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Summary 

Controlling the power flow in transmission systems has recently gained 
increased interest. The difficulties of building new lines and the pressure of 
having a high utilization of existing assets, makes the flexibility of grid systems 
increasingly important. 

This master thesis work investigates induction regulators as control devices for 
active power flow in a transmission system. A small change in angle of the rotor 
affects both the amplitude and the phase of the voltage. The magnetic coupling 
in the induction regulator can be controlled by changing the permeability of a 
thermo magnetic material such as gadolinium and can hence give a second 
independent controlling parameter. An analytical model and calculations in the 
FEM software AceTripleC together with Matlab, is used to simulate the 
influence of the regulators connected to a simple grid in case1, a 400 kV scenario 
and case 2, a 45 kV scenario.  

The analysis was carried out on a small transmission system consisting of two 
parallel transmission lines connected to source and load. The induction 
regulators are connected to one of the parallel transmission lines. The regulators 
modelled in case 1 must be able to control the active power flow in the regulated 
line to vary between 50 and 150 % of the original power flow through this line.  
This shall be done over a range of 0 to 800 MW transmitted power. The 
regulators modelled in case 2 must be able to control the active power flow in 
the regulated line to vary between 0 and 30 MW, if this does not cause the power 
flow in the parallel line to exceed 30 MW. This shall be done over a range of 0 to 
50 MW transmitted power. 

The regulators are designed as small and inexpensive as possible while still 
fulfilling requirements regarding the active power flow controllability in the 
grid, current density in windings and maximum flux density in core and gap. 

The results indicate that the size of the 400 kV solution has to be reduced to 
become competitive whereas for the 45 kV solution the relative difference to 
existing solution is smaller.  Advantages with the proposed design over a phase 
shifting transformer are mainly a simpler winding scheme and the absence of a 
tap changer. 

Keywords: Power flow control, Phase shifting, Induction regulator, Gadolinium 
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1 Introduction 
1.1 Purpose and scope 

The purpose of this report is to look into the possible use of an induction 
regulator when controlling active power flow in transmission systems. This 
report describes a model of a modified induction regulator to control the power 
flow in a simple transmission system. The regulator described in this report is 
based upon an induction machine used for voltage regulation in normal cases. 

An induction regulator is a device where neither stator nor rotor rotates. The 
magnetic flux density produced by the primary winding induces a voltage in the 
secondary winding. The phase of the induced voltage can be controlled by 
shifting the secondary winding relatively the primary winding. The magnetic 
coupling in the induction regulator is controlled with a thermal magnetic 
material such as gadolinium. 

In the thesis work the following question shall be answered:  

What is the smallest rating the regulator can have and still fulfil the set of 
requirements stated in the report? It is evaluated towards a simple transmission 
system consisting of two parallel lines.  

The work done here does probably not find the optimal regulator. The size is 
minimized on the basis of the simplified models and programs used. A more 
thorough design will fine-tune the design further. The result will be used to 
decide whether to investigate this regulator further or not. 

A patent regarding this machine and the intended use of it has been applied for.  
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1.2 Definitions 

T&D Transmission and distribution 

S Complex power flow 

P Active power flow 

Q Reactive power flow 

U Voltage 

I Current 

Source Denotes generated quantity 

Load Denotes consumed quantity 

δ∆  Voltage phase shift 

PST Phase shifting transformer 

DC Direct current 

AC Alternating current 

B Magnetic flux density 

φ  Magnetic flux 

ϕ  Denotes rotation angle of the regulator 

i Current, complex form 

u Voltage, complex form 

Driving voltage 1U - 2U , gives rise to power flow between terminal 1 
and 2   

LX  Line impedance 

SIL Surge impedance loading 

PV curve Curve which relates active power and voltage 

ABCD Transmission matrix elements 

r Resistance 

l Inductance 

c Capacitance 

g Conductance 

ω  Angular frequency 
γ  Wave propagating factor 

z Complex series impedance 

s Distance 

y Shunt admittance 
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vZ  Wave impedance 

 AC Machines 

* Denotes conjugate 

M  Denotes maximal value of the altering quantity 

eθ  Electrical angle of AC machine 

mθ  Mechanical angle of AC machine  

mω  Mechanical angular velocity 

p Number of poles 

α  Angular distance measured from primary a-phase 
winding  

Dimension variables Parameters defining the size of the induction regulator 

wt Tooth width 

ht Tooth height 

wb Back width, yoke  

wc Coil width 

hb Coil height 

hg Gap height 

AN  Number of turns of the primary winding 

ρ  
Ratio between primary and secondary winding 

A

a

N
N

 

µ  Magnetic permeability 

1I  Source current  

r1I  Source current of the  regulated line  

p1I  Source current of the parallel line 

rI  Current at the source side of the regulator 

2I  Load current 

r2I  Load current of the regulated line 

p2I  Load current of the parallel line 

1U  Source voltage  

r1U  Source voltage of the regulated line 

p1U  Source voltage of the parallel line 
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rU  Voltage at the source side of the regulator 

2U  Load voltage 

r2U  Load voltage of the  regulated line 

p2U  Load voltage of the  parallel line 

TMM Thermo magnetic material 
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2 Problem Description 
2.1 Motivation of the study 

During recent years the area of power transmission and distribution (T&D), has 
attracted an increasingly amount of attention. One major reason for this is the 
deregulation of the energy market. The generation and transmission operators 
have been divided into different companies. Voltage quality, power quality and 
flexibility of flow have become important issues. In the literature conclusions are 
made about the necessity of improved handling of the electrical power1. The 
energy market is changing and “owners of the T&D systems will be interested in 
making the best possible economical use of their assets. In order to remain open 
to changes on the market, flexibility in investment and flexibility in the control 
of the networks will become major issues.” In Europe, and partly US, the new, 
deregulated energy market has changed the pattern of power transmissions. The 
increase of the power flow, the privatization of the power supply industry and a 
constantly increasing demand of power has made regulation of power 
transmission a subject of growing importance. Already more than fifty nations 
have electrical connections with their neighbours. The interconnected systems 
provide benefits such as reduced needs for energy reserves and postponement of 
capital investment in new generation capacity. New ways of controlling the 
power systems2 will allow the surplus of generating capacity in one grid to be 
utilized by other grids. To keep the transmissions reliable, secure and 
economical, new technologies to manage and control the network flows need to 
be developed and utilized3. 

Physical laws regulate the flow of active and reactive power in the grids. 
Generally power is not generated right next to the load where it is used. 
Networks are provided for it to be transmitted and distributed. There are both 
active and reactive power flows in the networks. Active power is the real part of 
the complex power, associated with the energy converted or consumed by the 
load. Reactive power on the other hand is the imaginary part of the complex 
power, a mathematical quantity not associated with the energy demand of the 
load. The reactive power is positive for an inductive load circuit and negative for 
a capacitive load circuit. One says that an inductive load consumes reactive 
power whereas a capacitive load produces reactive power. To reduce losses the 
reactive power flow needs to be kept to a minimum. The reactive power, Q, 
depends on the physical length of the transmission lines and the flow of active 
power, P.  

The route the power flows depends on the impedance properties of the lines. The 
properties do not always coincide with the transmission capability of the lines, 
the actual need of power or the most economical power production solution4. 
Due to impedance, one line might become overloaded and limit the total 
transmission of power, before other paths are utilized.  

Power systems are to a large extent mechanically controlled. The mechanical 
devices lack the control speed needed for efficiency. Operating margins are 
forced to be large and the full potential of the transmission interconnections can 
not be used4. Hopefully with new regulation technology the assets can be utilized 
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to a larger extent. By the use of phase shifting devices, the capacity of existing 
lines can be increased and new more efficient lines can be constructed. 

The equation 
L

21

X
sinUU

P
δ⋅⋅

=  describes the active power transferred from 

terminal 1 to terminal 2, through a reactance LX  connecting the two5. One way 
to control the power transmission over this line is therefore to regulateδ , the 
angle by which 1U  differs from 2U . In other words, to change the angle between 
the potentials of terminal 1 and 2 by adding a voltage perpendicular to voltage 

2U as seen in Figure 1.  

 
Figure 1, Voltage at terminal 1 and 2 before and after added perpendicular voltage 

The resulting active power transmission then becomes 

 )sin(
X

UU
P

L

'
21

δ∆δ +
⋅

= . 

An example of this can also be seen in Figure 2b where the power flow of 
Figure 2a is changed by adding a phase shift, δ∆ . Alternative ways to control 
the flow is presented in Figure 2d and 2c. In Figure 2d, LX  is varied by adding a 
series capacitor. In Figure 2c, LX  is varied by adding a series reactor. These 
alternative solutions are not considered further in this report. 

δ∆

U∆

δ

1U 2U ′
2U
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Figure 2, Power flow in a lossless meshed network4. a, System diagram; b, System 
diagram with phase angle regulator in line A-C; c, System diagram with  series reactor 
in line B-C; d, System diagram with series capacitor in line A-C 

 
Figure 3, General three phase regulation10. 

The device traditionally used to control the shift of the voltage angle is the phase 
shifting transformer, PST. Advantages with the design proposed in this work 
over the PTS are mainly a simpler winding scheme and the absence of the tap 
changer. A tap changer is an expensive and vulnerable mechanical switching 
device placed on high potential. It is used to change the ratio between primary 
and secondary winding of a power transformer.  

Other power system devices to control active and reactive power flows are direct 
current DC links and Flexible Alternating Current Transmission System devices, 
FACTS, such as Unified Power Flow Controllers, UPFC, thyristor controlled 
phase angle regulators and interphase power flow controllers. Because they are 
simpler and less expensive to build, AC controllers are more common than DC 
systems. The higher costs of the DC systems are due to the additional cost of 
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converter stations and more sophisticated technology. In return the FACTS 
solutions with thyristor controlled phase shifters are connected with power 
system problems such as harmonic content and higher losses2.  

An alternative to the phase shifting devices mentioned above is to make use of 
the induction regulator explained in this report. The question is: will this be 
cheaper and will the device regulate the active power flow as well, or better than 
the already existing devices.  
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3 Background 
This chapter gives background to the different apparatus and phenomena used 
for the thesis work. In Chapter 3.1 the background to the induction regulator is 
given. Chapter 3.2 treats the power system and power flow equations. 
Permeability, and its influence on the magnetic flux density, is discussed in 
Chapter 3.3.   

3.1 Induction regulator 

An induction machine is a rotating electromagnetic device. When used as a 
generator, the machine uses induction to transform mechanical power into 
electrical power. When used as a motor, electrical power transforms in to 
mechanical power6. The machine consists of a non movable part, the stator, and 
a movable part, the rotor, both parts carrying windings. The machine can be 
connected to single phase or poly-phase voltage, but are usable only for 
alternating current. Only the three- phase asynchronous machine used as a motor 
is considered here. The primary winding (stator or rotor) is connected to the grid. 
It produces an alternating magnetic flux density in the air gap between the stator 
and the rotor, which induces voltage in the secondary winding. The machine gets 
its magnetization power from the grid and the highest value of the flux density 
depends on the voltage in the grid. The induced voltage drives a current in the 
secondary winding. The flux densities induced by the primary and secondary 
windings together create a torque. This torque will cause the rotor to rotate7.  

An induction regulator can be thought of as an induction motor in which the 
rotor is not allowed to rotate freely8. When preventing the rotor from rotating a 
voltage, EMF, is still induced in the secondary winding. If the primary and the 
secondary windings are aligned the phase of the secondary voltage does not 
differ from that of the primary9. The maximum flux passes through the primary 
coils when the current reaches its maximum. If the secondary and primary coils 
are aligned, this is the moment of maximum secondary flux too. If the primary 
and secondary windings do not align, the magnetic flux densities of the windings 
will not be in phase. Because the primary and secondary windings are wired 
together their flux densities results in a flux density which is the superposition of 
the two individual ones. This resulting flux density induces a voltage over the 
regulator which angle depends on the rotor angle. If the rotor is rotated an angle 
of ϕ  electric degrees relative the stator, the phases of the magnetic flux density 
induced in the secondary winding differs from the flux density induced in the 
primary winding by the same angleϕ . By turning the rotor, the secondary 
voltage can be arbitrarily phase shifted in relation to the primary, whereas the 
magnitude of the secondary voltage is approximately the same for all rotor 
positions.  
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Figure 4, Primary and secondary winding connected to the lines9 

Figure 4 shows a line with an induction regulator in the middle. By connecting 
the primary winding across the line and the secondary in series with the line, the 
voltage induced in the secondary winding is added to the line voltage. Adding a 
voltage out of phase to the line voltage creates a voltage whose value depends on 
the phase displacement between the voltages added. This introduces a phase 
displacement as well as a change of the amplitude of the line voltage. The phasor 
diagram is shown in Figure 5.  

As can be seen the induction regulator in this application can control the voltage 
magnitude over the load continuously irrespective of aE variations. This has 
been the most common application for the induction regulator. 

 

Figure 5, Connections between the unregulated voltage 0E and the regulated voltage nE  
for four different rotor positions creating different induced voltages E∆ 9. 

To avoid the phase shift δ∆ of the voltage, two induction regulators can be used. 
A secondary voltage in phase with the primary voltage will be created if the two 
rotors are rotated the same angle but in different directions, see Figure 6. 
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Figure 6, Voltage regulation involving two induction regulators connected in series9. 

This arrangement changes the amplitude of the voltage but keep the phase angle 
constant. When trying to control the active power transmission the opposite is 
wanted. A shift of the line voltage phase angle is desired while the amplitude 
should be kept unchanged. 

To understand the full use of the induction regulator in this application, some 
knowledge of the power system is needed.  

3.2 Power system 

The current distribution in a transmission system depends on the impedance of 
the lines in the system. Imagine two parallel power lines with impedance az  and 

bz , jjj xirz ⋅+= . The current in these lines are 
ba

b
a zz

zi
i

+
⋅

= and 
ba

a
b zz

zi
i

+
⋅

=   

respectively, where i is the total load current flowing between terminal 1 and 210.  

The total power, S, is a function of voltage and current according 
to ∗⋅=⋅+= IUQiPS . P is the active power flow and Q the reactive power 
flow. 

The corresponding power transmission at terminal 2 can therefore be written as:  
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The natural power distribution is, as previously mentioned, not always efficient 
in aspect of loading capability. To change the power distribution a circulating 
current can be generated by inserting an additional voltage source in series with 
the line. To increase the active power flow the added voltage needs to create a 
phase shift of the driving line voltage. The line impedance is mainly inductive 
therefore inserting a voltage in phase with the line to ground voltage only 
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changes the amplitude, this changes the reactive power flow. Adding a voltage 
out of phase to the line voltage instead changes the phase angle and the active 
power flow3. The regulated line currents can be given any proportions wanted. 

 
Figure 7 a, Flow of load current from A to B determined by line impedances11. 

 
Figure 7 b, Additional imposed voltage V∆ , at A gives rise to circulating power xi

11. 

 They can be written as:  

x
ba

b
xaa i

zz
zi

iii +
+
∗

=+=′            x
ba

a
xbb i

zz
zi

iii −
+
∗

=−=′  

ai and bi are the original line currents and xi the circulating current. The 

circulating current requires a driving voltage according to
ba

x zz
Ui
+
∆

= 11. U∆ is, 

as mentioned above, a voltage perpendicular to the line voltage see Figure 7a 
and b.  

If δsin21

LX
UUP ⋅

=  is the active power transmitted in one of the parallel lines 

before the regulation, after the voltage shift the transmitted power is 

)sin(21 δδ ∆+
⋅

=
LX
UU

P , δ∆ being the added phase shift between the voltages 

and XL the line impedance. The induction regulator can be used to create the 
wanted change of the line voltage phase angle. 
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3.2.1 Limits to the loading capability 

Thermal loading capability is the current carrying capacity of a conductor at 
specified ambient conditions, at which damage to the conductor is non-existent 
or considered acceptable based on economic, safety, and reliability 
considerations12. A thermal loading capability rule of thumb is 2 2mmA . The 
load warms up the conductor. Overloading the line might for example cause the 
conductor to elongate to reach treetops causing a flashover and creating a fault in 
the system.  

Dielectric loading capability depends on the insulation of the conducting 
material. The dielectric loading capability states for what voltages the conductor 
is dimensioned.    

Stability loading capability concerns system dynamics and is not considered in 
this thesis. 

3.2.2 Surge impedance loading and PV curve 

To reduce the losses of active and reactive power the amount of reactive power 
transported in the network needs to be kept to a minimum. The reactive power, 
Q, depends on the physical length of the transmission circuits and the flow of 
active power, P. The “length” generates reactive power while the “current” 
consumes reactive power. A longer line therefore results in a stronger reactive 
power production and larger flow of active power results in a stronger reactive 
power need.  

 
Figure 8, Schematic SIL curve 

The amount of active power, P0, corresponding to the line generating the same 
amount of reactive power, Qgen, as it absorbs, Qloss, is called the surge impedance 
loading, SIL. 

P

0I =

0P,SIL

Q
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3.2.3 Transmission matrix 

For calculations of power transmission over line, transmission matrixes can be 
used. The matrix relates the voltage and current of one point, 1, for example the 
source, to the voltage and current of another, 2, for example the load, according 

to ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

2

2

1

1

I
U

DC
BA

I
U

. This is shown in Figure 9. 

 

Figure 9, Reference directions of the ABCD transmission matrix13  

It is convenient to use the transmission matrixes when calculating and simulating 
transportation of power in these small examples. Matrixes can be found in 
literature for most electric devices and a well developed theory for how to treat 
serial and parallel connections exists10. The matrixes are basically a convenient 
way of writing the relation of current and voltage according to the physical laws 
as the Kirchoff’s laws of current and voltage. When the matrix is stated it can be 
used to calculate any two of the four parameters source and load current and 
voltage, assuming the other two are known quantities. Usually one of the 
voltages and one of the powers are used to define the grid. 

A useful tool in this context is Matlab. Matlab is designed to handle matrixes 
well and is thus suitable when using the transmission matrix approach. 

The general circuit constants, A B C D, of an overhead transmission line can be 
derived assuming the resistance, r, inductance, l, capacitance, c, conductance, g, 
length, s, and angular frequency, ω, is known.  

With the complex length impedance, z, shunt admittance, y, propagation wave 
factor, γ, and wave impedance, vZ , obtained by 

y
zZ
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the circuit constants for the long electric line are10 
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Two general networks 1111 ,,, DCBA and 2222 ,,, DCBA in series results in the 
general circuit constants13 

DC
BA

1U 2U

1I 2I
111 QiPS ⋅+= 222 QiPS ⋅+=
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2121
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DDCBD
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BDABB
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Two general networks 1111 ,,, DCBA and 2222 ,,, DCBA in parallel results in the 
general circuit constants13 
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For a phase shifting transformer with characteristics αjnen
U
U

==
2

1  the 

constants are10 

*

k

n
1D

0C
ZnB

nA

=

=
=
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The derived matrix for long overhead transmissions and the phase shifting 
regulator, refer to line to ground voltage. The modelling in this work refers to 
line to line voltage. Therefore the relations need to be adjusted by multiplying B 
and dividing C by 3 . 

When any two of the voltages and currents in the sending and receiving end are 
known, the remaining two can easily be calculated if using the transmission 
matrix. When connecting two lines in parallel, the voltage at each end are the 
same for both lines. This makes it easy to calculate the current and power flow in 
respective line.  

3.3 Permeability 

Permeability states how well magnetic flux is conducted in a material. Flux 
flows through a material with high permeability better than through a material 
with low permeability. The relation between permeability and magnetic flux is 
comparable to that of electric conductivity and current. Similar to how electric 
current tends to flow through materials with high conductivity; the magnetic flux 
tends to go through the material with the highest permeability. A significant 
difference between magnetic conductivity and electrical conductivity is the ratio 
between conducting and non conducting materials. The permeability of two 
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practically usable materials differs at most with a ratio of approximately 310 , 
while electrical conductivity for different materials can differ with a ratio of 
about 1510 . This is one reason leakage is more common when dealing with 
magnetic flux. “Trying to control the magnetic flux can be compared to trying to 
conduct electricity in salt water.” 

The path of the flux depends on the permeability of the surrounding materials. 
When passing a material of low permeability the flux follows the shortest 
possible way. In cylindrically shaped induction machines the shortest path is the 
one in the radial direction.  

3.4 The three phase induction machine  

The derivations carried out in Chapter 3.4 are all based on information found in 
Chapter 7 of Electric machinery fundamentals14 by SJ Chapman.    

3.4.1 Induced magnetic flux density 

 
Figure 10, Simple three-phase stator14. Positive current is defined as floating in to the 
unprimed ends and out of the primed ends of the coils. a, The magnetic intensity vector 
produced by each coil. b, The magnetic intensity vector produced by the current in coil 
aa´.  

In a simple three phase stator as seen in Figure 10 there are three windings, aa’, 
bb’ and cc’. When feeding these windings three phase currents they produce 
magnetic field intensity. Assuming the currents in the windings are 
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and the magnetic flux densities 
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At any given time the resulting magnetic flux density in the space surrounded by 
the stator has the same magnitude. The direction of the magnetic flux density 
varies, Figure 11. It rotates around the stator at angular velocityω rad/s. 

 
Figure 11, The vector magnetic flux density in stator at a, tω = 0 radians and b, tω = 
π/2 radians14  
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ŷ32tsinB
2
3x̂32tsinB5.0

x̂tsinB)t(B

MM

MM

Mnet

πωπω

πωπω

ω

 

( ) ( )[ ]

( ) ( )

⇒

⎥
⎦

⎤
⎢
⎣

⎡
+−−+

+−−−=
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( ) ( ) ŷtcosB5.1x̂tsinB5.1)t(B MMnet ωω −=
⇒

 

The magnetic flux density in the stator can be represented by a south and a north 
pole. If the number of windings are doubled or tripled, the number of poles, p, 
will be doubled or tripled as well. It is enough for the flux density to move two 
poles to compete an entire electric period.  

The relation between the electrical and the mechanical angle can be written as 

me
pθθ
2

= ,  p being the number of poles. 

Assume an induction machine where the rotor carries the primary windings. In 
the air gap the permeability is low compared to that of the rotor and stator 
material. The distance travelled in the air gap by the flux density will be 
minimized. The air gap path is therefore perpendicular to the rotor and stator 
surfaces, directed along the radius.  

To create a sinusoidal induced voltage, a sinusoidal varying flux along the air 
gap is necessary. The winding pattern and the pole plate shape are the keys to 
obtain a flux of shape close to sinus.  

3.4.2 Induced voltages 

The primary winding creates a rotating magnetic flux density 

tcosBB mM ω=   

If a secondary winding is placed in this flux density a voltage is induced in the 
winding. The magnitude of the flux density at an angle α  from the primary 
winding, that is an angle α  from the maximum flux density when 0=tω , is 
given by  

( )αω −= tcosBB mM  

 
Figure 12 a, AC machine coil, b, Vector magnetic flux density and velocities of the coil 
in the AC machine14.  
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The voltage induced in the secondary winding when placed at the same angle as 
the primary winding, Figure 12, is 
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For the b to c and d to a part of the winding l is perpendicular to Bv× . This 
means it is no voltage induced in these parts. If the winding consists of N turns 
the total induced voltage is 

( ) ( ) ( )tNtlrBNtlvBN mmmMmmM ωφωωωω coscos2cos2 =⋅=⋅ ,  

φ  being the magnetic flux through the coil.  

When working with a three phase system, three sets of windings is placed evenly 
around the stator. The voltages induced in these three phases all have the same 
magnitude but be shifted 32π  relatively each other. Assume the secondary a-
phase winding placed at the same angle as the primary a-phase winding. The 
induced voltages in the three phases are then   

( ) ( )
( ) ( )
( ) ( )34tcosNte

32tcosNte
tcosNte

ccc

cbb

caa

πωωφ
πωωφ

ωωφ

−=
−=

=

′

′

′

 

The distance between two adjacent poles is called a pole pitch. The pole pitch is 
by definition always π electrical degrees while the pole pitch in mechanical 
degrees varies with the number of poles, p, according to pp πρ 2= . The 
coverage of the stator windings do not have to be of the same size as the pole 
pitch of the rotor. If the windings stretch over an angle smaller than the pole 
pitch it is called a fractional-pitch coil. Expressed in electrical degrees the pitch 

of a fractional-pitch coil is π
θ

π
ρ
θ

ρ ⋅
⋅

=⋅=
2

pm

p

m  if the rotor coil covers 

mθ mechanical degrees. As a result of using fractional-pitch theory, problems 
concerning harmonics of the induced voltage can be suppressed.  

There are two reasons for harmonics to arise in the machine. The fractional pitch 
windings helps suppress the harmonics origin from the fact the generated 
magnetic flux is not of ideal sinus shape. By limiting the maximal flux density 
harmonics due to saturation of the material can be avoided. 

Assume the secondary winding is placed in the flux density at an angle α  from 
the primary winding and the peak flux density at 0t =ω . The magnitude of the 
flux density at the secondary winding is given by ( )αω −= tcosBB mM . The 
induced voltage can therefore be expressed as  
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 In a three phase regulator the rotating magnetic flux density is, as derived 
above, 

( ) ( ) ŷtcosB5.1x̂tsinB5.1)t(B MMnet ωω −= .  

The magnetic flux density at the a-phase of the secondary winding when shifted 
α  electrical degrees relatively the primary winding is therefore 

( )α−⋅ wtcosB5.1 M   

and the voltages induced in the secondary windings are 

 

( ) ( )
( ) ( )
( ) ( )

rlB
tNte
tNte
tNte

M

ccc

cbb

caa

⋅=
++=
−+=

+=

′

′

′

3
32sin
32sin

sin

φ
παωφω
παωφω

αωφω

 

MM HB µ= is the maximum flux density induced by the current 
tsinI)t(i M´aa ω= , in one of the phases of the induction machine.  

3.4.3 Leakage flux 

The air gap leakage flux is the air gap flux which does not reach across the gap, 
Figure 13. The zigzag leakage field is the flux which leaks out through the teeth 
around slot openings, Figure 14. These leakages depend on the size of the air 
gap and the tooth width. It is intuitive understandable that if the distance 
between the tooth tops are significant smaller than the gap, the flux chooses that 
path instead of across the gap. The distance traveled in a medium of low 
permeability is always minimized. 

 
Figure 13, Air gap leakage flux7, g = gh , 0b = ttw  
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Figure 14, Zigzag leakage7 

In an induction machine the air gap zigzag leakage inductance can by a 

mathematical formula be described as 
ttcg

ttcg
L wKh45

wKh5
~X

⋅⋅+

⋅⋅
, gh is the gap 

height and ttw is the distance between two adjacent tooth tops. This means the 
leakage increases when the gap height gh increases or the distance ttw  decreases. 
This is why, for the regulator, the gap can not be too small compared to other 
dimension parameters or the upper part of the teeth too close to each other.  

cK , the Carter coefficient is a coefficient associated to the machine.  
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4 Methods 
4.1 Grid model calculated in Matlab  

To analyse the behaviour of the power system when an induction regulator is 
connected, a Matlab program with a model of two parallel lines was written. In 
the model, one of the parallel lines is connected in series with the regulator.  

 
Figure 15 , Two parallel lines, the lower with voltage regulation10, αjnen =  

The equations of the program assume knowledge of the load power and the 
voltage at either sending or receiving end. This is reasonable conditions, 
considering the power demand is in most cases a well defined parameter. Using 
the transmission matrix, voltages, currents and power flow can be calculated at 
both ends of the transmission lines as well as just before and after the regulator.  

In the first version the phase shift is a parameter which is assigned a value in the 
Matlab program. The transmission matrixes are calculated in other Matlab 
programs. The first program returns active and reactive power flow at grid 
position 1, 1r, 1p, 2, 2r, 2p and r, shown in Figure 15. Other Matlab program 
where created to use the returned values to graphical display the quantities as 
functions of the amplitude and phase changing properties, n and α , of the phase 
shifting device. The figures where used to estimate the accuracy of the Matlab 
model.  

The results were verified towards another program called Simpow and also 
towards hand calculations. This was to confirm that the relations concerning 
power transmission and related transmission matrixes were calculated properly 
in Matlab. The results of scenarios according to Table 1 calculated in both 
programs where compared and found to be equal. The load voltage where set to 
400 V.  Line characteristics are r = 0.00176 Ω, l = 31052.0 −⋅ H, g = 0 and c = 

61021.0 −⋅ F 

 

 

 

 

 

 

p2p2p2p2 U,I,Q,P

r1r1r1r1 U,I,Q,P

Source Load 

rrrr U,I,Q,P

p1p1p1p1 U,I,Q,P

r2r2r2r2 U,I,Q,P

2222 U,I,Q,P1111 U,I,Q,P
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Input arguments Results 

 Regulator 
line 

Parallel 
line 

Load 
power 

Amplitude relation, 
n 

Phase relation, 
α  

2P  1Q  2P  1Q  

500 
MW 

1 0 193 713 306 867 

500 
MW 

1.02 0 192 793 307 805 

500 
MW 

1 60π−  
radians 

387 703 112 867 

Table 1, Consequences to the power flow when using phase shifting transformer 

As discussed above a change in the amplitude affects the reactive power flow 
while a change of phase affect the active power flow.   

The SIL curve, Figure A1 Appendix A, for the two line grid, load voltage 45 kV 
where plotted in order to confirm the accuracy of the model.   

When convinced of the model accuracy, the regulator was instead represented by 
impedance values calculated in the finite element package Ace, see Chapter 4.2, 
and analytical models depending on the regulators characteristics. To be able to 
detect errors which might occur if using the calculated values improperly, the 
regulator was first connected as easy as possible, in series with the transmission 
line. Later Matlab programs for a shunt connected regulator and two regulators 
connected in series were created. These connections are further explained in 
Chapter 5.3.   

4.2 Simulations 

4.2.1 Electromagnetic simulations 

AceTripleC, or Ace for short is a finite element package which can be used to 
solve, among other things, magnetic problems in 2D. Within Ace, geometries 
can be created, materials and sources added and quantities like the electric 
potential and the magnetic flux density be measured15. In Ace, standard physic 
formulas, Maxwell’s equations, are used to calculate these quantities. How 
accurate these calculations are carried out depends on the number of elements 
used for the finite element solution.  

4.2.2 Induction regulator geometry 

Python is freeware software which uses Ace to calculate wanted quantities for a 
given set of parameter values. In the Python program IndReg, developed at ABB, 
the induction regulator geometry is created and materials and sources are set in 
Ace. The three phase induction regulator is in IndReg represented according to 
Figure 16.  
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Figure 16, Cross section of the induction regulator 

tw  - tooth width bw - back width ch - coil height 

th  - tooth height cw  - coil width gh  - gap height 

The parameters stated above can be assigned different values, see further 
Chapter 6.1. For a certain set of parameter values, a source voltage and a load 
current, the winding potentials (voltages), currents and impedances are 
calculated in Ace and read in to IndReg. The value of these quantities are 
displayed in the Python GUI and written to a .txt file. The GUI also displays the 
size of the induced voltage and the maximum magnetic flux density, which is an 
important parameter when modelling the regulator. The impedance values are 
independent of load or source voltage or current and can therefore be used to 
calculate shifts and power flow for arbitrary currents and voltages.   

The impedance is calculated from the relation IZU ⋅= , with the impedance 
between the windings written as: 
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The impedances can be measured by applying a current of 1 Ampere in either the 
primary, winding denoted A, or the secondary winding denoted a. The induced 
voltage equals the sought impedance.  
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AAZ ′ is the induced voltage in winding A when there is a current 1 A properly 
phase shifted in all tree phases A, B, C.  

AaZ ′ is the induced voltage in winding a when there is a current 1 A properly 
phase shifted in all tree phases A, B, C. 

To confirm these relations a current of 1 A was first applied to all three phases, 
A, B, C, respectively a, b, c, while AAZ ′  and AaZ ′ was evaluated.  

These impedances where then compared to and found to equal the sum of AAZ , 

3
2i

AB eZ
π

⋅ and 3
2i

AC eZ
π

−
⋅ and AaZ , 3

2i

Ab eZ
π

⋅ and 3
2i

Ac eZ
π

−
⋅ respectively.  

The impedances are derived from the line to ground voltages calculated in Ace. 
When using the impedances to instead calculate the line to line voltages the 
impedances must be multiplied by 3 .   

The impedance is defined according to Figure 15 and the relation  
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the regulator depends on how, in series, shunt or other solution, the regulator is 
connected to the grid.  

 
Figure 17, Reference direction of impedance matrix13 

The regulators are modelled according to Figure 17 using the tools Python, Ace 
and Matlab as explained in this chapter.    

 
Figure 18, Flow chart of the tools modeling the induction regulators.  
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4.2.3 Analytical model 

To confirm the accuracy of the regulator model in IndReg an analytic model of 
the impedance matrix16 was created. Any errors associated with IndReg appear 
when comparing the results calculated in IndReg and the results calculated using 
the analytical model. The analytical model also shows which part of the 
permeability and shift angle dependency of the induced voltage is due to flux 
losses. This dependency will be reduced in a more precise regulator model.  

The induced voltage depends on the magnetic flux density as stated in Chapter 
3. The magnetic flux density in a ferromagnetic core with a gap can be expressed 
as17   
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γ  is the factor by which the width  of the tooth is multiplied to get the tooth top 
width. 

L is as previously the parameter by which all other dimension parameters are 
scaled. 

cl is the length of the core, gµ  and cµ the relative permeability of air gap and  
iron core.   
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The function ( ) ( )ng ϕϕ cos=  is an approximation for calculating the shift angle 
dependence of the induced voltage, n = 3 represents an ideal regulator, n = 3 a 
model close to that of IndReg. Assuming coregap µµ <<  the substitution 

g

g

ggcc hhl 22
1 γµ

γµµ
→

+
is acceptable. 

The induced voltage according to this analytical model was calculated by Matlab 
programs. Figure A5 displays the induced voltage of regulator 3 as calculated in 
IndReg and by the analytical model.      

Figure A6 shows the induced voltages of the same regulator but with 
permeability gapµ  = 5. 

The difference between the analytical calculated model and the model calculated 
by the finite element program is significantly smaller when using higher 
permeability. This implies the permeability dependence of the voltage size is 
mainly due to leakage flux in the gap between stator and rotor. The leakage flux 
decrease when the permeability increases. The figures verify the IndReg 
regulator model. The theory and the simulations agree. The losses which cause 
the difference to the ideal analytical model can be reduced if using a more 
refined regulator and regulator model. When regulating the power flow by using 
the induced voltage calculated in IndReg this needs to be kept in mind. Too 
much importance is otherwise given results which are really no more than 
consequences of a poor regulator model.  

The impedance matrix of case 1 and the analytical model results in a 
transmission matrix according to 
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The dimension variables and permeability is represented in impedance AAL . AAL  
only influences the part of the induced voltage depending on the current through 
the regulator, not the voltage across the primary winding. Nothing but the ratio 
and the shift angle influence the part of the induced voltage depending on the 
voltage across the primary winding. The current through the regulator is small 
compared to the voltage across the primary winding. The impact of a change of 
the dimension variables or permeability is therefore small compared to a change 
of the ratio or angle shift. The regulator controls the current through the 
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regulated line and therefore influences rU . The small impact of AAL on the power 
flow results in a small impact on rU .  

To be able to at all control the power flow in the grid, a current needs to be 
present in the regulated line. If rI = 0 it is not possible to regulate the power flow 
by changing AAL .  

For this application the magnetic flux density is the quantity hardest to keep 
within its requirement limits. The maximum magnetic flux density is increasing 
considerable when increasing the permeability. The smallest regulators is 
therefore obtained when only using permeability one. This means the use of 
gadolinium is for this application a waste of material and economical recourses.  
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5 Concept 
5.1 Thermo magnetic material 

Assume an induction machine as the voltage regulator mentioned above but 
instead of using an air gap, the gap between the primary and secondary windings 
mainly consists of a material where the permeability can be controlled and hence 
influence the magnetic coupling. One such material is the rare earth metal 
gadolinium, element number 64. 

Gadolinium, Gd, is a ferromagnetic material with Curie temperature close to 
room temperature. The Curie temperature is the temperature above which the 
ferromagnetic material shows normal paramagnetic behaviour. By changing the 
temperature of the material slightly around room temperature, its permeability 
therefore changes dramatically. When the gadolinium reaches 292º K, the 
permeability is changed from high to low. The change of the permeability is of 
approximately a factor five. Having the Curie temperature around room 
temperature is a distinctive feature of gadolinium which can prove to be very 
useful when constructing this power control device.  

For the regulators modelled in this work, case 1 and case 2, the thermo magnetic 
material, TMM, is used to change the size of the induced voltage. To keep the 
reactive power flow low and avoid the voltage value to change more then 5%, 
the amplitude of the induced voltage needs to be fairly small when the phase of 
the induced voltage is close to the phase of the source voltage. On the other 
hand, when a large shift is wanted and the induced voltage is more or less π/2 
radians out of phase with the source voltage, the larger the amplitude of the 
induced voltage, the better. When increasing the permeability the losses 
decreases and therefore the induced voltage increase. To accomplish the desired 
regulation behaviour, the permeability of the thermo magnetic material in the 
regulators modelled are therefore altered between different values see Figure 19. 
If the permeability is too high, the magnetic flux density in the TMM increases 
and can cause nonlinear effects due to saturation.   

 
Figure 19, Voltages when permeability is low and permeability is high 
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Another idea is to extend the use of thermo magnetic material to avoid 
mechanical movement when shifting the regulator. As mentioned above the use 
of mechanical components causes problem when dealing with electrical devices. 
Therefore, a voltage regulator without the need of mechanical movement is 
advantageous. Instead of mechanically moving the regulator, a matrix made of 
TMM conductors can be created and used. By using different temperatures and 
cool the conductors, the flux flows through a certain path in the matrix. This is 
analogous to an actual change of the position of the primary windings relative 
the secondary windings in an induction regulator. The regulation would be 
relatively slow but the aim of this regulator is to prevent thermal overload in 
lines and they have a time constant in the order of minutes.  

Gadolinium was previously, as the rest of the rare earth metals, very expensive. 
In recent years the development of ion-exchange and solvent extraction 
techniques has caused the availability of the metal to rise and the price to go 
down. Gadolinium is prepared by reduction of the anhydrous fluoride with 
metallic calcium.  

Gadolinium does not exist free in nature. Gadolinium of commercial interest can 
be found in the minerals Bastnasite and Monazite. There are seventeen known 
isotopes of gadolinium. Natural gadolinium consists of seven of these isotopes 
and has the atomic mass 157.25 U. The proportion of Gd in the Earth crust is 
about 6.2 mg/ kg. This is among the fifty most common materials and for 
instance more common than Tin. The density of the metal is 7901 kg/m2.  

Gadolinium is used in compact discs and computer memories, for microwave 
applications, manufacturing of phosphor for television tubes and for some 
medical applications. Two of the gadolinium isotopes absorb neutrons more 
efficiently than any other known material. Unfortunately these isotopes only 
exist in very small amounts in natural gadolinium. Therefore the burn out rate of 
gadolinium is too short to be of any use in most nuclear applications. One 
nuclear power application where gadolinium is used though is as an emergency 
shut down device18.  

5.2 Motorformer 

The induction regulator must be useable at high voltages. This is not possible 
using conventional windings. The regulator will instead be winded using 
commercial available XLPE cables. This is a cylindrical cable which contains a 
solid dielectric layer of cross-linked polyethylene insulation, but unlike 
underground cables do not use any metallic shielding19. The cylindrical shape 
causes the cable to produce a homogenous electrical field. Conventional 
windings are instead rectangular shaped and produces uneven fields. The uneven 
electric fields have areas of high concentration which limits the possible voltage 
range, Figure 20. 
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Figure 20, Schematic picture of uniform electric field of 150 kV cable and non-uniform 
field of 15 kV coil.  

A possible problem when designing the regulator is the forces which can arise 
between the conductors in the windings. The force is proportional to the squared 
current. An electrical motor where the current is decreased and the voltage 
increased the corresponding amount to avoid these forces already exists20. It is 
an ABB product called MotorformerTM. The stator slots of the Motorformer are 
deeper than conventional slots. The cables are winded in several layers to 
increase the voltage level. Between each layer of cable is a flexible element.  

 
Figure 21, Motorformer stator core, cross section20. 

 
Figure 22, Conventional stator core, cross section20. 
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Motorformer which handles voltages up to 60 kV already exists. The idea is to let 
one of the models of the induction regulators, case 2, be based on one of these. 
Generators based on the same concept, called PowerformerTM exist up to 155 kV.   

5.3 Connections 

The regulator is connected to the grid as shown in Figure 23. The connection 
differs from the conventional induction regulator connection, Figure 4, Chapter 
3.1, by the use of a thermo magnetic material.  

 

 
Figure 23, Regulator shunt connected to line as in case 1 and 2 including reference directions 
of voltages and currents.  

When using Python and Ace, an impedance matrix is returned. The matrix 
elements relate voltages and currents defined as in Figure 24.  

 
Figure 24, Reference directions of impedance matrix13 

For the regulator connection of Figure 22 this results in a transmission matrix 
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6 Case 1 
6.1 Requirements  

The regulator in the model is used to control the active power flow in two 
parallel lines connected to a source and a load. The source voltage in this case is 
400 kV. For case 1 the induction regulator shall be connected to the transmission 
line as shown in Figure 22 Chapter 5.3. The line connected in series with the 
regulator is of length 60 km, while the line parallel to the regulator is of length 
100 km in order to highlight power flow differences. The inductance, capacitance 
and resistance properties are the same for both lines 

c = 0.21 µH/km 

l = 0.52 mF/km 

r = 0.00176 Ω/km 

These are typical parameter values for a 400 kV transmission21.    

The load power, which in the model has only an active part, varies between 0 
and 800 MW.  

In order to investigate the interaction between the line and the regulator, the 
investigated device shall be able to control the amount of power transmitted in 
the line ±50 % compared to the amount of power transmitted without the 
connected regulator.  

Matlab programs calculate how the power flow is transmitted in the two lines 
with the characteristics stated above if no regulator is connected. The power flow 
of the 60 km line, when not connected to the regulator, for different loads are 
listed in Table 2. P2r is the active power transmitted to the load bus in the shorter 
line, point 2r Figure 22. P2rhigh and P2rlow are the 150 % and 50 % limits between 
which, the regulator shall be able to control the active power flow in order to 
fulfil the requirements. 

 

Table 2, Transmission requirements [MW] 

The magnetic flux density may not exceed 0.8 T in the gadolinium filled gap or 
1.5 T in the Iron core. Above this limit saturation might be a problem and the 
field might not be linear. If the magnetization M exceeds the saturation 
magnetization the behaviour of the magnetic flux density 

 MHHB +== 0µµ  changes.  

Psource 
[MW] 

0 100 200 300 400 500 600 700 800 

P2r  -0.27 62.0 124 186 249 311 373 435 497 

P2rhigh  -0.405 93.0 186 279 374 467 560 653 746 

P2rlow -0.135 31.0 62 93 125 156 187 218 249 
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The relation HB µ= between magnetic flux density and magnetic field strength 
is due to constant magnetization replaced by the relation dHdB 0µ= . Because 
of the different atomic structure of iron and gadolinium, the magnetization 
saturation limit differs between the two.   A nonlinear response in the regulator 
creates higher harmonics in the currents in the ac grid which is not tolerable, 

The geometry created in the model is not refined and areas with high magnetic 
flux density may therefore arise. As long as these areas of high magnetic flux 
densities are limited the mean magnetic flux density multiplied by 1.1 must not 
exceed the limit of 0.8 T. This is assuming that in a properly designed geometry 
the flux density differ 10 % from the local mean value. By changing the shape of 
the regulator, see Figure 15, the areas of high magnetic flux density can namely 
be reduced. 

A voltage change of 5 % over the regulator is accepted. The size of the voltage 
on one side of the regulator must be at least 95 % and no more than 105 % of the 
amplitude of the voltage on the other side of the regulator to fulfil this 
requirement.   

The challenge is to combine the conditions regarding power transmission, 
voltage drop and maximum magnetic flux density in a machine which is as small 
as possible. The flow chart below is an illustration of how the optimization 
process is carried out in the thesis work.  
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Figure 25, Flow chart of optimization process 
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6.1.1 Varying permeability  

To make sure the power can be regulated in a continuous way; all angles, φ, 
between the maximum and minimum shift necessary to control the power flow 
according to requirements, shall be usable for at least one value of permeability 
µ.  The range of acceptable shift when using high permeability is limited by the 
magnetic flux density in the thermo magnetic material. For certain regulator 
angles, φ, or voltage shifts, the magnetic flux density is much higher than the 
average value. In order not to exceed the magnetic flux limit, low permeability 
must therefore be used for these shifts.  

The change of size of the voltage over the regulator is also a limiting factor when 
using high permeability. The size of the induced voltage increases with the 
permeability and the change in size might therefore exceed the acceptable 5 % 
when inducing a voltage in phase with or opposite to the phase of the source 
voltage, see Figure 19, Chapter 5.1. The permeability dependent magnitude of 
the induced voltage is the reason why it is possible to shift the voltage more 
when using higher permeability. The permeability property has its most 
advantageous use if keeping the permeability low until reaching the maximum 
shifts. If the voltage shifts are not big enough to regulate the power enough, the 
permeability can then be changed to a higher value. 

6.1.2 Parameters and initial values  

An optimization program created by Gunnar Russberg at ABB was used to find 
suitable initial parameter values for minimizing the regulator. Values of 
maximum magnetic flux density and current density in the material are assigned 
to the program according to the given requirements. The ratio, ρ, between the 
primary and the secondary winding is also specified in the program. For this 
model, ratios where set to 0.1 and 0.2. A small ratio keeps the induced voltage 
low while a larger ratio creates a larger induced voltage. Advantages and 
disadvantages of big or small ratios are discussed in Chapter 6.2. In the program, 
the two dimension parameters gap height, gh , and length scale, L, are treated as 
parameters and the number of winded turns, tooth width and coil size were 
adjusted to fulfil the requirements. For case 1, L was varied between 3.5 m and 
8.5 m and the gap height between 0.06 m and 0.28 m. The program computes the 
volume of the machines, and the parameters which result in small regulators can 
be used as initial values when trying to reduce the size of the regulator further 
using IndReg. All designs are unfortunately not usable. If the gap, gh , is to small 
compared to other dimension parameters or the upper part of the teeth are to 
close to each other, the size of the leakage flux might exceed an acceptable level 
and cause behaviour not included in the model.  

The geometry of the regulator model is shown in figure 16. The width of the 
upper part of the tooth is determined by tooth and coil height. The tooth is 
modelled to form a π/4 angle where it meets with the thermo magnetic material. 
To make the tooth 50 % wider at the gap than at the base, the tooth height needs 
therefore to exceed the coil height by 25 %. The model is also scaled by a 
parameter L. L is the axial length. When L equals one the length of the model is 
1 m. If L differs from one, all other dimension parameters shall be multiplied by 
L. 
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The TMM in this model is attached to the upper part of the primary teeth. 

AN  is the number of turns of the primary winding. ρ  is the ratio between the 
primary and secondary winding. 

The optimization program optimizes the size of the machine, not the cost, which 
somewhat limits its usability.    

The cost of the material used for the regulator is approximately: 

Cu: 30 kr/kg 

Fe: 15 kr/kg 

Gd: 100 kr/kg 

This makes it more important to minimize the amount of gadolinium than the 
amount of Copper or Iron.  

6.2 Results 

The results calculated for the induction regulator modelled with Python, using 
the parameter values from the optimization program, leaves margins to the 
critical limits stated in the regulator requirements. To optimize the regulator 
further, the different dimension parameters and their impact on the regulator 
result is examined. 

6.2.1 Reducing the variable parameters 

For the five or six machines first modelled, with parameters not too different 
from the ones obtained in the optimization program, the maximum magnetic flux 
density proved to be the first parameter to reach its maximum allowed value 
according to the requirements. All dimension parameters do influence this value, 
but those directly controlling the size of gadolinium are of greater importance for 
the magnetic flux density.  

It is not convenient to vary seven or eight variables when trying to minimize the 
size of the regulator. Five of the parameters cw , ch , bw , tw  and th , where 
therefore assigned values which have not been examined in detail. The scale 
parameter L and the height of the gap seem to be of greater importance for the 
result. 

The dimension of the coil, cw , ch , does not affect the area of the thermo 
magnetic material. Neither does it, to any large extent, influence the flux. It does 
however influence the maximum current density and should therefore be 
considered if the regulator where to be more thoroughly investigated. The width 
of the tooth influences the flux density in that an increased winding area requires 
a decreased flux density to create the same amount of induced voltage. At this 
point however, it is a question of reducing the number of parameters to vary and 
this influence is neglected.  

The width of the upper part of the tooth directly controls the size of the thermo 
magnetic material. It does also to a large extent, which is explained below, 
control the part of the TMM used by the magnetic flux at regulation angles 
where the maximum magnetic flux density is high. Two things limit the upper 
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width of the tooth.  The distance between the teeth must be large enough not to 
cause large flux losses. The amount of TMM used needs to be kept low in order 
to keep the cost of the regulator down. The height of the tooth is used to control 
the upper width of the tooth is set to a value not causing too much leakage flux.  

With the results from the optimization program as a guide the coil 
dimensions, cw  and ch are both set to 0.2. If the maximum current density in the 
end proves to be by far under its critical limit the coil can be made smaller and 
Copper be saved. The back and tooth width was assigned the value 0.35 m which 
is slightly smaller than the result from the optimization program since the 
magnetic flux density in the iron do not exceed its limit. This decrease also 
influences the upper tooth width, which is compensated by increasing the height 
of the tooth,  

3225.0wt35.0wcht =⋅+= m.  

This makes the tooth 1.7 times as wide at the top than at its bottom. The distance 
between the teeth will be enough to prevent an extensive leakage flux. Leakage 
flux would show as lines going directly from one primary tooth to the next in 
Figure 27. The regulators modelled throughout the rest of Chapter 6 are 
dimensioned with these values assigned to parameters cw , ch , bw , tw  and th .  

 
Figure 26, Ace Figure of the magnetic flux density of the regulator when gh = 0.15, L = 2.9   

The dimension variables left to vary is the scale variable L and the height of the 
gap, gh ,as well as the number of turns of the primary winding, AN , the 
permeability, µ, and the ratio, ρ, between primary and secondary winding. 

6.2.2   Maximum magnetic flux density 

To simulate the stator relatively rotor shift in the entire region -π to π is very 
time consuming. It is not necessary to do the entire set of measurements for 
every regulator. Only the angles where the magnetic flux density in the gap 
reaches its maximum needs to be examined to make sure the regulator has 
dimensions big enough to avoid a too high maximum magnetic flux density in 
the TMM These critical angles can be found by calculating the flux density for 
shifts in the region -π to π and compare the results for different angles.  

The magnetic flux density reaches its maximum when the load current is set to 
its maximum value. This regulator shall according to the requirements handle at 
most 800 MW at a voltage of 400 kV. This results in a load current of 
approximately 1155 A. When calculating the maximum magnetic flux density in 
Python, fore case 1 the load current is set to this value.  
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Figure 27, Maximum magnetic flux density (in Tesla), calculated in the gadolinium gap. 
The regulator has been shifted between -π and π, in intervals of 2π/90.  

The maximum magnetic flux density of several regulators where calculated for 
rotor relatively stator shifts of between –π and π radians. The result for a 
regulator with parameters cw , ch , bw , tw  and th  as defined above, L = 2.5, AN  
= 350, µ = 5, ρ = 0.1 and gh  = 0.15 is shown in Figure 28. The maximum 
magnetic flux was calculated for shifts in intervals of 2π/90. The maximum 
magnetic flux density seems to reach its highest value at approximately 
calculation number 7 and 8, 22 and 23, 37 and 38, 52 and 53, 69 and 70, 82 and 
83. These calculations correspond to the angles 6π⋅n , n = 1, 3, 5 radians  in 
positive and negative direction.  

This result is in agreement with results when using other regulator models. It is 
therefore assumed, it is in general sufficient to calculate the magnetic flux 
density around one of these angles as a rough control of the magnetic flux 
density.  

 
Figure 28, Cross section of regulator when shifted 6π⋅n , n = 1, 3, 5 radians, positive 
or negative direction 

Figure 29 shows the geometry of the regulator when shifted one of these angles.  
The maximum magnetic flux density does reach its highest value when the piece 
of gadolinium connected to the secondary tooth reaches its minimum. The 
magnetic flux is then concentrated to a smaller part of the gadolinium than what 
is the case for other shifts, Figure 30.  
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Figure 29, Magnetic flux lines in regulator when shifted 6π⋅n , n = 1, 3, 5 radians, 
positive or negative direction 

Assuming a certain amount of magnetic flux goes through the gadolinium, the 
size of the magnetic flux density in the gap is controlled by the size and shape of 
the gadolinium in the gap. With the tooth top width set, the size of the 
gadolinium depends on L, the parameter which scales the machine and the height 
of the gap between stator and rotor, gh . The problem is to minimize the size of 
the machine and the amount of gadolinium used, while keeping the magnetic 
flux density below the required maximum value.  In other words if gh  or L is too 
small the magnetic flux density in the gadolinium reaches too high values, but if 

gh  is too wide the leakage will be substantial. 

An alternative way of controlling the size of the maximum magnetic flux density 
is to control the magnetic flux. The flux decreases if the ratio between primary 
and secondary windings decreases since the decrease of the ratio between 
secondary and primary impedances causes a smaller part of the current to go 
through the primary winding. An alternatively solution is to increase the number 
of turns of the primary winding. Then the current necessary to obtain the given 
voltage, and therefore the flux, will decrease. 

Assume that the source voltage and the load current are known quantities as in 
the Python model of the induction regulator. The decrease of the ratio between 
primary and secondary windings is limited by the current density in the 
secondary winding at full load and the size of the induced voltage. If the ratio is 
set to small it is difficult to achieve an induced voltage large enough to control 
the power according to the requirements.  

To create a regulator with as good characteristics as possible, the impact of the 
ratio between primary and secondary windings needs to be examined. Maximum 
magnetic flux density and induced current for varying ratio was therefore 
calculated for a regulator of size L = 2.9, hg = 0.2, n = 250 and µ = 5.  
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Figure 30, Magnetic flux density when ρ = 0.05, 0.075, 0.1 and 0.125  

 
Figure 31, Induced voltage [p.u.], increasing with ρ = 0.05, 0.075, 0.1 and 0.125, 

The maximum magnetic flux density and induced voltage for ratio 0.05, 0.075, 
0.1 and 0.125 are illustrated in Figures 31 and 32 respectively. The changing 
rate of the maximum magnetic flux density decreases when decreasing the ratio, 
while the changing rate of the induced voltage stays close to constant. To further 
decrease the value of the ratio when reached 0.075, does not affect the maximum 
magnetic flux density noticeable, but the induced voltage keeps decreasing in an 
unchanged rate and makes the regulation of power more difficult. Therefore 0.07 
could be a suitable value of the ratio between primary and secondary winding. 

Comparing to changing other parameters as the number of turns of the primary 
winding, the decrease of ratio does not significantly affect the magnetic flux. A 
smaller ratio however helps saving Copper and keeps the cost of the machine 
low. 

The number of turns of the primary winding is limited by the current density of 
the primary winding when the machine is in no-load and the current density of 
the secondary winding when the regulator is of rated load. If the ratio is set to 
small or the number of turns of the primary winding is set to high, the current 
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density exceeds the critical value of 1 A/mm2. The windings need electrical 
insulation which is not counted for in this model. The size of the windings 
therefore increases when increasing the number of turns which also limits the 
realistic number of turns of the winding.  

 
Figure 32, Maximum magnetic flux density AN = 225, 250, 275,300, 325, 350 

Figure 33 shows how the maximum magnetic flux density in the air gap, 
calculated in IndReg, keeps decreasing rather linear when increasing the number 
of turns of the primary winding. According to the formula LBwNU tAA ω= , less 
current creates the same voltage across the primary winding if the number of 
turns is increased and therefore the magnetic flux decreases. The size of the 
induced voltage increases slightly but is more or less constant. The increase of 
induced voltage due to a larger number of turns of the secondary winding (ρ 
remains the same) is damped by the impact of the decreasing flux. The magnetic 
flux decreases but the induced voltage stays the same, as does the size and cost. 
A large number of turns of winding is therefore an advantage when considering 
magnetic flux density. But as explained above maximum current density at 
secondary winding and insulation volume limits the possibilities.  

6.2.3 Optimization when NA = 250 

In Chapter 6.2.2 it is stated that the connection between decreasing ρ and 
decreasing magnetic flux density is weak when reaching ratios below 0.07. The 
decreasing amount of Copper needed for the windings and a larger part of the 
generated power reaching the load are other benefits connected to a small ratio.  

The first regulator was modelled with a ratio of 0.05, slightly smaller than 0.07, 
despite the fact the amount of Copper saved by decreasing the ratio is small. The 
results of the optimization program suggest an L value in the order of 3.5 m and 
a gh value in the order of 0.08L m as initial parameter values. NA was set to 210. 

cw , ch , bw , tw  and th  as defined above. 
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Table 3, Compiled dimensions of the first four regulator models 

As the flow chart of Figure 24 illustrates the first requirements regarding 
maximum magnetic flux density and current density of the models are the first to 
be examined. This is as previously explained done in the Python application 
IndReg. If the quantities prove to fulfil the requirements the impedance matrixes 
calculated for the specific regulator model are used to calculate the power flow 
of the two line transmission model.  

Matlab programs calculate and display the power flow of the regulators of case 
1. This is done in accordance to the transmission matrix theory derived in 
Chapter 5.3.  

The first regulator model does fulfil the requirements regarding magnetic flux 
and current density. But the voltage induced is not enough to fulfil the 
requirements concerning regulation of active power flow. The ratio is therefore 
increased to 0.07.  

The current density leaves some margin to the critical limit. The numbers of 
turns of the primary winding can be increased. This should decrease the 
maximum magnetic flux density. As a consequence it should be possible to 
decrease the scale parameter L. If the gap height is slightly increased the scale 
parameter can be even further decreased. 

The second regulator is modelled with a ratio of 0.07, NA set to 250, gh  set to 1 
and L set to 2.9. 

This regulator creates a magnetic flux density maximum value way above the 
critical limit. The result from regulator 1 proved it is not an option to make the 
magnetic flux smaller by decreasing the ratio. There are two different ways to 
instead trying to decrease the magnetic flux density by increasing the size of 
gadolinium. The size of the gadolinium is increased either by increasing the gap 
height or the scale parameter. The question is which of these choices is most 
advantageous.  

The height of the gap should, due to leakage flux, not be increased above 0.15 m. 
The third regulator modelled therefore has a gap height of 0.15 m and other 
parameters according to regulator 2. This causes the magnetic flux density to 
decrease. A forth regulator is modelled where the gap is kept at 0.1 m but instead 
the scale parameter is increased until the magnetic flux density reach the same 
low value as for regulator 3, see Figure 34. The sizes of these regulators should 
then be compared and the change resulting in the smallest regulator is the most 
cost efficient one.  

Regulator ρ µ AN  L gh  

1 0.05 1 210 3.5 0.08 

2 0.07 1 250 2.9 0.1 

3 0.07 1 250 2.9 0.15 

4 0.07 1 250 3.05 0.1 
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Figure 33, Maximum magnetic flux density of regulator 3 (black) and 4 (gray) 
calculated in IndReg for regulator shift -π to π, intervals of π/6 

In the first magnetic flux calculation of regulator 4 L was set to 3.3 m. The 
magnetic flux density of regulator 4 was then much smaller than the magnetic 
flux density of regulator 3. L = 3.2 m also results in magnetic flux density below 
the one of regulator 3. As seen in Figure 34, L = 3.05 m gives a maximum flux 
density just above the one created in regulator 3.  

When changing the gap height to 0.15 m, while keeping L as 2.9 m, 167 tonnes 
of Copper, 791 tonnes of Iron and 97 tonnes of gadolinium is needed. The total 
weight is 1054 tonnes and the price of the material is approximately 26.5MSK.  

If keeping the gap at 0.1 m but changing L to 3.05 m, 194 tonnes Cu, 920 tonnes 
Fe and 75 tonnes Gd is needed. The total weight is 1189 tonnes and the price of 
the material 27.1 MSK.  

According to these numbers, increasing the gap is the more cost efficient 
alternative. It is important to remember that when increasing the gap the induced 
voltage is smaller because the flux then must travel a longer distance through a 
material with low permeability. As a consequence the regulation might not fulfil 
the requirements concerning power flow control. When increasing the scale 
parameter L the induced voltage will instead increase, Figure 35. 
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Figure 34, Induced voltage of regulator 3 (black) and 4 (gray) calculated in IndReg for 
regulator shift 6π⋅n , n = -6 to 6. The marked voltage is that of regulator 4, primary 
and secondary windings in phase.   

In this case Matlab calculations demonstrate that the regulator does fulfil the 
power flow requirements for all loads between 0 and 800 MW, source voltage 
400 kV. The power flow when the generated power reaches 800 MW is displayed 
in Figure 2, Appendix A (A2). Still, a gap of 0.15 m might be too big to prevent 
significant leakage flux. As regulator 3, regulator 4 fulfils the requirement 
regarding power flow for all loads between 0 and 800 MW. Power flow for 800 
MW is displayed in Figure A3.  

Assuming the gap size is acceptable; regulator 3 is considered an optimum. The 
reactive power flow is, as can be seen in Figure A4, extensive. The high reactive 
power flow are, as stated in Table 2, connected to the line properties such as the 
line impedance and is not a result of connecting the regulators.  

Some of the problems connected to large reactive power flow such as losses of 
active power have been mentioned above. The reactive power flow is further 
discussed below. The maximum magnetic flux density exceeds 0.8 T but by 
changing the shape of for instance the pole lids, the very high magnetic flux 
densities can be reduced.    

The induced voltage is added to create a phase shift between source and load 
voltage. The size of the induced voltage can, as mentioned above, be controlled 
by changing the permeability of the gadolinium. The size of the induced voltages 
for shifts in the region –π to π prove to vary slightly in size depending on the 
shift. To obtain the wanted results and keep the change of the voltage under 5 % 
the induced voltage shall be as small as possible when in phase with or in 
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opposite phase to the source voltage, while it should be as big as possible when 
π/2 before or after the source voltage.  

6.2.4 Optimization when NA = 350 

If the number of turns of the secondary winding can be further increased, the 
regulator may be decreased without worsen the performance of the regulator. It 
is again important to remember that in a real machine the windings is surrounded 
by dielectric material and the filling factor is not 1.0. If increasing the number of 
turns of the winding the isolating material requires more volume. A case with 
350 turns is calculated in this section.  

If the numbers of turns is increased it is possible to change the dimensions and 
make the machine smaller. The initial value of L should therefore be smaller 
than the scale parameter used for the resulting regulator of Chapter 6.2.3, L = 
2.8 m is chosen as initial value.  The gap height is set to 0.1 m, cw , ch , bw , tw  
and th  as defined above. 

 
 

 

 

 

Table 4, Compiled dimensions of regulator 5, 6, 7, 8 and 9  

Regulator model number 5 has a maximum magnetic flux density of 
approximately 0.95 T. The high magnetic flux density is concentrated to limited 
areas and small changes in the regulator design, not calculated for in this model, 
can therefore reduce the maximum flux density and enable for further regulator 
size reductions.  

For the regulator model number 6 the scale parameter is increased to 2.7. This 
regulator creates approximately the same maximum flux density in the 
gadolinium gap as the regulator model number 7 for which the scale parameter is 
kept at 2.8 but the gap height is decreased to 0.08 m, Figure 36. 

If the gap is kept at 0.1 m but L is changed to 2.7 m, 135 tonnes of Cu, 638 
tonnes of Fe and 52 tonnes of Gd is used. The total weight is 825 tonnes and the 
price of the material 18.8 MSK.  

When changing the gap height to 0.08 m, while keeping L as 2.8 m, 150 tonnes 
of Copper, 712 tonnes of Iron and 46 tonnes of gadolinium is needed. The total 
weight is 909 tonnes and the price of the material is approximately 19.8 MSK.  

As for the 250 turns of winding regulators, the regulator is smaller and less 
expensive when decreasing the scale parameter instead of the gap height.  

Regulator ρ µ AN  L gh  

5 0.07 1 350 2.8 0.1 

6 0.07 1 350 2.7 0.1 

7 0.07 1 350 2.8 0.08 

8 0.07 1 350 2.6 0.12 

9 0.07 1 350 2.5 0.15 
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Figure 35, Magnetic flux density of regulator 6 (black) and 7 (gray) calculated in 
IndReg for regulator shift -π to π,  intervals of π/6 

It is possible that the regulator can be made even smaller and cheaper if the scale 
parameter is decreased and the gap height is increased. For regulator model 8 
and 9 the maximum magnetic flux density is kept under its critical value 
according to the requirements, see Figure 37. The scale parameter of regulator 8 
was set to 2.6 and the gap height to 0.12 m. The scale parameter of regulator 9 
was set to 2.5 while the gap height to 0.15.  

The required material and cost of regulator 8 is 120 tonnes of Cu, 570 tonnes of 
Fe and 56 tonnes of Gd which results in a total cost of 17.7 MSK.  

The required material and cost of regulator 9 is 107 tonnes of Cu, 507 tonnes of 
Fe and 62 tonnes of Gd, which results in a total cost of 17.0 MSK. This is less 
than the required material and cost of regulator 8 but as mentioned in Chapter 
6.2.3, a gap height of 0.15 might allow leakage flux of a size too large to be 
acceptable in this model. 

 
Figure 36, Magnetic flux density of regulator 8 (gray) and 9 (black) calculated in 
IndReg for regulator shift -π to π,  intervals of π/6 

As in Chapter 6.2.3 the resulting machine has a gap height of 0.15 m. Assuming 
the gap size is acceptable and 350 is a realistic number of windings, the size of 
regulator 9 is considered an optimum. The leakage flux of regulator 8 is, due to a 
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shorter gap, less, but this regulator requires more material and is therefore more 
expensive to build. It is possible to control the active power flow according to 
the stated requirements by using regulator 9. Figure A7 shows the active power 
flow of regulator 9, total generated power 800 MW, calculated by Matlab.  

 

6.2.5 Reactive power 

The reactive power flow is an issue for the two line model. The reactive power 
flow depends on the difference in size of source, load and regulator voltage. The 
regulator which minimizes the reactive power flow at one point of the grid might 
not be the one which minimizes the flow at all other points. For the regulators 
modelled in this chapter the reactive power flow in the line connected to the 
regulator is minimized if the difference between the voltage size just before the 
regulator and the load voltage size is as small as possible. The reactive power in 
the line parallel to the regulated line is minimized if shifts which make the load 
voltage as close in size as the source voltage as possible, is used.  

 
Figure 37, Grid points 1, 1p, 1r, 2, 2p and 2r  

Q2 = 1584 MVAr, Q1r = 211 MVAr, Q2p = 800 MVAr and Q2r = 794 MVAr 
are the reactive power flow when no regulator is connected to the lines. If no 
regulator is connected the voltage is decreasing when moving towards the load. 

The reactive power of regulator 3, 4, 8 and 9, at 800 MW source power, is 
displayed in Figures A8, A9, A10 and A11. Figures of the active power flow 
show how shifts between approximately -π/3 and π/3 radians or -2π/3  and 2π/3 
radians is enough to control the active power flow according to requirements. 
The reactive power at source and at load in the regulated line, for shifts around 0, 
in absolute numbers, is more limited than for shifts around π. The opposite is 
valid for the parallel line at load where shifts around π, in absolute numbers, 
create a more limited reactive power flow than shifts around 0.  

Induced voltages for φ close to 0 are in opposite phase to the source voltage 
while induced voltages for φ close to π are in phase with the source voltage. As 
seen in Figure A12, for regulator 9, the size of the load voltage therefore 
decreases for shifts close to 0 and increase for shifts close to π comparing to the 
load voltage without any regulator. The load voltage is closer to the source 
voltage for shifts around π.  

What is most important for the reactive power flow is to vary as little as possible 
when changing the regulator angles. The reactive power at load is huge but the 

MVAr800Q p2 =

MVAr211Q r1 =

Source Load 

MVAr211Q p1 −=

MVAr784Q r2 =

MVAr1594Q2 =MVAr0Q1 =
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important thing is it varies about a tenth of its size shifting the regulator 2π 
radians.  

6.3 Discussion 

Depending on whether 0.15 m is a sufficiently small size of the air gap in the 
regulator or not and whether N = 350 is a realistic number of turns of winding or 
not, four different regulators can be looked on as a minimum. 

 Table 5, Size and cost of regulator 3, 4, 8 and 9   

As the analytical model proves it is a waste of resources to use gadolinium 
regulator for this application. It is not possible to, to any extent, make use of its 
ferromagnetic properties.  

The minimized induction regulator used for the 400 kV scenario has a weight of 
approximately 700 tonnes. To put this into relation to anything it can be 
compared to a phase shifting transformer at the IFW Power Company, DK. This 
transformer is also used for 400 kV. It has a weight of approximately 450 tonne.  
That is, the induction regulator weight significantly more than the comparable 
PST. 

There are benefits connected to the induction regulator. Foremost, the regulation 
is continuously whereas for the phase shifting transformer it is in steps. The 
potential of tap changers of a phase shifting transformer has to constantly be held 
high, this is not necessary for the induction regulator. For the induction regulator 
it is not either necessary to switch of current when changing the added voltage. 
The comparison lacks relevance in terms of controllability of the active power 
flow. 

As mentioned in Chapter 1.1, the purpose of this thesis work is not to create the 
optimal regulator. The size shall be optimized on the basis of the simplified 
models and programs used. Several parameters, among them the coil dimensions 
and upper with of the teeth, have been given values without any analysis of their 
impact of the result. By changing details of the regulators hopefully most losses 
now associated to the machine will be reduced.   

The reactive power flow has proved to be a problem. When modelling a smaller 
regulator in Chapter 7, more effort will be put in to minimizing the reactive 
power flow in the regulator. 

The intention of using the regulator is to change the power flow in the grid. The 
change of power flow is connected to a change of the grid currents. The current 

Regulator  Fe Cu Gd Total 
weight 

Total cost 

3 791 
tonnes 

167 tonnes 97 tonnes 1054 tonnes 26.5 Mkr 

4 930 194 75 1189 27.1 

8 570 120 56 746 17.7 

9 507 107 62 676 17.0 
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change of course influences the voltage just in front of the regulator, rU . Figure 
A13 shows the voltages 2U  and rU  when regulator 9 is shifted between 0 and 
π/2 radians. The Figure shows how the change of rU  counteracts the induced 
voltage. When rotating the regulator to create an induced voltage directed in 
positive imaginary direction rU  change the opposite way. The change of 
regulator voltage only counteracts the induced voltages to a certain extent. The 
effect of the rotation on the power flow is not as big as it would have been if the 
regulation meant only to add the induced voltage to the rU  as it was before the 
rotation. 

desired22 UU =  is required to create a certain power flow. The voltage which has 
to be induced to create this is not desired2roriginal UUU −=∆  as Figure 39 suggests. 

 

 
Figure 38, desired2roriginal UUU −=∆   

An induced voltage U∆  creates a change rU∆  of the voltage roriginalU   and 
therefore desired22 UU ≠   if desired2roriginal UUU −=∆ ,  Figure 40. 

 
Figure 39, desired22 UU ≠  

Instead desired2rnew UUU −=∆  results in desired22 UU =  and the wanted regulation 
is accomplished. 

rU

desired2U

desired2roriginal UUU −=∆

U∆

desired22 UU ≠

rrnew UU ≠
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Figure 40, desiredUU 22 =  

desired2rnew UUU −=∆

desired22 UU =

rrnew UU ≠
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7 Case 2 
7.1 Requirements 

The regulators in this chapter are modelled to control a smaller power flow then 
the regulators in case1. The regulators in this chapter are modelled to be of the 
same size as the Motorformer, Chapter 5.2. The phase to phase voltage is 45 kV. 
The calculations assume Aluminium transmission cables. Cables can not 
transmit power the same distances as the over head lines used in Chapter 6. The 
length of the regulated line is set to 15 km and the length of the line in parallel to 
this is set to 25 km.  Cable data are found in Table622.  

 
 

 

 Table 6,Cable data of aluminum cable 

In Chapter 6 reactive power flows proved to be a problem. In this chapter, 
instead of regulating the voltage difference over the regulator, the reactive power 
in the lines is minimized as well as the size of the machine. It is desirable to 
minimize reactive power at source and load but also minimize the reactive power 
flow circulating in the grid. The power source in the model is purely active. The 
reactive load and the reactive power flow at the end of the two parallel lines are 
compared for different regulators. From now on they are denoted 2Q , rQ2 , pQ2  
and rQ1  = - pQ1 . By using Ace, Python and an analytical model the impact of the 
different parameters on the active end reactive power are investigated.  

The reactive power flow is, as mentioned in Chapter 6, connected to differences 
in voltage amplitude at different points of the grid. As previously the reactive 
power flow in the parallel line is connected to the difference of 1U  and 2U , 
while the reactive power flow in the line in series with the regulator also depends 
directly on the size difference between 2U  and rU . The most important thing 
concerning reactive power flow is not to keep it as low as possible but to keep its 
variation as small as possible. If it alternates around a value different from zero, 
reactive power compensation can be carried out for instance by adding reactors 
or capacitors.   

The same regulator model is used for case 2 as for case 1. The requirements 
concerning maximum magnetic flux density and current density are the same as 
for case l. The maximum flux density may in an actual regulator not exceed 0.8 
T in the gadolinium gap or 1.5 T in the iron core, small areas of higher flux 
densities are accepted. The magnetic flux density at specific areas can be 
reduced if the regulator model is refined. The requirement for the model is 
therefore that the mean maximum magnetic flux in the geometry multiplied by 
1.1 shall not exceed 0.8 T. The current density may not exceed 1 A/m 2m in the 
primary or secondary winding.  

area Max U Max I Max P C L R Length 

300 
2mm  

45 kV 400 A 31 
MW 

0.21 
µF/km 

0.38 
mH/km

0.1 
Ω/km 

25/15 km 
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Cables are more sensitive to overloads than conventional transmission lines. The 
cables are not constructed to conduct more than 400 A. It is therefore of great 
importance the power transmitted does not exceed 30 MW in any of the cables. 
The requirement regarding active power transmission is therefore as stated in 
Table 7. It must be possible to control the power flow of the regulated line 
between at least a maximum value, P2rhigh, and a minimum value, P2rlow, 
connected to each generated power. The maximum and minimum values are 
chosen so that the power transmitted in the regulated line shall be controllable 
from nothing to the total amount of transmitted power, if this does not cause the 
power to exceed 30 MW in any of the two cables.  

 

Psource 0 MW 10 20 30 40 50 

P2rhigh  0 10 20 30 30 30 

P2rlow 0 0 0 0 10 20 
Table 7, Transmission requirements [MW] for case 2 

7.2 Results 

7.2.1 Active and reactive power flow 

The case 1 results demonstrate how the permeability and most dimension 
variables have very little impact on the active power flow. The parameters 
affecting the active power flow are the ratio between primary and secondary 
winding and the angle the regulator is rotated. This might also be the case for the 
reactive power flow.  

The induced voltage is the key to the control of both the active and the reactive 
power flow. Because the rotation φ of the regulator and the ratio ρ are the only 
parameters that, to any extent, influence the induced voltage, they should also be 
the only parameters to, to any extent, affect the reactive power flow.  

To confirm this result the reactive power flow for different parameters was 
examined. Figure A14 illustrates rQ2  calculated in Ace, Python and Matlab. 
Figure A15 illustrates rQ2  calculated using the analytical model from Chapter 5 
and Matlab. The reference regulator has dimensions ρ = 0.1, µ = 1, NA = 250, L 
= 2 and hg = 0.12. The different parameters are decreased or increased one at a 
time as labelled in the figures.  

To change other parameters than the ratio or the regulator shift only results in 
moving the reactive power curve up or down. The shift of the curve is due to the 
impedance of the machine itself, regardless of rotation. The basic shape remains 
the same. To decrease the ratio results in a decrease of the size of the induced 
voltage. Therefore the interval in which the reactive power flow varies decreases 
as well.  

The obvious difference between the reactive power of the regulator model in 
IndReg and the analytical regulator model is the behaviour when changing the 
gap size. The IndReg model involves losses not connected to the ideal analytical 
model. These losses decrease when decreasing the gap and the reactive power 
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therefore changes differently than compared to changing the gap size of the ideal 
analytical model. 

It is also interesting to see the reactive power curves are more alike when the 
permeability is increased. The losses of the IndReg model decreases with 
increasing permeability. This is as mentioned in Chapter 6 losses which should 
be reduced when actually constructing a regulator. The results following in 
Chapter 7 use the impact the permeability change has on the reactive power and 
the accuracy is therefore questionable. This is further discussed in section 7.3.    

The regulator is minimized on the basis of above listed requirements. The same 
parameters are varied for this case as for the regulators of case 1. The parameters 
not varied are set to the same values as for case 1: cw  = 0.2, ch  = 0.2, bw  = 
0.35, tw = 0.35 and th = 0.3225. 

Matlab programs are used when comparing the different regulators. For different 
values of generated power, the voltage, current, active and reactive power at 
different positions of the grid are calculated. The active power transmitted in the 
line connected to the regulator can be plotted as a function of the regulator shift. 
Other Matlab program plots the induced voltage and load voltage and 2Q , rQ2 , 

pQ2  and rQ1  as a function the regulator shift.  

In the figures plotted by the Matlab programs the active and reactive power 
transmitted in the grid is also put in relation to the induced power. The figures 
relating the active power to the induced voltage reveals what shifts are needed to 
achieve the necessary regulation. As mentioned in Chapter 6 there are two sets 
of shifts to choose between when regulating the active power according to 
requirements, rotation around π or rotation around 0. The figures connecting the 
reactive power to the induced voltage reveal which of these sets of shifts are the 
most favourable in aspect of reactive power. 

When connecting the regulator to the grid the power flow is affected regardless 
of the fact the regulator is rotated or not. Instead two other shifts exists which 
make the power flow as it would have without any regulator connected. This is 
due to impedance properties of the regulator. To make the active power flow 
evenly in the two connected cables a further different rotation angle is necessary. 
This can of course also be achieved by two different shifts. The angles of the 
shifts achieving these results differ between the different regulators. In this 
chapter the regulators are rotated around one of the angles distributing the power 
evenly in the two lines. For all regulators of case 2, shifts between 
approximately –π/3 and 2π/3 via ±π proves to be the most favourable ones in 
terms of minimizing the reactive power flow. When changing the permeability 
of the gadolinium the reactive power change differs for different rotation angles. 
If the regulators are shifted between -π/3 and 2π/3 the advantages achieved by 
changing the permeability can be further utilized.  

For this application the ferromagnetic property of gadolinium is used. By 
minimizing the permeability for small shifts, and with that the value of the 
induced voltage, the reactive power can be kept fairly low even at the angles 
where the induced power is added in phase with source power. By keeping 
permeability and the value of the induced voltage as high as possible when big 
shifts are desirable, it is still possible to regulate the active power according to 
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requirements. For these angles the reactive power flow is fairly low compared to 
that of the small angles mentioned above, and not very dependent of the size of 
the added induced voltage.  

The reactive power flow linked to the regulators might be further decreased if 
the angles creating the largest reactive power flow are angles not needed to 
achieve active power control according to requirements, but those regulating the 
active power beyond stated requirements. An example might be a shift which 
regulates 50 MW to flow with 40 respectively 10 MW in the two lines.  

7.2.2 Optimization 

The smaller voltage over the primary winding and the smaller induced voltage 
imply the regulator in this chapter can be decreased compared to the regulator of 
Chapter 6. The initial scale parameter is therefore halved, 1.5 m, while the height 
of the gap is kept in the same order of size as before namely 0.1 m. NA is set to 
300, slightly smaller than for the regulator of case 1. The ratio is set to 0.1. 

Regulator ρ µ AN  L gh  

10 0.1 1 300 1.5 0.1 

11 0.1 1 250 1.3 0.08 

12 0.07 1 250 1.3 0.08 

13 0.06 1,5 250 1.3 0.1 

14 0.04 1,5 250 1.3 0.12 

15 0.05 1,5 250 1.2 0.12 
Table 8, Compiled dimensions of regulator 10, 11, 12, 13, 14 and 15 

Regulator model number 10 creates too much reactive power to be interesting. 
NA = 300 is probably not a realistic number of turns of winding. It is changed to 
250  see Figure A16 

Regulator model 11 also creates too much reactive power to be interesting. The 
ratio must be decreased to achieve better reactive power properties see Figure 
A17  

Regulator 12 does also create to much reactive power; the ratio is therefore 
further decreased. For all three regulators the reactive power in the regulated line 
reaches values close to the mean value when the transmitted active power in the 
regulated line reaches min and max values. This is in agreement with 
transmission theory and represents the situation when the induced voltage is 
perpendicular to rU . The magnetic flux density in the regulator air gap exceeds 
the requirement and the gap height is therefore increased see Figure A18 

The smaller ratio of regulator model 13 helps to reduce the reactive power for 
shifts between –π/3 and 2π/3. By using different values of permeability it is still 
possible to regulate the active power according to requirements see Figure A19 
shows the active power flow in the regulated line when the 30 MW is generated. 
It is necessary to increase the permeability for shifts round –π/3 and 2π/3 to 
regulate the active power flow according to requirements.  
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Figure A20 and A21 shows the reactive power flow is for these shifts. The most 
advantageous permeability, in aspect of reactive power flow, when rotating the 
regulator is 1 for shifts approximately –π/2 to 5π/6 radians and permeability 5 for 
shifts outside this interval. The maximum magnetic flux density is still high and 
the gap height is therefore further increased.  

The ratio of regulator 14 is small and the regulator can not regulate the power in 
the line in series with the regulator according to requirements. Figure A22 shows 
the active power flow when the amount of generated power is 30 MW. To 
increase the regulators ability to control active power the ratio needs to be 
changed back to a slightly higher value. 

The ratio of regulator 15 was not increased enough to regulate the active power 
according to requirements.  

These results imply a ratio of about 0.06 is needed to regulate the active power 
according to the requirements. When using scale parameter L = 1.2 and gap 
height hg = 0.12 m the maximum magnetic flux density and current density have 
proved to fulfil the requirements.  

 

Regulator ρ µ AN  L gh  

16 0.06 1,5 250 1.2 0.12 

Table 9, Compiled dimensions of regulator 16 

Regulator 16 fulfils the requirements concerning active power transmission 
maximum magnetic flux density and current density see Figure A23. The 
reactive power when generating 30 MW is varying according to Figure A24 and 
A25. If low permeability, µ = 1, is used for shifts in interval –π/2 to 5π/6 and 
high permeability, µ = 5, is used for shifts outside this interval the reactive 
power flow can be limited as follows, all values approximate. 2Q  varies between 
-2 and  -15 MVAr depending on what permeability is used. rQ2  varies between -5 
and 5 MVAr. pQ2  varies between -3 and -13 MVAr. rQ1  varies between 3 and 15 
MVAr. 

For this regulator 56 tonnes of Iron, 12 tonnes of Copper and 5.5 tonnes of 
gadolinium is required. The total weight is 73 tonnes and the total cost of the 
material is 1.7 Mkr. The maximum magnetic flux density in the gap is high, 
small areas of 1.2 T, at certain angles when increasing the permeability to 5. If 
changing the permeability is really an alternative this has to be taken into 
consideration and the gap height or scale parameter might have to be increased. 

The result is based on the impact of the permeability change on the power. To 
state if this impact is a consequence of the model used and therefore is reduced 
with a more refined model, the active and reactive power flow of regulator 16 is 
also modelled and calculated analytically, Figures A26, A27, A28 shows active 
and reactive power for permeability 1 and 5.  

The active power flow in the regulated line does hardly depend on the 
permeability at all when using the ideal model. The permeability impact on the 
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active power of the IndReg model can therefore be related to faults of the 
theoretical model.  

The reactive power flow rQ2 is changed when the permeability of the ideal 
model is changed. Because this change is equal for all regulator shifts 
independent of rotation angle, this must be due to the impedance of the regulator, 
i.e. reactive consumption, not connected to the regulator shift.  

7.3 Discussion 

73 tonnes is as small as the regulator becomes when using the simplified models 
of this thesis work. The gap height is set to 0.12 m. As for the regulators of 
Chapter 6, a gap height as big as 0.15 m might cause flux leakage to extensive to 
ignore. A ratio between primary and secondary winding higher than 0.06 creates 
higher reactive power flow, without improving any other properties. The active 
power regulation already fulfils the stated requirements. With a large enough 
increase of the ratio it might be possible to regulate the active power by only 
using permeability one. The magnetic flux density would then be significantly 
decreased and the dimensions of the regulator possible to decrease. If using the 
analytical model, and not calculate for the flux losses the induced voltage for µ = 
1 is of the same size as for µ = 5.  The use of gadolinium for this regulation 
application in reality therefore only results in a change of reactive power flow 
for all regulator shifts as explained in previously chapter. For this regulation 
application the use of gadolinium is questionable.  

Nothing is gained from decreasing the number of turns of the primary winding. 
It is not realistic to increase NA and the current density is at its limits. The scale 
parameter L can not be decreased below 1.2. Smaller L would cause the 
magnetic flux density in gadolinium and Iron to exceed the stated limit. Also, if 
the coil dimension where not increased, decreasing L would cause the secondary 
current density, which now reaches 0.9 A/mm2 when fully loaded and the 
primary current density, now reaching 1.0 Am/m2 when unloaded, to exceed the 
limits stated in the requirements. Increasing L means creating a heavier and more 
expensive regulator which is the opposite of what is desired.  

The requirements regarding active power, Table 7 Chapter 7.1, are strict 
comparing to the requirements of case 1. An alternative could be only to control 
the power flow not to exceed 30 MW in any of the cables. 

The minimized induction regulator used for the 45 kV scenario has a weight of 
approximately 75 tonnes. To put this into relation to anything it can be compared 
to a phase shifting transformer. That transformer is used for 138 kV, three times 
the voltage of regulator 16. It has a weight of approximately 150 tonnes, only 
twice the size of regulator 16. But as for scenario 1 there are benefits connected 
to the induction regulator. Foremost, the regulation is continuously whereas for 
the phase shifting transformer it is in steps. The potential of tap changers of a 
phase shifting transformer has to constantly be held high, this is not necessary 
for the induction regulator. For the induction regulator it is not either necessary 
to switch of current when changing the added voltage. The comparison lacks 
relevance in terms of controllability of the active power flow. 
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8 Conclusions 
The case 1 regulators described in chapter six were not possible to simulate to be 
competitive to other existing transformers. The difference is, after the 
optimization work explained in this report, 50 % heavier. A more thorough 
design needs to bee created to increase the size of the induction regulator further. 
Still, other benefits of the induction regulator exist in comparison to the phase 
shifting transformer. 

The case 2 regulators where modelled as connected to a grid of much smaller 
voltage and could therefore be simulated as much smaller and still fulfil the 
requirements. They could possibly be competitive to existing transformers also 
other benefits of the induction regulator exists when compared to the phase 
shifting transformer.  

The requirements regarding maximum flux density proved most difficult to 
fulfil. The size of the regulators where to a large extent decided by the maximum 
flux density in the gap and core. The maximum flux density in the gap increases 
considerable when increasing the permeability of the gadolinium placed in the 
gap. To be able to use the thermo magnetic properties of the material the 
regulators would therefore have to be increased in size. 

The influence of the permeability proves to be limited when comparing the 
impedance matrixes modelled in IndReg to the analytical model of an ideal 
regulator. Most benefits and disadvantages connected to the use of a thermo 
magnetic material such as gadolinium can, for the modelled regulators, be 
connected to flux losses. These losses can be considerable reduced when actually 
constructing a regulator or a more detailed model. 

Accordingly, the use of gadolinium gives small benefits. This can be seen in the 
analytical model where the permeability plays a minor role to the transmission 
matrix. The ratio between primary and secondary winding and the rotation angle 
of the secondary winding relatively the primary winding are the two things 
mainly controlling the induced voltage and therefore power flow.    
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9 Future Work 
This thesis work can be a starting point of the analysis of an induction regulator 
for power flow control in transmission systems. There are several areas which 
need to be further investigated.  

The first area concerns the regulator model. To evaluate the actual behaviour of 
the induction regulator the model should be refined. In a refined model the areas 
of high magnetic flux density and leakage flux can be reduced. The regulator can 
be designed to induce a more sinusoidal shaped voltage and the harmonics 
problem suppressed. 

All the dimension parameters stated in the induction regulator model should be 
examined to minimize the size of the regulator. In this thesis work only the 
influence of two of them, L and gh , have been carefully examined. 

The winding insulation should be examined to investigate possible winding 
properties solution. It is likely the current density of the windings can be 
increased and therefore the size of the regulator and need of Copper decreased. 

This thesis work treats one single connection between induction regulator and 
grid. Alternative solutions to the connection need to be examined further. The 
regulation, and therefore the size of the induction regulator, is highly influenced 
by the connection between regulator and grid. One alternative connection 
solutions not mentioned in this work has been somewhat examined, and it is not 
impossible that solution enables for the regulator to be decreased further. 
Alternative connections might also enable for the thermo magnetic material to be 
utilized better.  

Another idea is as previously mentioned to extend the use of gadolinium to avoid 
mechanical movement when shifting the regulator. Instead of mechanically 
moving the regulator, a matrix made of gadolinium conductors can be created 
and used. By using different temperatures and cool the segments, the flux flows 
through a certain path in the matrix. This is equivalent to an actual change of the 
position of the primary windings relative the secondary windings in an induction 
regulator.  
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11 Appendix A Matlab Figures 

 
Figure A1, SIL curve for load voltage 45 kV, 0P = 92 MW 

 
Figure A2, Active power flow of regulator 3 according to plotactive.m, 1U = 400 kV,   

1S = 800 MW 
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Figure A3, Active power flow of regulator 4 according to plotactive.m, 1U = 400 kV, 1S = 
800 MW 

 

Figure A4, Reactive power flow of regulator 3 according to reactivepower.m,  1U = 400 kV, 

1S = 0 MW 
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Figure A5, Induced voltage of regulator 3, calculated in IndReg (*) and by the analytical 
model (•), 1U = 400 kV, 1S = 800 MW 

 

 

Figure A6, Induced voltage of regulator 3, µ = 10, calculated in IndReg (*) and by analytical 
model (•), 1U = 400 kV, 1S = 800 MW 
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Figure A7, Active power flow of regulator 9 according to activepower.m, 1U = 400 kV, 

1S = 800 MW 

 

Figure A8, Reactive power flow of regulator 3 according to reactive.m, 1U = 400 kV, 1S = 
800 MW   
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Figure A9, Reactive power flow of regulator 4 according to reactive.m, 1U = 400 kV, 1S = 
800 MW   

 

Figure A10, Reactive power flow of regulator 8 as calculated in reactive.m, 1U = 400 
kV, 1S = 800 MW  
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Figure A11, Reactive power flow of regulator 9 as calculated in reactive.m, 1U = 400 
kV, 1S = 800 MW 

 
Figure A12, Load voltage of regulator 9 as calculated by reactive.m, 1U = 400 kV,       

1S = 800 MW 
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Figure A13,  2U and rU when shifting regulator 9, 0 to π/2 radians, 1U = 400 kV,        

1S = 800 MW 

 

 
Figure A14, rQ2  according to calculations in Ace, Python and the Matlab program 
reactiver2.m, 1U = 45 kV, 1S = 50 MW 
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Figure A15, rQ2  according to the analytical model and Matlab program 
analyticalreacr2.m, 1U = 45 kV,  1S = 50 MW 

 
Figure A16, Reactive power of regulator 10, 1U = 45 kV, 1S = 50 MW 
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Figure A17, Reactive power of regulator 11, 1U = 45 kV, 1S = 50 MW 

 

 

Figure A18, Reactive power of regulator 12, 1U = 45 kV, 1S = 50 MW 
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Figure A19, active power of regulator 13, 1U = 45 kV, 1S = 30 MW 

 

Figure A20, Reactive power of regulator 13, permeability 1, 1U = 45 kV, 1S = 30 MW 
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Figure A21, Reactive power of regulator 13, permeability 5, 1U = 45 kV, 1S = 30 MW 

 
Figure A22, Active power of regulator 14, 1U = 45 kV, 1S = 30 MW 
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Figure A23, Active power of regulator 16, 1U = 45 kV, 1S = 30 MW 

 
Figure A24, Reactive power of regulator16 permeability 1, 1U = 45 kV, 1S = 30 MW 
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Figure A25, Reactive power of regulator 16, permeability 5, 1U = 45 kV, 1S = 30 MW 

 
Figure A26, Active power of regulator 16 calculated analytical, 1U = 45 kV, 1S = 30 
MW 
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Figure A27, Reactive power of regulator 16 calculated analytical, permeability 1,        

1U = 45 kV, 1S = 30 MW 

 
Figure A28, Reactive power of regulator 16 calculated analytical, permeability 5,        

1U = 45 kV, 1S = 30 MW 
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