to 1050 

rpm and s is varying from -0.3 to 0.3) and the V20 is the open circuit rotor line voltage. The 𝑉𝑟 

values with the changing slip against time can be seen in Figure 2.3.  



23 
 

 

Figure 2.3.The DFIM rotor phase voltage vs time 

In order to calculate the stator power (Ps) and hence the rotor Power (Pr); the rotor current 

referred to the stator side (I2ref) is calculated as following:  

𝐼2𝑟𝑒𝑓= (𝑁𝑟/𝑁𝑠) * 𝐼𝑟      (2.12) 

where the 𝑁𝑟/𝑁𝑠 is the rotor to stator turns ratio, which is obtained from 𝑉𝑟/𝑉𝑠 (both should be 

phase voltages and they have the value 121.24355 V and 400 V respectively). Having the I2ref 

and the stator voltage; the stator power and thus the rotor power can be calculated and plotted 

as seen in Figure 2.4 and Figure 2.5 (Figure 2.6 shows the stator power, rotor power and the 

mechanical power in the same plot) using the following equations:  

𝑃𝑠= 3*𝐼2𝑟𝑒𝑓*𝑉𝑠       (2.13) 

𝑃𝑟= -s*𝑃𝑠      (2.14) 

 

Figure 2.4.The DFIM stator power vs time 
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Figure 2.5.The DFIM rotor power vs time 

 

 

Figure 2.6.The DFIM stator power, rotor power and mechanical power vs time 

 

In order to understand the behavior of the stator and rotor power during a constant mechanical 

power mode, Table 2.3 summarize the direction of the 𝑃𝑠 and 𝑃𝑟 (and the signs of the torque 

and the slip) in both the sub synchronous mode and the super synchronous mode during 

motoring (discharging).  
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Table 2.3.Ps, Pr, 𝑇𝑒𝑚and 𝑃𝑚𝑒𝑐ℎcharacteristic through the sub-synchronous and super 

synchronous modes 

Mode 

(Motoring) 

Slip and 

speed 

Stator 

power 

Rotor 

power 

Mechanical 

power 

Torque 

Super 

synchronous 

s<0, ωr>ωs 

 

>0 (grid 

receives 

power via 

stator) 

>0 (grid 

receives 

power via 

rotor) 

Constant 

 

(Tem>0) 

Sub 

synchronous 

s>0, ωr<ωs >0 (excess 

power above 

the 

mechanical 

power 

rotates 

through the 

rotor back to 

the stator 

 

<0 (machine 

delivers 

power via 

rotor and 

stator power 

is circulating 

via the rotor) 

Constant 

 

(Tem>0) 

 

From Figure 2.6 it can be seen that during the sub synchronous mode, the stator power will 

keep on increasing and will be rotating through the rotor; so, by using the full speed range in 

order to deliver/store the constant mechanical power of 30 KW, a 44.6 KW DFIM must be 

used instead (Ps=44.6kW; Pr = 0.3*44.6kW=13.4kW; Pm = 44.6kW-13.4kW=30kW). 

In order to analyze the rotor converter (RSC+GSC) rating, the rotor power will be plotted using 

the absolute value of either the slip or the rotor voltage so that the maximum rotor power can 

be evaluated using a positive value and also the influence of the fast increase in the rotor current 

in the lowest speeds (especially approaching the edge of the sub synchronous mode) can be 

clearly examined. The difference between the rotor power in the sub and super synchronous 

regions can be seen in Figure 2.7 and was calculated using the following equations:  

𝑃𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 3* abs (𝑉𝑟) * 𝐼𝑟 or 𝑃𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟= abs (s) * 𝑃𝑠               (2.15) 
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Figure 2.7.The rotor converter power vs time 

It can be seen clearly in Figure 2.7 that by reaching the lower edge of the sub synchronous 

speed region, the rotor power which is used to decide the converter power rating is almost 

double (13.41013 KW) compared to the maximum rotor power in the super synchronous mode 

(7.244 KW). 

Lastly, in order to calculate the amount of energy that can be stored in the FESS or to be 

delivered to the grid when required and the rating of the FESS system the following equations 

can be used: 

𝐸𝐹𝐸𝑆𝑆 = 0.5*J* Ω𝑚𝑎𝑥2                                                   (2.16) 

𝐸𝑠𝑡𝑜𝑟𝑒𝑑/𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑= 0.5*J*(Ω𝑚𝑎𝑥2 − Ω𝑚𝑖𝑛2)                 (2.17) 

Substituting J=0.476Kg.𝑚2, Ω max = 204.2
𝑟𝑎𝑑

𝑠
 𝑎𝑛𝑑  Ωmin = 109.95 

𝑟𝑎𝑑

𝑠
 , 𝐸𝐹𝐸𝑆𝑆 is found to 

be 9924.038 joules and 𝐸𝑠𝑡𝑜𝑟𝑒𝑑/𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 =7046.855 Joules. From these 2 values, the 

percentage of energy extraction can be calculated as following:  

𝑬𝒔𝒕𝒐𝒓𝒆𝒅/𝒆𝒙𝒕𝒓𝒂𝒄𝒕𝒆𝒅% =  
𝑬𝒔𝒕𝒐𝒓𝒆𝒅/𝒆𝒙𝒕𝒓𝒂𝒄𝒕𝒆𝒅

𝑬𝑭𝑬𝑺𝑺 
 * 100 = 

𝟕𝟎𝟒𝟔.𝟖𝟓𝟓

𝟗𝟗𝟐𝟒.𝟎𝟑𝟖
 = 71% (2.18) 

The Energy extracted from the FESS across the speed range changing from the super 

synchronous mode to the sub synchronous mode is presented in Figure 2.8 and the relation 

between the percentage of the rotor current and the percentage of energy extracted in seen in 

Figure 2.9 



27 
 

 

Figure 2.8.The energy extracted from the FESS vs time 

 

 

Figure 2.9.The percentage of the rotor current vs the percentage of energy extracted 

 

From Figure 2.9, it can be concluded that if the reduction of the percentage of energy extraction 

by 9% (from 71 % to 60 %) is acceptable, the rotor current can by reduced by about 15% and 

thus the converter rating and the associated cost, the rotor power losses and the DFIM stator 

winding rating can be reduced as well and this what will be discussed in the next section. 
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2.4. The optimized speed range operation and its related impacts 
 

A proposed way to optimize the system performance in terms of losses, rotor converter rating, 

DFIM rating and the system losses with maintaining a good percentage of the energy 

extraction; is using a narrower speed range and this new speed range proposed was from 30% 

above synchronous speed to 20% below the synchronous speed (from 130% of 1500 rpm to 80 

% of 1500 rpm which means from 1950 rpm = 204.203 rad/s to 1200 rpm =125.6637 rad/s). 

Since the speed reduces faster in the sub synchronous region where the torque and the rotor 

current increase significantly, this 10 % reduction in the speed range will have the following 

impacts: 

1. Regarding the rotor current, the maximum rotor current that was achieved at minimum 

speed will be reduced from 123.2 A (at 0.7*ns) to 108 A (at 0.8*ns), which is a 12 % 

reduction in the maximum rotor current as can be seen in Figure 2.10. 

 

 

Figure 2.10.The rotor current for the new speed range vs time 

2. The rotor power losses in case of a full speed range was about 1 KW, but using the new 

speed range with a maximum rotor power of 108 A, the new rotor power losses will be 

= 3* (𝐼𝑟)2*Rr = 3* (108 )2*0.0223 = 780 W which is almost (22% reduction in the 

rotor power losses).  

3. The amount of reduction in energy extraction percentage with the new speed range is 

8.8 %, so the new energy extraction percentage is 62.1975 % instead of 71% which 

means there is still a good percentage of energy extracted/stored and this can be seen in 

Figure 2.11 
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Figure 2.11.The energy extracted from the FESS over the new speed range vs time 

 

4. The 12 % reduction in the rotor current discussed in point 1 will have a big impact on 

the DFIM rating reduction, as the maximum rotor current decreases towards the lowest 

speed edge, the I2ref will be reduced and since it is used to calculate the stator power 

and thus the stator power/DFIM rating this means that a smaller machine can be used 

as well. In can be seen in Figure 2.12 that the new DFIM rating is 39.2 KW instead of 

44.8 KW (which is equivalent to 12.5 % reduction in the machine size). Thus, by using 

the new rating machine which will be cheaper, the related stator and rotor power losses 

will also be reduced for obtaining the same stored or extracted constant power by the 

FESS. 

 

Figure 2.12.The stator power and the DFIM rating over then new speed range vs time 
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5. The same 12 % reduction in the rotor current will have a significant reduction in the 

rotor converter rating. In the full speed range, it was seen that a converter of a rating 

13.410 KW will be needed, but in the case of the new speed range, it can be seen from 

Figure 2.13 that the converter rating become only 7.883 KW: which is about 41.2 % 

less than the first case so 7.883 KW will be the converter power rating needed.  

 

 

Figure 2.13.The rotor converter rating over then new speed range vs time 
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2.5. Discussion on the findings 
 

1. The main reason behind choosing the speed range to be from 130 % of the ns to 

80 % of the ns is that at the maximum rotor speed the converter power rating can 

be seen to be 7.244 KW so reducing the speed limit in terms of the lowers rotor 

speed beyond 80 % of the synchronous speed will have no impact on reducing the 

converter rating nor the losses accompanied with it any further. 

2. The savings in the converter size as well as the DFIM size can be considered as 

costs savings, or this saving can be used to purchase a bigger FESS capacity for 

storing or extracting more energy. 

3. According to the equation 𝑃𝑚𝑒𝑐ℎ= 𝑃𝑟+𝑃𝑠 and 𝑃𝑟= s*𝑃𝑠, so for using a maximum slip 

of 0.3m this means that the maximum peak mechanical power that can be achieved 

for an instant of time at maximum speed can be Ps + 0.3*Ps (38.810 KW + 0.3* 

38.810 KW = 50.45 KW), so this can be considered for some applications such as 

the super capacitors where a peak power need to be captured and used 

instantaneously. 

4. It has been discussed earlier that the reduction of the speed range from (130 % to 

70 % of synchronous speed) to (130%- 80%), the stator winding power rating can 

be dropped significantly. The new DFIM rating will be 39.2 KW instead of 44.8 

KW (which is equivalent to 12.5 % reduction in the machine size). Thus, by using 

the new rating machine which will be cheaper, the related stator and rotor power 

losses will also be reduced for obtaining the same stored or extracted constant power 

by the FESS 
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Chapter 3  

Chapter 3 
 

Analyzing the performance of the permanent 

magnet synchronous machine in the field weakening 

region (constant power region) for the flywheel 

energy storage application 

 

3.1. Background 
 

As discussed earlier, PMSM is widely used as a high efficiency and high performance variable 

frequency machine drive with high-power density and a compact design together with a high 

round trip efficiency [36]. There are several arrangements for placing the PMSM magnets, the 

interior or buried permanent magnet motors (IPMSM), the surface mounted magnet machines 

(SPMSM) [37]. The IPMSM has high speed ratio (3-6 :1), so higher speeds can be reached 

above the rated speed. The SPMSM has limited capabilities in terms of field weakening and 

thus a smaller speed range (2-4 :1) and this can be seen in Figure 3.1.  

 

Figure 3.1.Comparison of different types of machines that can be used for higher speed 

ranges by field weakening (reprinted from [38]) 
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The vector control algorithm that can be used with the PMSM is a direct rotor flux vector 

control. The d axis is aligned/oriented on the rotor flux which is also the direction of the magnet 

(the flux angle is the same as the rotor position) as can be seen in Figure 3.2.  

 

Figure 3.2.The direct rotor flux vector control of PMSM with d axis oriented on the rotor flux 

(reprinted from [38]) 

The machine 3 phase currents are transformed into the dq axis (which is rotating at the 

instantaneous speed 𝜔𝑒 using the rotor flux angle λ that is calculated from the following 

equation:  

λ = ∫(𝜔𝑒) dt                                                           (3.1) 

The saliency ratio is also to be considered, this is the ratio between the direct and quadrature 

inductances (L𝑞 and L𝑑). The machines which have equal d&q inductances (saliency ratio=1) 

are referred to as non-salient machines while those with non-equal dq axis inductances are 

called salient machines. Normally the PMSM are designed to operate at maximum torque and 

thus use maximum magnetizing flux from the permanent magnets until the machine reach its 

rated speed as this is required for a fast start/speed dynamic of the machine (this is the 

maximum torque and maximum rated back emf voltage). But if higher speeds are required 

above base speed, field weakening approach much be implemented to achieve these higher 

speeds as the maximum rated voltage of the converter is reached so it must be kept constant 

above 1500 rpm. The concept of the field weakening is to decrease the machine  flux which 

will reduce the torque with the increase in speed in order to keep the back emf voltage constant 

at rated value and thus  a constant rated power can be maintained without exceeding the current 

rating  [39] and the operation of the PMSM before and after the base speed can be seen in 

Figure 3.3. 
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Figure 3.3. Torque, Flux, Back emf voltage and Power vs speed showing the field weakening 

implementation 

Below the base speed, the back emf of the machine keeps on increasing linearly with the speed 

until it reaches the maximum rated value assuming a maximum/constant magnetic flux during 

this region (constant torque region) according to the following equation: 

𝐸𝑀𝐹 =  𝑘𝜓𝑚Ω      (3.2) 

 

Where ψm is the magnetic flux of the machine in weber and the Ω is the machine speed in 

rad/sec 

But above the base speed, the emf is required to be kept constant as limited by the 

semiconductor voltage ratings, so the magnetic flux from equation 2.1 and thus the torque will 

be reduced to keep the back emf and the power constant within this region with the increasing 

speeds (constant power region).  

3.1.1. Previous work done on field weakening application for various synchronous 

machines 

 

Many papers studied the field weakening implementation for the PMSM mostly for the electric 

vehicles traction drives as they are required to operate with constant power with the ability to 

achieve higher speeds while keeping the efficiency high. 
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3.1.1.1. Field weakening application for IPMSM and synchronous reluctance machines 

 In [40], the field weakening performance was analysed for IPMSM and synchronous 

reluctance under rated and over load conditions, and it was proven that IPMSM with multiple-

barrier interior permanent magnets offer higher constant power speed range (CPSR = 
Ω max

Ω base
 ) 

of about 3 to 4 :1 above the base speed compared to the synchronous reluctance machine whose 

performance was similar to the induction machine operation with only a CPSR of 2:1 ratio.  

3.1.1.2. Field weakening application of synchronous reluctance with axially laminated 

rotor 

The design of a synchronous reluctance with axially laminated rotor was discussed in [41]. The 

focus of the design was to produce a high saliency ratio machine in order to achieve a high 

torque capacity, power factor and a reasonable CPSR of about 2.25:1 and also to reduce the 

machine losses by using a narrow circumferential rotor slots to split the axial eddy currents.  

3.1.1.3. Field weakening application comparison for self-mounted permanent magnet 

machine (SMPMSM), inset surface magnet (I-PMSM), v-shaped internal magnets 

(VIPMSM) and rotor with radial internal magnet arrangement (RI-PMSM) 

Different permanent magnet machines were studied in [42] in terms of their applicability in the 

field of electric vehicles and their CPSR that can be achieved. The machines used in the study 

were: SMPMSM, inset surface magnet (I-PMSM), v-shaped internal magnets (VIPMSM) and 

rotor with radial internal magnet arrangement (RI-PMSM) with both 4 and 8 poles and 

distributed and concentrated winding configurations. The maximum torque, power density, 

losses and field weakening capability of the different machine were compared and presented 

to be used for different electric vehicle power rating requirements.  

3.1.1.4. Field weakening application of axially laminated interior permanent magnet 

machine 

Another paper [43] focused on the design of an axially laminated interior permanent magnet 

machine aiming at achieving a very high CPSR of 7.5:1 for a 7.5 kW rated power. They studied 

the effect of different pole number, the magnet material selection, the lamination material as 

well as the demagnetization behaviour of the magnet in the field weakening region.  

None of the previous papers discussed the implementation of the field weakening approach for 

PMSM to be used in the energy storage systems. So, in this chapter, the field weakening 
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approach will be studied for the flywheel application which is required to operate at high speeds 

within the constant power region. The vector control of the machine (field oriented 

configuration) will be modelled to verify the capability of PMSM to operate the FESS.  
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3.2. The design of PMSM vector controlled simulation model for flywheel 

energy storage applications  
 

For a flywheel application, the PMSM operation is based on charging and discharging (storing 

energy or releasing energy) in a short period of time while processing a constant power 

irrespective of the state of charge, as demanded by the application. The field weakening 

approach for a FESS will be examined since we are interested in studying the CPSR that can 

be achieved by the PMSM above the base speed (constant power region) and a vector control 

for the system will be designed to analyse the overall performance of the model. For this study, 

a non-salient machine with equal d and q axes inductances and 4 poles (to be compared with 

DFIG and squirrel cage of same number of poles later) is used and its parameters are shown in 

Table 3.1. The simulation model is built using PSIM 9. The torque current is referred to as I𝑞 

while the magnetising current is referred to as I𝑑. 

Table 3.1.The PMSM parameters used for the field weakening analysis of the FESS 

application 

Rated Power 30 kW 

Rated speed 1470 rpm 

Rated torque 190 N.m 

Rated flux 1.4 Wb 

Number of poles 4 

Rated back emf voltage  220 V  

Stator resistance 0.027Ω 

Lq = Ld 2 mH 

 

The PSIM vector controlled simulation model is shown in Figure 3.4. The model uses a 

constant torque mechanical load as a rotating body and the inverter has a DC link of +/-300 V. 
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Figure 3.4.The PMSM vector control model used for FESS during the constant power region 

 

Using abc/dq transformation block I𝑑 and I𝑞 currents are obtained from the stator current. For 

obtaining the reference currents I𝑑𝑟𝑒𝑓  and I𝑞𝑟𝑒𝑓 , first the flux (Ψd) above the base speed (1500 

rpm) for obtaining a constant back emf voltage of 220 V is calculated from equation 3.2 to be 

1.4 Wb and then it is used in the following equation:  

                                                     𝜓𝑟𝑒𝑓 =  𝜓𝑚 + 𝐼𝑑𝑟𝑒𝑓 ∗ 𝐿𝑑                                                      (3.3) 

                           

For I𝑞𝑟𝑒𝑓 , it is calculated using the following equation:  

  𝑇𝑟𝑒𝑓=𝑘∗ 𝐼𝑞𝑟𝑒𝑓∗ 𝜓𝑟𝑒𝑓                                                                 (3.4) 

Having I𝑞𝑟𝑒𝑓 and I𝑑𝑟𝑒𝑓 , The PI controllers that were manually tuned were used to eliminate 

the error and V𝑑𝑟𝑒𝑓and V𝑞𝑟𝑒𝑓were calculated using the following equations:  

                V𝑑𝑟𝑒𝑓 = I𝑑 *R + L𝑑*
𝑑I𝑑 

𝑑𝑡
   - Ω𝑟*L𝑞*I𝑞                                             (3.5) 
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V𝑞𝑟𝑒𝑓 = I𝑞 *R + L𝑞*
𝑑I𝑞 

𝑑𝑡
 + Ω𝑟*L𝑑*I𝑑+ Ω𝑟 ∗ ψ𝑚                            (3.6) 

 

Please note that (- Ω𝑟*L𝑞*I𝑞 ) and (Ω𝑟*L𝑑*I𝑑+Ω𝑟 ∗ ψ𝑚) are referred to as feed-forward (FF) 

terms of the rotational emf. The feedforward terms are used to ensure that the current transients 

for each channel are independent of the speed and the field weakening equation can be 

represented by the phasor diagram shown in Figure 3.5. 

 

Figure 3.5.The field weakening equation phasor diagram representation (reprinted from [38]) 

 

For obtaining the required angle for the abc/dq transformation, first the mechanical speed is 

recorded from the rotating body in rad/sec and then the electrical speed is calculated as 

following: 

Ω𝑒 = 
𝑃

2
 * Ω𝑚                                                           (3.7) 

Where p is the number of poles and both Ω𝑒 and Ω𝑚 are calculated in rad/sec. The angle theta 

needed for the transformation block is simply the integration of the rotational electrical angle. 

For obtaining the I𝑞𝑟𝑒𝑓 which is the torque current, a constant power supply of 30 kW (positive 

for charging and negative for discharging) is divided by the mechanical speed of the machine 

in rad/s. The torque is then divided by a constant (was found to be 1.266) and the reference 

torque current  I𝑞𝑟𝑒𝑓 can be calculated. 
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 I𝑑𝑟𝑒𝑓 can be calculated first by obtaining the reference flux, this can be calculated by dividing 

the maximum rated back rms of 220 V by the speed in rad/s and limiting the resultant flux to 

1.4 Wb (maximum flux at rated speed 1500 rpm) using a limiter. The flux reference is then 

subtracted from the rated flux 1.4 Wb and since we operate only above rated speed then the 

flux will always be lower than 1.4 Wb. The difference is then divided by the −𝐿𝑑 to obtain the 

I𝑑𝑟𝑒𝑓  
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3.3. The analysis of the PMSM vector control model in the constant power 

region 
 

There are 2 aspects that need to be analysed in this section:  

1. The CPSR that the PMSM can operate beyond the base speed during changing and 

discharging and if this range is reasonable in terms of energy storage capability. 

2. Since the aim of the model is to verify the feasibility of the field weakening approach 

to be working with the complete vector controlled PMSM model for the FESS 

application, it is to be noticed that the machine is not optimized in terms of the converter 

currents and voltages and this can be optimized later. 

To start with, a constant speed model as in Figure 3.6 was used to obtain the system parameters, 

to tune the PI controllers and to know the current value before/at the base speed (only I𝑞 since 

I𝑑 will be zero) and the resultant current can be calculated as following: 

I𝑟𝑎𝑡𝑒𝑑 = √I𝑑
2 + I𝑞

2   =  √02 + 1222      =122 A                                      (3.8) 

 

Figure 3.6. The 𝐼𝑑, 𝐼𝑞 and their references values vs time at constant speed of 1200 rpm 

Following that the model will be adjusted to operate only in the constant power region (FESS 

requirement) and the speed range that was achieved by the model can be seen in Figure 3.7 to 

be from 1500 rpm to 3850 rpm (CPSR: 1:2.56) which is a reasonable wide range for storing 

sufficient energy = 
Ω𝑚𝑎𝑥

2 − Ω𝑚𝑖𝑛
2 

Ω𝑚𝑎𝑥
2  = 

38502− 15002

38502  = 84.8% of the rated energy that can be stored 

. 
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Figure 3.7.The constant power and speed change during charging and discharging vs time 

 

The concept of the field weakening is to inject negative I𝑑 in order to demagnetize the machine 

above the base speed using equation 3.2 (as maximum flux is achieved and cannot increase 

further). Doing this the flux and thus the torque will start decreasing as speed increases keeping 

the emf voltage and the power constant as seen in Figure 3.8. In this analysis, the maximum 

negative Id that was injected in order to maintain the constant converter voltage (using equation 

2.2 and which can be seen in Figure 3.9 is relatively large. It should be noted that the scope of 

this chapter not to optimize the model rather than proving its functionality.  

 

Figure 3.8.The flux weakening implementation using negative 𝐼𝑑  to maintain constant power 

and back Emf 
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So, using equation 3.3 by injecting negative I𝑑, the resulting flux will be reduced and from 

equation 3.2), as speed increases, the flux will keep on decreasing by injecting more negative 

I𝑑 and thus the emf can remain constant as well as the power. The I𝑑 and I𝑞  resultant curves 

during the charging/discharging of the FESS in the field weakening region can be seen in 

Figure 3.9. It can be seen that at the maximum speed, the negative I𝑑 reaches a very high value 

(-175 A) compared to the rated I𝑞 and a total current calculated from equation 3.8 is equal 

213.3 A which is almost 1.75 times the current I𝑟𝑎𝑡𝑒𝑑 before the base speed. Two approaches 

will be discussed in the next section in order to reduce the amount of negative I𝑑that needs to 

be injected to obtained the constant emf and power and without affecting the energy percentage 

that can be stored and it can be seen that the back emf voltage is kept constant. 

  

Figure 3.9.The speed, emf and 𝐼𝑑 ,𝐼𝑞resultant curves and their references vs time during the 

field weakening implementation for a PMSM based FESS 
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3.4. The proposed improvements to the field weakening for PMSM used in 

FESS to reduce the peak value of the required injected 𝐈𝒅current 
 

The proposed approach of reducing the negative I𝑑 current beyond the base speed in order 

to maintain the constant emf and power is to design a new machine with the same 

parameters but with less magnets which will result in a reduced flux produced by PM. By 

reducing the flux this means that emf according to equation 3.2 will be increasing with a 

lower gradient and thus reaching a smaller rated emf (at previous base speed) or reaching 

the rated value of emf at higher speed than the previous base speed. According to Figure 

3.10, the emf reaches its rated value at a point above the base speed, thus a positive I𝑑 needs 

to be injected to magnetize the machine further to the full rated flux to keep the emf 

constant, starting from 1500 rpm. The speed point at which the emf reaches its rated value 

above the base speed is to be decided so that an equal I𝑑 peak can be injected (positively 

or negatively) between the base speed and the maximum speed and this will ensure a lower 

overall maximum current needed from the converter. In order to calculate this, PM fluxe 

needs to be set to the mean value between base speed and maximum speed, so at the base 

speed (1500 rpm) the overall flux is 1.4 Wb and at the maximum (3850 rpm) the flux should 

be 0.5456 Wb, so the average value is 0.9728 Wb. At this point the speed needs to be 

calculated using equation 2.1 for maintaining a constant back emf of 220 V and thus the 

speed where Id=0 and magnetisation is provided only by the PMs is calculated to be 2159 

rpm. This was an interesting finding because knowing that the full speed range is between 

1500 rpm to 3850 rpm and the point at which an equal I𝑑 peak can be injected (positively 

or negatively) between them is at 2159 rpm means it is not mid-point of the speed range. 

For this an equation that can enable finding this point for any speed range is based on the 

following rule: 

For a given speed range K, the speed point which achieves equal 
𝐋𝒅∗𝐈𝒅

Ω
 is not the mid 

speed between the base and maximum speed but it is at a point which is equal to 
𝟏 

𝟏+𝑲
 

from the base speed and 
𝑲 

𝟏+𝑲
 from the maximum speed. (This was proved using 

different speed ranges). So in our case the speed range was 1:2.56 (2350 rpm), so the 

point of equal 
𝐋𝒅∗𝐈𝒅

Ω
 is 

𝟏 

𝟏+𝟐.𝟓𝟔
 = 0.2809 from the base speed which gives the point at 

0.2809*2350 =660.115 rpm above the base speed which is 1500+660=2160 rpm and 

between that point and the maximum speed is 
𝟐.𝟓𝟔 

𝟏+𝟐.𝟓𝟔
=0.72 from the whole range which 
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is equal 0.72*2350= 1692 rpm so adding this to the found point (1692+2160) gives the 

correct maximum speed 3852 rpm. 

 

Figure 3.10.The emf increasing slopes and the required 𝐼𝑑 currents for the new proposed flux 

and within the same speed range 

 

The new approach was implemented on the PSIM model to verify the results and the  I𝑑 value 

that needs to be injected negatively and positively is shown in Figure 3.11 to be +/- 87.5 A and 

the I𝑞 value at that point is 135 A. This means that the new total rated current reached by this 

approach from equation 3.8 is calculated to be:  √87.52 + 1352     = 160.83 A which is 1.3 

times the rated current below the base speed (122 A) compared to the first model where the 

rated current reached was 1.75 times the rated current while keeping both the power and the 

emf constant. This approach will provide lower losses as well as lower converter current rating 

and stresses over the full speed range. 
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Figure 3.11.The speed, power, emf and  𝐼𝑑 ,  𝐼𝑞resultant curves with their references vs time 

during the field weakening implementation for a PMSM based FESS for the new model 

 

The further improvement to reduce the I𝑑 peak and thus the converter current rating is to use 

bigger d axis inductance L𝑑 as the amount of flux (
𝐋𝒅∗𝐈𝒅

Ω
) that needs to be injected positively or 

negatively is the same. This means that if the same approach of reduced PM flux of 0.9728 Wb 

is used since the same flux change is to be constant it means that using bigger L𝑑 (1.4 times) 

will result in 𝐈𝒅 reduced by the same factor so instead of using L𝑑 =2mH, L𝑑=3 mH will be 

used and it can be seen from Figure 3.12 that I𝑑 value is 62 A compared to the previous model 

where I𝑑  was 87.5 A. 
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Figure 3.12.The speed, 𝐼𝑑 ,  𝐼𝑞resultant curves with their references and flux vs time during 

the field weakening implementation for a PMSM based FESS for the 𝐿𝑑=3 mH and PM flux 

of 0.9728 Wb 
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3.5. Conclusion: 

1. From the analysis, it was proven that the field weakening approach is functional with 

the FESS using PMSM and the model was adjusted and tuned for the operation of the 

FESS only above the base speed (1500 rpm) until the maximum speed for the proper 

analysis. 

2. It was found that a CPSR of 1:2.56 can be achieved for the used model which provide 

a good percentage of energy extraction of about 84.8% of the rated flywheel value. 

3. It was proved that instead of injecting a very large negative I𝑑 at maximum speed 

(above the base speed) in order to keep the emf and power constant within a large speed 

range, a machine with smaller magnets (smaller flux) can be used so that emf will reach 

the rated value at higher speed and in order to keep the emf constant above the base 

speed, positive I𝑑 is injected below that speed until the rated emf is reached, then above 

this speed level, a negative I𝑑 is used. This will help in reducing the converter current 

rating and stresses as the I𝑑 maximum that was used in the first approach is now divided 

into half. 

4. An equation was derived which can help finding the speed point at which the rated emf 

is reached and it was proved to be 
𝟏 

𝟏+𝒌
  between the base speed and this point and 

𝒌

𝟏+𝒌
 

between this point and the maximum speed (it is not a mid-point). 

5. Knowing the point at which equal flux change is obtained from
𝐋𝒅∗𝐈𝒅

Ω
, Id can be reduced 

further by increasing the inductance current and thus reducing the current rating more. 
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Chapter 4  

Chapter 4 

Induction machines (DFIM and squirrel cage) vector 

control models 

 

This chapter will analyze the design of the vector control models for both induction machines 

Doubly fed induction machine (DFIM) and squirrel cage induction machine (SCIM). This is 

done to verify their operation and to be used for a performance comparison in the next chapters 

with permanent magnet synchronous machine (PMSM) in terms of speed range, converter 

losses, converter sizes, machine size and gear box ratio needed. 

 

4.1. DFIM vector control model 
 

As discussed in chapter 2, DFIM can be used to operate the FESS having the advantage that 

the rotor windings are separated (can be accessed using the slip rings) from the stator winding 

and the control of the Power, frequency and voltage can be done only on the rotor winding. This 

is advantageous compared to SCIM and PMSM as it is possible to connect external resistances 

to the rotor circuit which makes it possible to increase the torque. This is done by increasing 

series resistance and it is used to adjust the starting torque. Also, the additional resistance to 

the rotor circuit allow the speed control which is not possible for the PMSM and SCIM. Since 

the control is done on the rotor windings, for a DFIM with a +/-30% slip range, only 30 % of 

the stator power is processed and controlled through the converter so a smaller converter can 

be used while the rest of the power is directly fed to the utility grid via the stator. For this 

purpose, vector control (Stator flux oriented) can be used to control the voltage and the currents 

of the rotor side converter (RSC). In the stator flux oriented methodology, the d axis is fixed to 

the stator flux and 𝛹𝑠𝑞 is equal to zero. The rotor 3 phase currents (𝐼𝑟𝑎, 𝐼𝑟𝑏 , 𝐼𝑟𝑐) as well as the 

rotor voltages (𝑉𝑟𝑎, 𝑉𝑟𝑏, 𝑉𝑟𝑐)  must be transformed into 2 axes αβ. These 2 moving axes are 

synchronized with the rotor winding rotational speed (slip frequency) and rotates at 𝜔𝑟 .These 

2 moving axes αβ equations rewritten again to the synchronous dq frame which is synchronized 

with the stator flux vector  
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rotating with 𝜔𝑒. To perform the vector control algorithm, the transformation equations 

requires, a stator flux angle λ to be calculated using the following equations: 

𝛹𝑠𝛼 = ∫(𝑉𝑠𝛼− 𝑅𝑠 𝐼𝑠𝛼) dt                                                       (4.1) 

𝛹𝑠𝛽 = ∫(𝑉𝑠𝛽− 𝑅𝑠 𝐼𝑠𝛽) dt                                                      (4.2) 

  λ𝛹𝑠
= 𝑡𝑎𝑛−1(

𝛹𝑠𝛼

𝛹𝑠𝛽
)                                                                  (4.3) 

The stator flux angle λ𝛹𝑠
 together with the rotor angle 𝜃𝑟 obtained by an encoder (speed sensor) 

are used by the transformation blocks to obtain the rotating torque and flux currents (𝐼𝑟𝑑 and 

𝐼𝑟𝑞 and they are orthogonal to each other) which can be represented by the phasor diagram seen 

in Figure 4.1 

 

Figure 4.1.Phasor diagram representation of the rotor current in the stationary axes αβ and 

their 𝐼𝑟𝑑, 𝐼𝑟𝑞 projections using 𝜆𝛹𝑠
and 𝜃𝑟 (reprinted from [44]) 

 

The 𝐼𝑟𝑑 and 𝐼𝑟𝑞 are then compared to their reference currents and the corresponding errors are 

controlled using PI controllers (to keep them almost equal to the reference values). The output 

of the controllers provides 𝑉𝑟𝑑 and 𝑉𝑟𝑞 which will be retransformed into 3 phase voltages. A 

triangular signal which is referred to as a carrier signal and normally has a high frequency is 

used with the 3 phase stator AC voltages references output of the controllers.to obtain the PWM 

signals as seen in Figure 4.2 required for the IGBT operation. This PWM signals will define 

the IGBTs switching frequency. 
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Figure 4.2.The AC voltage signals together with the high frequency triangular signal (carrier 

signal) to generate the PWM signal used by the IGBT (reprinted from [45]) 

 

The DFIM model together with the vector control for the system was designed using PSIM.9 

and a 30 kW DFIM was used which has the parameters shown in Table 4.1 used in [45]. 

The locked rotor voltage of the machine is 400 V (L-L) = 700 V (peak), so the maximum peak 

voltage achieved at the maximum slip of 0.3 is 210 V. So, in order to use a DC link of 300 V, 

the rotor voltage must be increased. This can be done by decreasing the stator to rotor turns 

ratio by a factor of 1.4285 (300/210) and the ratio reduced from the one used for 210 V which 

was 1.7 to 1.2. Having this, a converter of double this DC link voltage can be used and the 

converter voltage rating will be fully utilized. This will result in a reduction of the rotor current 

by the same factor as the power is constant which will result in reduced converter current rating 

as well and current was reduced (135.7 A to 95 A). For this analysis 𝐼𝑟𝑑 is referred to as the 

flux current while 𝐼𝑟𝑞 is the torque current.  
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Table 4.1. 30 kW DFIM machine parameters used for the vector controlled PSIM model 

Rated power  𝑷𝒓𝒂𝒕𝒆𝒅 30 kW 

Rated torque 𝑻𝒓𝒂𝒕𝒆𝒅 241 N.m 

Stator resistance 𝑹𝒔 0.19 Ω 

Rotor resistance 𝑹𝒓 0.28 Ω 

Stator inductance 𝑳𝒔 2 mH 

Rotor inductance 𝑳𝒓 7.1 mH 

Magnetizing inductance 𝑳𝒎 117.1 mH 

Stator to rotor windings ratio (
𝑵𝒔

𝑵𝒔
) 1.2 

Inertia J 0.485 Kg.𝒎𝟐 

Number of poles P 4 

 

 

4.1.1. DFIM vector control model design results and discussion 

 

The DFIM with the parameters shown in Table 4.1 was built using PSIM.9 and the vector 

control of the system was implemented to monitor the performance of the system as a whole. 

This was done to test the functionality of the DFIM as a FESS operating machine in terms of 

changing speed and torque during charging and discharging cycles within the speed range 

required. Some key points were considered during the design which include:  

 

1. The DFIM speed range as discussed in chapter 2 should be normally within +/- 30% of 

the synchronous speed of the machine. Choosing a 4-pole machine means that the 

synchronous speed is 1500 rpm. The speed range applicable in this case is from 1050 

rpm to 1950 rpm. As discussed and proved in chapter 2, the speed range can be modified 

in terms of using a smaller range. This is because at the lowest speed, the torque is the 

highest and thus the rotor current. And since the rotor current has a direct proportional 

relation with the torque, so at lowest speed it will be at the highest value as well. For 

this, by changing the lower speed from 30% below the synchronous speed to 20%, it 

means a lower torque and thus a smaller rotor current can be achieved and thus a lower 

converter rating and losses. The speed range discussed in chapter 2 of 1.62:1 (1200 rpm 

to 1950 rpm) was used in this design. 
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2. 𝐼𝑟𝑑 in this model is used as the flux current and 𝐼𝑟𝑞is referred to as the torque current. 

𝐼𝑟𝑑 is set to zero during the analysis which means that the magnetization is performed 

by the stator current 𝐼𝑠𝑞 and thus all the rotor current is in the form of torque current 

𝐼𝑟𝑞. 

 

3. The complete vector control model representation of the DFIM is shown in Figure 4.3, 

where the speed reference in our case can be calculated by providing a constant power 

source (FESS operation requirement) and dividing that by the changing speed of the 

machine. This will obtain the changing torque and thus the rotor current reference 

which is proportional to the torque. The machine inertia as well as the torque injection 

algorithm used to adjust the speed until it reaches the minimum required speed within 

the speed range can be modified to obtained the required speed range mentioned in 

point 1. 

 

 

Figure 4.3.DFIM vector control model representation (reprinted from [44]) 
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The operational designed PSIM vector controlled model of the chosen DFIM for the FESS 

application is represented in Figure 4.4 

 

Figure 4.4.The PSIM vector control model for the DFIM used in FESS operation 

 

The model is operational and some of the key results discussion are: 

1. The speed range was adjusted as can be seen in Figure 4.5 to be 1.625:1 within the 

desired range of 1200 rpm to 1950 rpm. 

2. The percentage of energy that can be stored/ released within this speed range can be 

calculated from equation 2.18 to be 62% of the rated energy that can be stored in the 

flywheel 

3. The 𝐼𝑟𝑑  which is the torque current is proportional to the torque curve so during constant 

power charging as speed increases, torque decreases as well which means that the rotor 

current represented by 𝐼𝑟𝑑 decreases to keep the power constant at 30 kW. The opposite 

happens during discharging as can be seen Figure 4.5. 

4. The PI controllers were tuned manually to make the reference currents/voltages aligned 

as much as possible with the dq axis currents and voltages with the least error. 

5. No field weakening is necessary for the DFIM operation as in the case with the squirrel 

cage induction machine and the PMSM because the stator frequency is constant 
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Figure 4.5.The speed curve, dq axis rotor currents 𝐈𝐫𝐝 and 𝐈𝐫𝐪 aligned with their reference 

signals, during a constant power cycling of 30 kW for a DFIM used in FESS vs time 

 

 

 

 

 

 

 

 

 

 

 

 



56 
 

4.2. Squirrel cage induction machine (SCIM) vector control model 
 

As another form of induction machines, in this section the squirrel cage induction machine 

(SCIM) will also be analyzed and its vector control model will be built using PSIM.9 to 

demonstrate its functionality with the FESS as well as to use the model later for the comparison 

with the DFIM and PSIM in terms of performance, converter sizing, stresses and losses. The 

differences between the SCIM and DFIM is that for SCIM, the rotor structure is simple and 

rigid in the form of cylindrical laminated rotor core with conductive bars made of aluminum 

or cupper alloys and embedded in the lamination slots along the length of the rotor. Thus, those 

bars have no electrical connection with the motor terminals and the rotor current cannot be 

measured and it is only a function of the machine slip while in the case of the DFIM the rotor 

current can be controlled by accessing the rotor winding via the slip rings. Since the SCIM 

rotor currents and hence the speed cannot be controlled via the rotors as in the case of the 

DFIM, the SCIM uses a full-scale converter to process the bulk of energy between the grid and 

the machine as seen in Figure 4.6 

 

Figure 4.6.A SCIM requires a full-scale power converter to interact with the utility grid 

(reprinted from [46]) 

 

The vector control algorithm that is used in this section is the indirect rotor flux oriented vector 

control (IRFO). The concept of the IRFO is that the controller calculates the stator current 

reference values 𝐼𝑠𝑑 ∗ and 𝐼𝑠𝑞 ∗ to control the torque, flux and the transformation blocks angle. 

For PMSM, a direct rotor flux oriented vector control was used which measures the flux to 

define the rotor flux vector magnitude and the position (also referred to as flux feedback control 

and the required rotor flux information can be obtained either by measurement or by estimated 

calculation) [47].  
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The IRFO requires having the stator current dq components and machine parameters 

(resistance and inductance) and the slip to calculate the slip speed 𝜔𝑠𝑙 and the rotor flux current 

𝐼𝑚𝑟𝑑  needed to calculate the transformation angle λ from 3 phases to dq axes by using the 

following equations (where 𝐼𝑠𝑑 is referred to as the flux current while 𝐼𝑠𝑞 is the torque current):  

D axis equation: 

  
𝐿𝑟

𝑅𝑟
 
𝑑 𝐼𝑚𝑟𝑑 

𝑑𝑡
 + 𝐼𝑚𝑟𝑑 = 𝐼𝑠𝑑                                                        (4.4) 

𝜏𝑟s 𝐼𝑚𝑟𝑑+𝐼𝑚𝑟𝑑 =  𝐼𝑠𝑑                                                        (4.5) 

𝐼𝑚𝑟𝑑 = 
𝐼𝑠𝑑

1+ 𝜏𝑟s
                                                                      (4.6) 

 Q axis equation:  

𝜔𝑠𝑙 = 
𝑅𝑟

𝐿𝑟 𝐼𝑚𝑟𝑑
 𝐼𝑠𝑞 = 

1

𝜏𝑟 𝐼𝑚𝑟𝑑
 𝐼𝑠𝑞                                             (4.7)  

Using equations (4.6) and (4.7), the transformation angle λ shown in Figure 4.7 which is needed 

to transform the 3 phase AC current to the 2 rotating axes dq and vice versa can be calculated 

as following: 

λ = ∫ 𝜔𝑒 𝑑𝑡 = ∫(𝜔𝑟 + 𝜔𝑠𝑙) 𝑑𝑡 = ∫(𝜔𝑟 + 
1

𝜏𝑟 𝐼𝑚𝑟𝑑
 𝐼𝑠𝑞 )𝑑𝑡          (4.8) 

 

Figure 4.7.The phasor diagram representation of the stator currents 𝐼𝑠𝑞 and 𝐼𝑠𝑑 with respect to 

the αβ stationary axes together with the angle λ used for the transformation (reprinted from 

[48]) 
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The SCIM model together with the vector control for the system which is represented in Figure 

4.8 was designed using PSIM.9 and a 30 KW SCIM with the parameters shown in Table 4.2 

which was used in [46] . A DC link of 600 V (+/- 300 V) was chosen and 𝐼𝑠𝑑 is referred to as 

the flux current while 𝐼𝑠𝑞 is the torque current.  

Table 4.2. 30 kW SCIM parameters used for the vector control model of the SCIM based 

FESS 

Rated Power  30 KW 

Number of poles 4 

Rated speed 1420 rpm 

Stator resistance 0.087 

Stator inductance 0.8 mH 

Rotor resistance 0.087 

Rotor inductance 0.8 mH 

Magnetization inductance  37 mH 

 

 

Figure 4.8.SCIM indirect rotor flux orientation vector control model representation (reprinted 

from [48]) 

 

It can be seen in Figure 4.8 that the SCIM requires the application of field weakening above 

the rated speed (base speed) of 1500 rpm as in the case of the PMSM. The field weakening will 

allow the machine to achieve the required constant power and constant emf voltage during 

charging or discharging when speeds higher than the rated speed need to be reached.  
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4.2.1. SCIM design results and discussion 

 

The SCIM IRFO vector control model was designed in PSIM.9 as seen in Figure 4.9 to test the 

functionality of the SCIM as a FESS operating machine and its ability to change its speed and 

torque to keep the power constant during charging and discharging cycles within the speed 

range required.  

 

Figure 4.9.The PSIM vector control model for the DFIM used in FESS operation 

 

Some key points were considered during the design which include:  

1. The SCIM act in the same way as the PMSM so below the rated speed, it operates in 

constant torque/flux region and above the rated speed it operates in constant power 

mode. Since the FESS application is based on a constant power operation, only the 

region above the rated speed will be analyzed. Choosing a 4-pole machine means that 

the synchronous speed is around 1500 rpm and the speed range that can be reached 

above this synchronous speed is about 1:2 so from (1500 rpm until 3000 rpm). In case 

of the DFIM, as the speed decreases the torque and thus the rotor current kept on 

increasing to higher values, but for the SCIM, below the base/rated speed the machine 

operates at constant torque and constant flux. So, for SCIM, speeds above the rated 

speed will be achieved using a flux weakening approach., The torque will decrease with 
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the increasing speed keeping the back EMF and power constant. Therefore, a speed 

range from (1500 rpm to 3000 rpm) can be used to obtain a bigger range of 1:2 than 

that of the DFIM. 

2. Since the speed range chosen was 1:2, this means that the percentage of energy that can 

be stored/released can be calculated from equation 2.18 is 75% of rated energy that can 

be stored in the flywheel 

3. 𝐼𝑠𝑑 in this model is used as the flux current and 𝐼𝑠𝑞is referred to as the torque current. 

Since the machine speed range is between (1500 rpm and 3000 rpm), this means that 

the machine needs to operate in the constant power/constant emf voltage region. 

Therefore, a flux weakening must be applied to maintain a constant back emf voltage 

of 220 V and constant power of 30 kW during charging and discharging. For this, a 

certain quantity need to be subtracted from the constant Isd (25 A) to reduce the 

machine torque and flux above rated speed while the torque current remains constant.  

The results of the SCIM vector controlled model in PSIM can be seen in Figure 4.10 

 

Figure 4.10.The speed range, constant power, stator currents  𝐼𝑠𝑑 and 𝐼𝑠𝑞aligned with their 

reference signals during charging and discharging within the selected speed range for a SCIM 

used in FESS vs time 
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From Figure 4.10, it can be seen that the model is operational and some of the key results are: 

1. The speed range that was applied in the design was 1:2 from (1500 rpm to 3000 rpm) 

which is similar to the speed range of the DFIM but using higher speed above the 

synchronous speed. A larger amount of energy extraction than the DFIM was achieved 

which is 75 % of the rated energy that can be stored by the FESS. A flux weakening 

approach is implemented above the rated speed, so that the flux below 1500 rpm will be 

kept constant at 1.4 Wb and above 1500 rpm, the flux as well as the torque will be reduced 

to achieve constant power of 30 kW and constant back emf voltage of 220 V until the 

maximum speed as seen in Figure 4.11. The maximum constant flux below the rated speed 

is calculated from equation 3.2 to be 1.4 wb. For speeds above 1500 rpm, the torque and 

the flux will reduce and the torque current 𝐼𝑠𝑞 will reduce in the same manner. 

 

Figure 4.11.The flux reduction with increasing speed for keeping the power and the 

back emf constant above the rated speed (field weakening approach) vs time 
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2. The 𝐼𝑠𝑑  which is the flux current is constant below the rated machine speed 1500 rpm at 

25 A, yet above the rated speed reduced 𝐼𝑠𝑑 will be imposed (flux weakening). The 

difference between the field weakening approach in SCIM and PMSM is that PMSM has 

a very wide speed range, so a very large negative 𝐼𝑠𝑑 must be imposed to maintain the 

constant power and voltage operation longer after the base speed unless the approach 

discussed in section 3.2 using smaller magnet and hence smaller flux can be implemented. 

While in case of SCIM since the speed range is limited, so the reduction of 𝐼𝑠𝑑 that needs 

to be injected will be smaller. 

3. The PI controllers were tuned manually to make the reference current aligned as much as 

possible with the machine dq axes voltages and currents with least error. 
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Chapter 5  

Chapter 5 

The comparison between DFIM, SCIM and PMSM 

in terms of converter sizes, converter and thermal 

stresses. 
 
In this Chapter, the converter losses, charge discharge cycle efficiency and sizing of the 

electrical machine and the power converter will be analyzed for the three machines investigated 

in the previous chapters (PMSM, SCIM and DFIM) using the PSIM thermal module that 

estimates semiconductor losses (Note that only the machine side converter will be used in this 

analysis). This will give an overview of the performance of the three electrical drives in terms 

of the converter losses for the reduced current rating improvements proposed in the last 

chapters while ensuring a proper energy storage to be captured. The PSIM thermal modules 

offer the possibility to estimate semiconductor conduction and switching losses when using a 

particular type of semiconductor devices whose characteristics can be transferred from the 

datasheet in the PSIM thermal model with different ratings (voltage and current). Some are in 

the form of a discrete IGBT, so six modules will be needed for the analysis, others are dual 

modules which represent one converter leg, so three modules are needed and finally a six-pack 

module which includes the six IGBTs. The reason for using one form of those modules or 

another is that there are different fixed ratings so depending on the DC link voltage, peak 

current and the application needed, one can decide which module should be used. In this 

analysis two different modules (six-pack for DFIM and Dual module (x3) for the PMSM and 

SCIM) will be used. The six pack is from Powerex and its model is CM100TU-12H with rating 

(600V and 100A) and the dual modules are from the type Semikron and its model is 

SKM200GB125D with rating (1200 V and 150 A) and the selection of these ratings will be 

explained in next sections for each drive  

Another important aspect that should be considered during the analysis is the temperature limits 

of the different semiconductor components within the layers of the power module to avoid 

exceeding the maximum device temperature by correctly choosing the heatsink. As can be seen 

in Figure 5.1, the main four temperatures that must be considered are: The ambient temperature, 

the heat sink temperature, the case temperature and the junction/device temperature (diode and 

Transistor temperature).  
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Figure 5.1.IGBT module thermal resistance model with the heat sink and case relevant 

components (reprinted from [49]) 

From the SKM200GB125D and CM100TU-12H datasheets, the case temperature limit 𝑇𝑐 is 

set to 125 𝑜 C, but the junction temperature limit is 150 𝑜 C. The ambient operational 

temperature of 40 𝑜 C is used and the heat sink temperature should be in a range between the 

ambient and the case. These temperature limits will be considered during the analysis of the 

converter efficiency and losses to make sure that they are not exceeded which may cause the 

overheating and hence the malfunction of the converter later. 
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5.1. PMSM converter sizing, losses and cycle efficiency analysis using PSIM 

thermal module. 
 

The PMSM vector controlled model was designed in chapter 3 and its functionality was proven 

in order to be used in this chapter to analyze the converter sizing and losses. The speed range 

that was achieved by the PMSM was 1: 2.67 (between 1500 and 4000 rpm) and the DC link of 

the VSI used in the simulation model was 600 V (peak of phase voltage) in order to match the 

required grid side inverter (not simulated) that would interface to an AC voltage of 415V L-L 

rms. Applying the field weakening approach for speeds above the base speed, torque current 

remains constant at 135A while the voltage and thus the power are kept constant for the FESS 

application purpose. A proposed model of using a smaller magnet and thus a smaller magnetic 

flux was proposed to have equal injections of flux current. 𝐼𝑑 will be injected positively from 

the rated speed (1500 rpm) until the speed point where the rated back emf is reached at (2159 

rpm) and 𝐼𝑑 reaches zero. After that a negative 𝐼𝑑  will be injected until the maximum speed so 

+/-87.5 A 𝐼𝑑 was injected during the speed range. Using 1.4 times the inductance values used 

to obtain the +/-87.5 A, yields in the reduction of the Id that needs to be injected from (+/-87.5 

A to +/-62 A). Thus, considering the 𝐼𝑑 and 𝐼𝑞 maximum current values achieved at lowest 

speed the overall current rating can be calculated to be √1352 + 622=148 A (peak).  

Using the information above, a converter with device voltage rating of twice the DC link 

voltage (1200 V) and a current rating 80 A can be used and the losses of this converter in terms 

of IGBT conduction and switching losses as well as the diode conduction and switching losses 

will be analyzed. This is done to estimate the losses of the converter and its impact on the 

overall efficiency of the system. For this analysis, the same 30 kW machine used in chapter 3 

will be used together with the SKM200GB125D thermal module (dual) and the losses will be 

calculated for one inverter leg to represent and the results will then be multiplied by 3 to 

represent one converter.  
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5.1.1. The Converter losses for the PMSM based FESS  

The SKM200GB125D dual module of 1200V/ 150A ratings will be used in order to analyze 

the transistor and diode conduction and switching losses during the charging and discharging 

cycle of the FESS.  

Also, the thermal stresses on the converter in terms of heat sink temperature, and transistor and 

diode temperature will be analyzed to make sure they do not exceed the absolute temperature 

limits stated in the module datasheet. 

The whole system with the dual thermal module attached to it is shown in Figure 5.2, it can be 

seen that there are 4 losses flags, and they are arranged as following:  

1. Loss 1: Transistor conduction losses 

2. Loss 2: Transistor switching losses 

3. Loss 3: Diode conduction losses 

4. Loss 4: Diode Switching losses 

 

Figure 5.2.The PSIM vector controlled model with the SKM200GB125D (dual module) 

representing 1 leg of the converter 

Also included in the model, the temperature measurement circuit which can be seen in Figure 

5.3 and with an ambient temperature set to 40 𝑜 C, the heat sink temperature as well as the 

junction temperature (diode + transistor) will be measured. 

 

Figure 5.3.The simple circuit used to measure the heat sink temperature as well as the 

junction (diode and transistor) temperature by setting the ambient temperature to 40 𝑜 C 
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The conduction and switching losses for both the transistor as well as the diode can be seen in 

Figure 5.4 

 In order to calculate these losses, an average value for each of the 4 losses will be calculated 

for both the charging cycle as well as the discharging cycle and these values will be multiplied 

by 3 (since losses are measured for 1 leg only) and then the average values will be added 

together to get the total converter losses (machine side converter).  

 

Figure 5.4.The speed, power and thermal module conduction and switching losses for both 

the IGBT and diode during charging and discharging cycles for 1 leg of SKM200GB125D 

(dual module). 

 

5.1.1. Machine side converter losses and efficiency calculation method. 

In order to calculate the losses, the measure conduction and switching losses for both the 

IGBT and diode are shown in Figure 5.4 are presented for both charging and discharging 

cycles. For charging cycle, the maximum and minimum losses were captured and their 

average were determined. Same procedure is followed for obtaining the averaged 

conduction and switching losses during discharging. Since one converter leg was used in 
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the analysis, the average values are summed up to represent the total losses of one 

converter leg and then multiplied by 3 to represent the total converter losses. These power 

losses will then be divided by the processed power (30 kW) to obtain the converter losses 

percentage. The converter efficiency is then to be calculated as 100- losses percentage. 

The round-trip efficiency of the converter will be calculated by subtracting the losses 

during charging and discharging from 100 %. 

Those losses summery as well as the converter efficiency and its contribution to the overall 

losses of the system during the charging and discharging cycles are presented in Table 5.1 

Table 5.1.Converter losses (transistor and diode conduction and switching losses) during both 

charging and discharging cycles for the PMSM system 

Charging cycle Discharging cycle 
Transistor conduction losses averaged Transistor conduction losses averaged 

300 W 150 W 

Transistor switching losses averaged Transistor switching losses averaged 

170 W 180 W 

Diode conduction losses averaged Diode conduction losses averaged 

75 W  150W 

Diode switching losses averaged Diode switching losses averaged 

32 W 35 W 

Total losses (summed losses for 3 legs) Total losses (summed losses for 3 legs) 

577*3 = 1731 W 512*3 = 1536 W 

Converter losses (percentage) Converter losses (percentage) 
1731

30000
*100=5.77 % 

1536

30000
 = 5.21 % 

Converter efficiency (percentage) Converter efficiency (percentage) 

100-5.77= 94.23 % 100-5.21= 94.79% 

Round trip efficiency of the machine side converter 

100-5.77-5.21=89.02% 

 

It can be seen from the calculation that during charging, more conduction losses are occurring 

on the transistors where they are mainly used to process the power than during discharging. 

While during discharging, the diode conduction losses are higher as they direction is reversed.  

 

 

 

 



69 
 

5.1.2. The Converter thermal stresses for the PMSM based FESS  

As mentioned before the temperatures experienced by the heat sink as well as the diode and 

transistor are important to make sure that the devices are not thermally stressed above the 

temperature limits set by the module data sheet. Those temperatures are shown in Figure 5.5, 

and it can be seen that for the heat sink temperature, it is within acceptable range (peak 51𝑜 C) 

and the highest peak junction temperature (diode/ transistor) which is experienced by the IGBT 

during charging is about 110𝑜 C and these temperatures summary is presented in Table 5.2. It 

can be seen also that higher temperature is experienced by the transistor during the charging 

than discharging and higher temperature is experienced by the diode during discharging. The 

junction temperature limit is set to 150 𝑜 C so this temperature was not exceeded neither during 

the charging nor thee discharging cycles. 

 

Figure 5.5.Speed, power, heat sink, IGBT and diode temperature plots for the PMSM 

converter thermal module 

 

Table 5.2. The Heat sink, transistor, diode and junction peak temperature of the PMSM 

module during charging and discharging 

Charging cycle Discharging cycle 

Heat sink Temperature ( 𝒐 C) Heat sink Temperature ( 𝒐 C) 

51 48 

Transistor Temperature ( 𝒐 C) Transistor Temperature ( 𝒐 C) 

110 80 

Diode Temperature ( 𝒐 C) Diode Temperature ( 𝒐 C) 

85 70 
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5.2. SCIM converter sizing, losses and efficiency analysis using PSIM 

thermal module. 
 

The SCIM vector controlled model was designed in chapter 4 and its functionality was proven 

in order to be used in this chapter to analyze the converter sizing and losses. The speed range 

that was achieved by the SCIM was 1: 2 (between 1500 and 3000 rpm) and the DC link voltage 

of the VSI used for the analysis was 600 V (peak of phase voltage) in order to match the 

required grid inverter AC voltage of 415V L-L rms as a full-scale converter is used to process 

the power between the machine and the grid. The field weakening approach was applied for 

speeds above the base speed, and the torque current constant at 140 A with the decreasing flux. 

A certain amount of current will be reduced from the constant flux current of 25A and the 

minimum current at maximum speed is 14 A. This is done to keep the voltage and thus the 

power constant for the FESS application purpose. By considering the 𝐼𝑑 and 𝐼𝑞 maximum 

current values achieved at the lowest speed, the overall current rating can be calculated to be 

√1402 + 252 =142.3A (peak). Using the information above, a converter of 1200 V voltage 

rating (twice the DC link voltage) and of current rating 150 A can be used and the losses of this 

converter in terms of Transistor conduction and switching losses as well as the diode 

conduction and switching losses will be analyzed. For this analysis, the same 30 kW machine 

used in chapter 4 will be used together with the SEMiX 151GD066HDs thermal module (dual) 

and the losses will be adjusted to account for all three modules used in the machine side 

inverter.  
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5.2.1. The Converter losses for the SCIM based FESS 

The same SKM200GB125D dual module of 1200V/150A rating will be used in this analysis 

and the whole system with the dual thermal module attached to it is shown in Figure 5.6 

 

 

Figure 5.6.The SCIM vector controlled model with the SKM200GB125D dual module (1200 

V, 150A) 

The conduction and switching losses of the diode and the transistor for 1 module during 

charging and discharging is presented in Figure 5.7 

As discussed in the previous section, it can be seen that the transistor conduction losses are 

higher during charging than discharging and the diode conduction losses are higher during the 

discharging cycle. The summary of those losses and the total converter (machine side) losses 

and efficiency during both the charging and discharging cycles are presented in Table 5.3 

 

 



72 
 

 

Figure 5.7.The speed range, processed power, IGBT and diode conduction and switching 

losses during charging and discharging of the SCIM vector controlled model 

 

Table 5.3.Converter losses (IGBT and diode conduction and switching losses) during both 

charging and discharging cycles for the SCIM system 

Charging cycle Discharging cycle 
Transistor conduction losses averaged Transistor conduction losses averaged 

250 W 100 W 

Transistor switching losses averaged Transistor switching losses averaged 

190 W 188 W 

Diode conduction losses averaged Diode conduction losses averaged 

25 W 110 W 

Diode switching losses averaged Diode switching losses averaged 

42.5 W 43 W 

Total losses (summed losses for 3 legs) Total losses (summed losses for 3 legs) 

507.5*3 = 1522.5 W 441*3 = 1323 W 

Converter losses (percentage) Converter losses (percentage) 
1522.5

30000
 * 100 =5.075% 

1323

30000
 * 100 =4.41% 

Converter efficiency (percentage) Converter efficiency (percentage) 

100-5.075=94.925 % 100-4.41=95.6% 

Round trip efficiency of the machine side converter 

100-5.075-4.41=90.515% 
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5.2.2. The Converter thermal stresses for the SCIM based FESS  

The temperatures measured at the heat sink as well as the diode and transistor is analyzed in 

this section to make sure that the devices are not thermally stressed above their limits set by 

the module data sheet. Those temperatures are shown in Figure 5.8 and it can be seen that for 

heat sink temperature is within acceptable range (peak 58 𝑜 C) and the junction temperature 

(diode/transistor) peak temperature was 140 𝑜 C experienced by the IGBT during the charging 

period and these temperatures summery is presented in Table 5.4. The junction temperature 

limit is set to 150 𝑜 C and this temperature was not exceeded neither during the charging nor 

thee discharging cycles. 

 

Figure 5.8.Speed, Processed power, heat sink, transistor and diode temperature plots for the 

SCIM converter thermal module 

Table 5.4. The Heat sink, transistor, diode and junction temperature of the SCIM module 

during charging and discharging 

Charging cycle Discharging cycle 

Heat sink Temperature ( 𝒐 C) Heat sink Temperature ( 𝒐 C) 

58 51 

Transistor Temperature ( 𝒐 C) Transistor Temperature ( 𝒐 C) 

140 100 

Diode Temperature ( 𝒐 C) Diode Temperature ( 𝒐 C) 

95 70 
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5.3. DFIM converter sizing, losses and efficiency analysis using PSIM 

thermal module. 
 

The DFIM vector controlled model was presented in chapter 4 where its functionality with the 

FESS application and the control of the system were proven. The speed range that was tested 

was 1:1.625 from 1200 to 1950 rpm as per the adjustment proposed in chapter 2 for using a 

smaller speed range rather than a full speed range (1050 rpm to 1950 rpm) in order to reduce 

the torque peak and thus the rotor current at the lowest speed. The DC link used in the VSI for 

this analysis is 300 V (peak), but since the machine has a locked rotor voltage of 400 V ( L-L) 

= 700 V (peak) then at the maximum slip (slip =0.3) the maximum peak voltage that can be 

achieved is 210 V (0.3*700V). So, in order to use a DC link of 300 V, the rotor voltage must 

be increased. This can be done by increasing the rotor to stator turns ratio by a factor of 1.4285 

(300/210) and the turns ratio will be reduced from the one used to obtain 210 V which was 1.7 

to 1.2. Having this, a converter of double this DC link voltage (600 V) can be used and the 

converter voltage rating will be fully utilized. This will result in a reduction of the rotor current 

by the same factor as the power is constant which will result in reduced converter current rating 

as well and current was reduced (135.7 A to 95 A). Using the information mentioned above, a 

converter of voltage rating twice the DC link voltage (600 V) and a current rating of 100A can 

be used. For this analysis, a Powerex CM100TU-12H six-pack module will be used to calculate 

the losses of this converter in terms of Transistor conduction and switching losses as well as 

the diode conduction and switching losses. 
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5.3.1. The Converter losses for the DFIM based FESS 

The Powerex six pack module of 600V/100A ratings will be used in this analysis and the whole 

system with the thermal module attached to it is shown in Figure 5.9. 

 

Figure 5.9.The DFIM vector controlled model with the Powerex 6-pack module (600 V, 

100A) 

 

The conduction and switching losses of the diode and the transistor for the 6-pack module 

during charging and discharging are presented in Figure 5.10 

As discussed in the previous sections, it can be seen that the transistor conduction losses are 

higher during charging than discharging and the diode conduction losses are higher during the 

discharging cycle. It is to be considered that the power processed by the rotor is 30 % of the 

stator power, this means that the power that which is equivalent to 0.3* 30kW = 90kW but the 

slip varies and will reach zero during the cycle. For this reason, an average slip of 0.15 can be 

considered and thus an equivalent power of 0.15* 30 kW= 4.5 kW will be used to calculate the 

converter efficiency and losses. The summery of those losses and the total converter losses and 

efficiency during both the charging and discharging cycles are presented in Table 5.5  
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Figure 5.10.The speed range, power,  IGBT and diode conduction and switching losses 

during charging and discharging of the DFIM vector controlled model 

 

Table 5.5.Full (3phase) rotor inverter losses (transistor and diode conduction and switching 

losses) during both charging and discharging cycles for the DFIM system 

Charging cycle Discharging cycle 
Transistor conduction losses averaged Transistor conduction losses averaged 

151 W 119.5 W 

Transistor switching losses averaged Transistor switching losses averaged 

148 W 120 W 

Diode conduction losses averaged Diode conduction losses averaged 

73.5 W 85 W 

Diode switching losses averaged Diode switching losses averaged 

48.5 W 51.5 W 

Total losses (per module) Total losses 

421 W 376 W 

Converter losses from rotor processed 

power (percentage) 

Converter losses from rotor processed 

power (percentage) 
421

4500
=9.35% 

376

4500
=8.355% 

Converter losses from overall power 

(percentage) 

Converter losses from processed power 

(percentage) 
421

30000
=1.4% 

376

30000
=1.25% 

Converter efficiency (percentage) Converter efficiency (percentage) 

100-9.35 = 90.65% 100-8.355=91.645% 

Round trip efficiency of the machine side converter 

100-1.4-1.25=97.35% 
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5.3.2. The Converter thermal stresses for the DFIM based FESS  

The temperatures measured at the heat sink as well as the diode and transistor is analyzed in 

this section to make sure that the devices are not thermally stressed above their limits set by 

the Powerex module data sheet. Same heat sink pattern was used as the one used for the PMSM 

and SCIM as even though a portion of the stator power is processed via the converter, the 

converter used for the DFIM analysis is six-pack compared to one leg module used for the 

previous two drives. Those temperatures are shown in Figure 5.11 and it can be seen that for 

heat sink temperature is within acceptable range (peak 49.5 𝑜 C) and the peak junction 

temperature (diode/ transistor) is about 95 𝑜 C and these temperatures summery is presented in 

Table 5.6. The junction temperature limit is set to 150 𝑜 C and this temperature was not 

exceeded neither during the charging nor thee discharging cycles. 

 

Figure 5.11.The speed range, power, heat sink, transistor and diode temperature plots for the 

DFIM converter thermal module 

Table 5.6.The Heat sink, transistor, diode and junction peak temperature of the DFIM module 

during charging and discharging 

Charging cycle Discharging cycle 

Heat sink Temperature ( 𝒐 C) Heat sink Temperature ( 𝒐 C) 

49.5 48.5 

Transistor Temperature ( 𝒐 C) Transistor Temperature ( 𝒐 C) 

95 92 

Diode Temperature ( 𝒐 C) Diode Temperature ( 𝒐 C) 

90 80 
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5.4. Discussion on findings: 
 

In this chapter, the machine side converter for the 3 drives used for the FESS application 

were analyzed in terms of the converter rating, losses, round trip efficiency and thermal 

stresses and the main points of comparison were as following: 

1. It was found that the DFIM can use a converter with rating of (600V/100A) which is 

only 30% of the converters rating used for the PMSM and SCIM drives (1200V/150 A) 

to process the same power rating of 30 kW 

2. The thermal stresses on the heat sink and the converter junctions were examined for the 

operation of the three drives, and acceptable stressed were experienced below the limits 

set by the devices data sheet. 

3. The losses and efficiency of the three drives with the converter can be discussed further 

by including an estimated efficiency percentage for the three machines to estimate the 

processed power. Assuming that the PMSM has the highest efficiency of 94%, for the 

SCIM it is about 90% and 88 % can be used for the DFIM. This means that out of the 

30 kW the PMSM converter will process 28.2 kW, the SCIM will process 27 kW and 

the DFIM will process 26.4 kW. Having the total losses per converter of the PMSM to 

be 1731 W (charging)/1536 W (discharging), for the SCIM to be 1522.5 W (charging) 

1323 W (discharging) and for the DFIM to be 421 W (charging) 376W (discharging), 

the system losses and efficiency can be calculated. So, for the PMSM, the system losses 

are equal to 
1731

28200
*100 = 6.12 % and efficiency is 93.86 %, for the SCIM, the system 

losses are equal to 
1522.5

27000
*100 = 5.64 % and efficiency is 94.36% and for the DFIM, the 

system efficiency is 
421

26000
 = 1.62 % and efficiency is 98.38 %. From the previous 

calculation it can be seen that the losses in the DFIM are 30 % less than the other two 

drives and the overall system efficiency of the DFIM is higher as most of the power 

will go directly from the stator to the grid and only 30 % of the power is processed in 

the converter were the losses occur.  

4. Even though the DFIM offer better system efficiency than the other two drives, the 

compromise come in terms of less energy storage capability (62%) which is 13% less 

than that of the SCIM and 23% less than that of the PMSM. 
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Chapter 6  

Chapter 6 
 

Conclusion and future development  
 

6.1. Conclusion 
 

The project was done to compare the performance of three types of machines that can be used 

for the FESS application which are the DFIM, PMSM and the SCIM. The aim of the project 

was to identify what are the advantages and disadvantages of using each of the machine 

compared to the others. For this purpose, a vector controlled model for each machine was 

implemented to prove the functionality of the system for the FESS application by offering a 

working constant power charge/discharge control, measuring the system currents and voltages 

required for calculations and comparison and for the converter sizing and losses to be analyzed 

as well.  

Comparing induction machines (DFIM and SCIM), the DFIM has the advantage of rotor 

windings being separated from the stator windings and they can be accessed via slip rings. This 

allows the control of the speed of the machine via the slip via a reduced size converter. For this 

reason, a reduced size converter can be used only on the rotor winding which can process a 

fraction of the stator power (for a maximum slip of 0.3, only 30 % of stator power only need 

to be controlled and processed by the converter) and thus smaller/cheaper converter with less 

losses can be used. Further improvement for reducing the machine torque and thus the rotor 

current and the converter rating was discussed in chapter 2 by using a smaller speed range 

1:1.625 (+30% of rated speed to -20% of rated speed). But the major disadvantage of the DFIM 

is that the speed range that can be achieved is around (+30% of rated speed to -20% of rated 

speed) and thus less energy can be stored in the FESS (about 62%) compared to the other 

machine types and a bigger gearbox is needed to reach the FESS required speed of about 4000 

rpm (4000/1200 = 3.31:1). 

 For the SCIM, since the speed cannot be controlled on the rotor (as the rotor winding cannot 

be accessed as in case of the DFIM), a full-scale converter is needed which means higher 

converter rating, losses and costs. But the compromise offered in contrast to the DFIM is that 

a higher speed range can be reached by applying the field weakening approach allowing the 

machine to operate at higher speeds above the rated/base speed. This can be done by reducing 
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the flux in order to keep the back emf voltage constant and thus a constant power can be 

achieved. Since the main interest is in the FESS application, only constant power region 

(Speeds above the rated speed) was analyzed and a speed range of 1:2was achieved (1500 to 

3000 rpm). This wider speed range allow more energy to be stored (75% of nominal storage 

capability) compared to the DFIM and also a smaller gear box is needed with a ratio equal 

2.66:1 (4000/1500). 

Finally, the PMSM which is the commercially used machine for operating the FESS due to its 

high-power density and a compact design together with a high round trip efficiency was 

analyzed. A full-scale converter is required to process all the power between the machine and 

the utility grid which means a larger converter is needed and thus more losses and costs. But 

on the bright side, a large speed range can be achieved by applying the field weakening 

approach above the rated speed. The speed range that was achieved was 1:2.67 (from 1500 rpm 

to 3850 rpm) and thus a higher energy storage capability than the other 2 machines can be 

achieved (84.8% of nominal storage capability) and a gear box of same ratio as the SCIM can 

be used (2.66:1). Since the field weakening approach applied for the PMSM will tend to reduce 

the flux above base speed, the flux, will be reduced  and flux current must be injected. But 

below the base speed, no flux current was existing, this means that above rated speed a lot of 

negative flux current (reactive current) will need to be injected from zero to keep the back emf 

and the power constant. The proposed solution was to use smaller magnets and thus a smaller 

flux will be used in the machine, this means that voltage increment slope will be reduced and 

the rated back emf will be reached at a speed higher than the rated speed. So, for the speeds 

above the rated where the back emf has not reached its rated value yet, a positive flux current 

needs to be injected to increase the back emf voltage till the required constant value. After this 

point, the flux current reaches zero, and a negative flux current need to be injected to reduce 

the back emf and keeping it at the constant value. The point at which equal flux (
L𝑑∗I𝑑

Ω
 ) can be 

achieved is not the mid speed between the base and maximum speed but it is at a point which 

is equal to 
1 

1+𝐾
 from the base speed and 

𝐾 

1+𝐾
 from the maximum speed. Applying this topology, 

a smaller flux current can be achieved and thus smaller converter current rating.  

The converters sizing’s were discussed in the previous chapter and it was proven that the DFIM 

can use a converter rating of (600V, 100A) while PMSM and SCIM require converters of rating 

(1200V, 150A). This proves that the DFIM can use a converter of 30 % the installed power/size 

of the converters used for PMSM and SCIM. Also, the thermal stresses of the semiconductors 
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used for the three drives were discussed to make sure that the temperature experienced by the 

transistors and diodes (junctions) of the converter does not exceed the temperature limit that 

was set by the converters datasheets. 

A summary of the comparison between the 3 machines that can be used for the FESS 

application is presented in Table 6.1. 

Table 6.1.A comparison between the 3 machines that can be used for the FESS application 

 PMSM DFIM SCIM 

Machine efficiency +++ + ++ 

Machine costs +++ ++ + 

Speed ranges 1:2.6 1:1.625 1:2 

Energy storage 

capability 

84.8 % of the rated 

FESS energy storage 

capability  

62% of the rated 

FESS energy storage 

capability 

75% of the rated 

FESS energy storage 

capability 

Converter rating (1200 V,15 0A) (600V, 100A) (1200V, 150A) 

Converter size Full scale Reduced scale (slip 

power) 

Full scale 

Machine side 

converter efficiency 

94.6% 98.6% 95% 

Gear box ratio 2.66:1 3.31:1 2.66:1 

   

6.2. Future development 
 

Some of the key points that can be analyzed in the future to be included in the machines 

comparison are as following: 

1. The impact of using different power rating of the machines (very low or very high) as 

well as different pole number on the performance of the system. 

2. The PI controllers for the vector controlled models can be tuned using some software 

such as MATLAB for more accurate control results 

3. More machine types can be included in the comparison such as self-reluctance or 

different structure of synchronous machine (axially laminated)  
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4.  Since the losses analysis was based on estimated drive efficiency, the efficiencies of 

the machine can be tested and some measurement can be obtained for more accurate 

losses calculations 

5.  The Grid side converter must be implemented in the system as well to calculate the 

efficiency of the system as a whole as the current model includes only the machine 

side converter calculations. 

Quality report 
 

The master thesis development at the tower building, lab 617 in the faculty of Electrical and 

Electronics Engineering at the University of Nottingham-UK was of great academic, technical 

and personal value. All the needed materials/software to conduct the thesis were provided on 

time and with good quality. My thesis supervisor provided all the academic guidance and 

support needed during the 5 months period of my thesis and frequent meetings were conducted 

to follow up on progress and discuss the problems arose during the software model design 

phase. The main challenges faced by me were that the topic and the design aspects especially 

those related to the vector control of the systems were all new for me and only learnt during 

one course in the master course time so intensive readings, decent discussions with my 

supervisor and though personal motivation as well. 

Moreover, the advantage of conducting the master thesis in the University of Nottingham, is 

that the technical and IT teams make great effort in providing the software licences and access 

to laboratories once demanded. They also provide me with a test bench in a massive laboratory 

provided with a personal computer with all the software required for my simulation work and 

with a quite environment that helped me focus on my research and progress in a productive 

way. 

The majority of time was spent in performing the required research on the related topics and 

information needed to conduct the analysis and the simulation together with meetings to clarify 

the new ideas and discuss them in terms of possibility of implementation and how to approach 

that. Yet, the research project assigned to me was quite lengthy and I believe more time should 

be given to perform the master thesis rather than 5 months taking in consideration the time 

needed by students to obtain their visas before coming to the new institution.  
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The overall experience was of great benefit to me and I have learnt a lot during my master 

thesis development in the University of Nottingham, so I would strongly encourage this 

partnership to continue between the university of Oviedo and the University of Nottingham. 
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