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Problem Description

Keeping voltages in acceptable limits is a challenge for every grid operator and utility, espe-
cially in weak rural distribution networks and on the end of feeders. In rural parts of the grid
farms are predominant. These show varying loads especially when starting motors which can
lead to problems with assuring voltage stability. The resulting fluctuations in voltage are
very undesirable for customers as they can lead to inconveniences as flickering lights or also
shorten the lifespan of appliances. The local utility TrenderEnergi is facing issues operating
rural distribution grids and is therefore looking for solutions to improve the performance of

the grid. These solutions are preferably easy to implement, durable and cost efficient.

The purpose of this thesis is to examine different solutions to the issues mentioned above.
In order to do this MATLAB® Simulink® Simscape® models will be developed and
data gathered for parameterizing these models. Simulations of critical scenarios will be run

to examine the impact of the solutions developed.
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Abstract

Voltage instability and low short circuit capacity are a main issue for utilities when oper-
ating weak, mostly rural, distribution grids. Especially voltage dips caused by start-ups of
induction motors, which are frequently found in rural grids, are problematic. This thesis is
investigating several solutions to improve voltage stability and the short circuit capacity of

distribution networks like these.

In order to do so electric machines are added to the grid and their impact is analysed.
First a realistic grid is modelled using actual data provided by a utility and two induction
machine models are implemented. In addition to the induction machine an electrically ex-
cited synchronous machine, a PMSM and an additional flywheel linked to the machines are
examined as solutions as well. Typical parameters are chosen for all parts of the model.
Finally, a start-up of an induction machine and a short circuit simulation is conducted, and

the results are discussed.

The conclusion drawn is the induction machine including a flywheel solution showing the
best performance in an increased load scenario, as well as in a fault case. It provides voltage
support both at the transformer bus and at a local load for a limited time and especially
for the transient time frame. Only the big short circuit currents fed into the fault by the

induction machine including the flywheel pose a disadvantage regarding protection schemes.

All simulations and modelling is done in M ATLAB ® Simulink® Simscape®.
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Introduction

This chapter gives an outline of the topic, aims and the scope of this work. In addition, a

short state of the art is presented.

1.1 Background

Voltage stability is a particularly big issue in rural distribution networks. These grids tend
to be weak and have low short circuit capacities. Therefore, especially on the end of feeders,
voltage dips caused by load increases can become troublesome. In rural areas a considerable
number of customers are farms which use different appliances from usual households. Most
farmers conduct wood works and process the wood, if not even run a sawmill. For these
purposes induction machines are commonly used. These are started and turned off frequently
as turning off the machine is economical for breaks of more than 10 seconds. [1] So especially
in a non industrial context frequent voltage dips when motors are started are to be expected

making improvements desirable.

1.2 Scope of the work

In this thesis different solutions to improve voltage stability are simulated in a realistic low
voltage grid. These are two different induction machine models, an electrically excited syn-
chronous machine, a PMSM and an additional flywheel at the machines.

At first in chapter 2 this distribution grid is modelled in M AT LAB ® Simulink® Simscape®
using information of a local utility. For unspecified parts of the grid assumptions were made
that are in line with solutions most commonly used in low voltage distribution grids.

In chapter 3 two different models of induction machines were implemented. As the machines

differ in complexity both models are depicted with their sets of equations. In addition, a
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load torque model is presented.

Chapter 4 introduces the synchronous machines examined as possible solutions. The choice
of machines is briefly outlined as is their functionality and the models used, which are the
Simscape® built-in ones.

In chapter 5 the parameters for the models used are specified. Also, the implementation and
parameterization of an additional flywheel linked to the machines is presented. Moreover,
the induction machine model is validated using the built-in model and the compensation is
tuned. The simulations conducted are illustrated as well.

Chapter 6 presents the results of the motor start-up and short circuit simulations made and
interpreted in detail. In chapter 7 finally these results are discussed, compared and a recom-
mendation on a solution is given. Furthermore, measurements of a field test are presented

and compared to the simulation results. Lastly and outlook on possible further work is given.

1.3 State of the art

In several publications the need and solutions for voltage control have been explained, pro-
posed and tested. As described in [2], voltage stability is the ability of a power system to
maintain acceptable voltages under normal conditions and when facing disturbances. Volt-
age instability can occur when not enough reactive power can be supplied. Moreover, little
research has been done in regard to distribution systems in comparison to transmission sys-
tems.

Following [3], modelling the characteristics, also the dynamic ones, of the induction machine
load is important to transient stability. Here this is done with respect to a power system
with a large amount of photo voltaic energy generation. It is pointed out that the slip of the
induction machine alters during faults, which stands in close relation to the voltage.

[4] suggests a flywheel induction motor as a low-technology solution for a voltage sag compen-
sator. No converters are used in order to keep cost low and avoid harmonics. This solution
is found to be simple and highly reliable. It is not being tested on a true-to-life grid though.
In [5] a flywheel energy storage system with a permanent magnet synchronous machine is
considered. Here a flywheel is accelerated and stores energy from the network, which it then
feeds back to the grid through the PMSM. This was done in connection with a variable speed
wind generator, but once again not in connection with a realistic grid. This is stated to be
generally considered sufficient to improve the electric power quality.

Finally, [6] points to an improvement of power quality due to the inclusion of a synchronous

machine. An enhanced performance during dynamic analysis is obtained, influencing the
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reliability and voltage profile if a distribution system favourably. Unlike the system anal-
ysed here, the grid is a medium voltage distribution network. Optimal placement of the
synchronous machine is also found to have a significant impact on the potential improvement
provided by the solution.

Concerning faults [7] looks at the problem of protection blinding in a very weak network
environment. This phenomenon occurs when a fault is fed current in parallel by the substa-
tion and a distributed generation, which are four synchronous machines in the example case
presented. Its pointed out that blinding is always observed to some extent, mostly depending

on the fault location and the machine location.



Grid Model

In this chapter a model of a low voltage distribution grid is developed. The focus is put on
depicting a grid as close to reality as possible. Data of a local utility was used to fulfil this

requirement.

2.1 System Topology

The grid modelled is depicted by figure 2.1 and is an actual low voltage distribution network
in a rural area of Norway. The local utility TronderEnergi provided the grid setup [8], which
was anonymised, and power flow data for this purpose.

The grid consists of a distribution transformer, 26 buses and 9 loads on 3 feeders. Most of
the data for the transformer, the loads and lines was provided by the utility. For not known
specifications examples and as near-to-life values were found through literature research.

Using all this information fitting models for the parts of the grid were found.
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External
Grid
1 B
B1t
| BAT | BBt . BCf1
BC2
BAZ2 BB2 .
BC3
BA3a | BA3b BB2b BB3a —
V V V BC4
LA3a LA3Db LAZb
BA3c BB4 BCba BC5b
BA4a BA4b BB5a BB5b BC6a BC6b
\/  |BAS5 TR VvV
LA4a LB5a LB5b LC6a LC6b
BAG6
N/
LAda

Figure 2.1: Grid Topology
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2.2 Line Model

The line model used is the MATLAB® Simulink® Simscape® built in transmission line
block. [9]. The model is a lumped-parameter pi-line model.

Figure 2.2 shows the model in symmetrical components:

—AAAN— A zero Sequence
R+ 2R L+2M
—— g2 m Cgl2 ——
—AW— IYVVA positive Sequence
R -Rm L-M
::(Cg +3CI)/2 (Cg +3CIH2 ——
VY negative Sequence
] R-Rm L-M N
| (Cg+3cl)2 (Cg+3Ch2 |
Ground

Figure 2.2: Transmission Line Model

The parameters used are:

R Line resistance

R,, Mutual resistance

L Line inductance

C, Line-ground capacitance

C;  Line-line capacitance

2.3 Load Model

The load model is the built in MATLAB® Simulink® Simscape® Wye-Connected load
block. [9].

The load consists of a resistor and a inductor connected in series. The parameters are
specified by rated power, which is obtained from the power flow calculation provided by the
utility. This is done through dividing the actual power consumed by the per unit voltage at
the busbar. All reactive powers were assumed to be inductive reactive powers, as these are

dominant in domestic appliances. [10]
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2.4 Transformer Model

The transformer model is the built in MATLAB® Simulink® Simscape® Wye-Deltall
Transformer block. [9]. The Delta vector group is connected to the high voltage side, whereas
the Wye group has a grounded neutral and is connected to the low voltage side. This trans-
former vector group and set up was chosen since it is well suited for distribution transformers,
for it allows to put the full load on the neutral point. [11]

The parameters for distribution transformer of the rural grid were gained from the data

provided by TrgnderEnergi and specifications from [12]:

S Rated apparent power 100 kVA
R,1 Primary leakage resistance 0.0088 p.u.
X,1 Primary leakage reactance 0.021 p.u.
R,2 Secondary leakage resistance 0.0088 p.u.
X,1 Secondary leakage reactance  0.021  p.u.
R,  Shunt magnetizing resistance 500 p-u.

X Shunt magnetizing reactance 500 p-u.

2.5 Reactive Power Compensation

As an electric machine without load also consumes power due to losses and therefore causes
a decreased voltage, a reactive power compensation will be added in the grid. The model
approach follows the machine connection to the bus-bar in [13]. A line impedance and
resistance at the connection to the bus-bar is assumed, as well as a capacitor bank on the
line for reactive power compensation. Reactive power is needed by the induction machine for
magnetization. A model of the reactive power compensation is shown in 2.3:
This model is described by the following set of equations:
. dis
Ve = Uq — 1272 + Elg
dve _ . 1 (2.1)

a -~ cc,

i2:ia+ic
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Figure 2.3: Reactive Power Compensation



Induction Machine Model

This chapter will introduce the induction machine models used. The models differ in their
degree of accuracy, and therefore their behaviour. Especially transient behaviour is going to

be of special interest.

3.1 Park-transformation

As in [13] the models used here are based on the Park-transformation. Hereby all armature

variables are being transformed to a rotating reference frame which consists of a direct and

a quadrature axis that is defined as in [14]:

f!;do = KSf(,zbc (3,1)
where
5 cos(0) cos(0 — &) cos(0+ %)
Ky = 3 sin(6) sin(0 —2) sin(0 + %) (3.2)
1 1 1
2 2 2
and 0
Y= (3.3)

from which the relation between the angular velocity, w, and the angular displacement, 6,

can be derived as:

0= / wit (3.4)

Figure 3.1 depicts the trigonometrical relations between the transformed variables [14]:



Chapter 3. Induction Machine Model

fas

\, 0

N
A\

Figure 3.1: dg-reference frame

The Park-Transformation is used both on the armature voltages and currents of the in-

duction machine.

3.2 Base Model

The first model approach is following the induction machine model in [15]. Here the machine
is assumed to be cylindrical with short circuited rotor windings. The following equations

describe the Base Model in the dg-reference frame:

10
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. do,
Vad = Tslad — wsq)aq + Td
dd
aqg — T's .a s(I)a 2
Vag = Tslag T WsPyq + I
. dq)aO
Va0 = Tslap + 7
d®d,
0=rpipq+ dtq + (ws — wy)Pry
. dq)rd
0="rpipqg + dt - (ws - wa)qDTq

Doy = lstag + lntrg
Poa = lstad + lnira

oo = lstao
Bry = Liviag + livg

(I)'rd - lmiad + lrird

The torque is characterized by:

Ta - q)rqird - (I)rdirq
and the angular rotor speed by the acceleration equation:
dw, 1

T E(Ta —T,)

The variables used express the following properties:

11
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Uads Vag, Va0~ Stator voltage components [p.u]
tads tag, a0 Stator current components [p.u]
Wi synchronous frequency [p.u]
W, rotational speed of induction machine rotor [p.u]
Dod, Pog, Pao Stator flux linkage components [p.u]
.4, Rotor flux linkage components [p.u]
Tsy Ty Stator and rotor resistance [p.u]
ls, 1, Stator and rotor self inductances [p.u]
L, Mutual inductance [p.u]
T, Air gap torque [p.u]
H Inertia constant [s]

3.3 Model for representation in stability studies

As describes in [15] the stator flux derivatives are being neglecting in the stator voltage com-
ponent equations for representation in power system stability studies. By neglecting these
terms, the dc component in the stator transient currents are ignored. This is done to ensure
compatibility with other system components as the transmission network. Based on this

another reduced model approach is implemented by:

Vad = Rsiad - wsq)aq
Vag = Rslaq + wsq)ad

Uqo = Rszao

. D,

0= 7pipg + dtq + (ws — wy)Pry
. dd,

0=r,i,q+ dtd _<ws_wa)q)rq

Duy = lstag + lintrg
Pud = lstad + lmira

Qoo = lstao
By = Lviag + Lyivg

¢4 = lmiad + lrirg

12
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As above the torque and angular rotor speed are defined as:

Ty = Bryivg — Praivg (3.9)
dw, 1

= —(T, - 1T, 1
dt 2H( a m) (3 O)

using the same variables as listed in the first model.

3.4 Load Torque Model

The load torque varies with speed. A common model, which is also used in this case, for the

load torque is

T, = To(Aw? + Bw, + O) (3.11)

with A + B + C = 1. Since these parameters depend on the driven mechanical loads A is
generally set to 1, whereas B and C are set to 0. This leaves us with a load torque quadrat-
ically proportional to the angular rotor speed, which is often the case for small industrial

appliances such as saws. [10]

13



Synchronous Machine Model

This chapter will describe the choice of machine types for the synchronous machine. A brief

explanation of the function as well as an overview of the modelling approach used is given.

4.1 PMSM

As suggested in [17] a permanent magnet synchronous machine, called PMSM in the fol-
lowing, is the type of synchronous machine best fit for a flywheel application and therefor
chosen for this simulation. The machine is proposed for applications in road vehicles for its

efficiency, costs and material limitations.

The PMSM uses permanent magnets instead of an electrical excitation to create the rotor

flux. [18] Figure 4.1 depicts the principle build-up of a PMSM with one pole pair:

14
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Quadrature q axis

Direct d axis

Figure 4.1: PMSM sketch

The model used is the built-in Simscape® model in MATLAB® Simulink®. 9] As
for the induction machine Park’s transformation is applied, yielding the following equations
describing the behaviour of the PMSM:

»
va = Ryig + Ldig’ — Nwi,L,

d
i |
Vg = Rqu + Lq— + N’LU(Zde + (I)m)
dt . (4.1)
Vg = Rsio + Lod_to

3
T = SN (igliaLa + Pm) = idiqLy)

where:

15
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U4, Vg, Vo Stator d, q and zero-sequence voltage components

4, ig, lo Stator d, q and zero-sequence current components
P, Permanent magnet flux linkage
R, Equivalent resistance of each stator winding

Ly, L,, Ly Stator d-axis, q-axis and zero-sequence inductance

w Rotor mechanical rotational speed
N Number of rotor permanent magnet pole pairs
T Rotor torque

The motor is parameterized using the back EMF constant, which is defined as the peak

voltage induced by the permanent magnet in each of the phases:

ke = N, (4.2)

4.2 Electrically excited SM

As the ’standard’ synchronous machine is an electrically excited synchronous machine, a
machine of this type was used in the simulation as well. This machine serves as a kind of
reference to the other stability improvements.

As for the PMSM the built-in Simscape® model in MATLAB® Simulink® is used. The
model used is the 'Synchronous Machine Round Rotor (standard)’ model. [9] Here 'standard’

refers to the parameterization.

The electrically excited synchronous machine is widely used to generate electrical energy.
Its stator is built up similar to the induction motors. The rotor in this model is a round and
not salient, which is typical for machines with a small number of pole pairs.

The machine is excited by a DC current that can either run through an external exciter
generator or through the rotor field windings, which is the case here, to induce the magnetic
field. [19]

Also, here the Park’s transformation is used to define the machine equations in per-unit:

16
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1 ddy

€q = ——@wT—Raid
Whase dt 7
1 do,
ey = — — ®yw, — Ryt 4.3
I Whase dt ¢ I ( )
1 ddg .
ey = — — R,i
0 Whase dt 0
for the stator voltages, with:
€d, €q; €0 d, q and zero-sequence voltages
Oy, &y, Do d, q and zero-sequence flux linkages
R, stator resistance
Whase per-unit base electrical speed
W, per-unit rotor rotational speed
id, g, 10 d, q and zero-sequence stator currents
Further the rotor voltages are defined by:
1 do fd
erg = Rdi
7 Whase dt * 7o
1 do .
€1d = 1d + Rldzld =0
Whase dt
(4.4)
L 9 i, =0
e — VA =
1q Wrase dt 1914
1 d®y,
€og = + Roqiy, =0
2q Whase dt 24114

using the parameters:

€rd

€1d, €1q, €2¢

cI)fd 3 CI)lda (I)lqaq)2q
Rfd 5 Rlda quyRQq

trd 5 1dy 11g502¢

field voltage

d1, ql and q2 damper winding voltages

magnetic fluxes linking the field circuit, d1, q1 and 2 damper windings
resistances of rotor field circuit, d1, q1 and 2 damper windings

currents flowing in the field circuit, d1, q1 and q2 damper windings

17
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The equations show that the model used is one with one damper winding on the d-axis

and two damper windings on the g-axis.

The stator flux linkage equations are defined by:

Q4 = —(Lag + Li)ia + Ladisa + Ladiia

Dy = —(Lag + L1)iq + Lagt1q + Lagizg (4.5)
CI)O = —Loio
with
L stator leakage inductance

Laq, Log d- and g-axis mutual inductances of the stator

The rotor flux linkages equations are:

Drg= Liraisa + Liatia — Ladla
Dg = Lfldif'd + Llldi'ld — Ladi-d (4.6)
q)lq = Lllqzlq + LanQq - LaqZ

(I)Qq - Laqilq + LQquQq - Laqi

where Lyrq, L114, L114 and Loy, are the self inductances of the rotor field and d- and g-axis
damper windings. Ly4 is the rotor field and d-axis damper winding mutual inductance. The
inductances are defined by time constants.

Finally, the rotor torque is defined as:

T, = Bgi, — Dyig (4.7)

18



Method

This chapter will introduce the specifications of the grid, machines and measurements used

mn the simulation and describe the simulated cases.

5.1 Grid Model

The data for the rural distribution grid was provided by TrgnderEnergi. The cable data was
retrieved from [20]. The external grid, to which the distribution transformer is connected, is
modelled as a 50Hz voltage source without any source impedance. This means the external
grid is regarded as a stiff network. The voltage source is set to a rated voltage of 21.019kV,
which is the value provided by the utilities data.

To validate the power flow data provided by TrgnderEnergi a power flow in M AT LAB®
was conducted using matpower [21]. This power flow calculation yields the same voltage
levels for the buses and total power consumption of the entire grid as listed in the utilities
data and therefore serves as a cross check between the power flow data and the implemented
grid model.

The MATLAB® Simulink® Simscape® model of the grid is found at the end of this
chapter in Figure 5.5.

5.2 Induction Machine

The induction machine parameters used are obtained from the machine modelled in [13]:

19
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Parameter SI units Per Unit

Stator resistance Ts 0.018 © 0.019
Rotor resistance Ty 0.019 Q 0.020
Stator inductance ls 8.49 mH 2.774
Rotor inductance l, 8.58 mH 2.804
Mutual inductance . 8.17 mH 2.669
Number of poles Nopoles 6 -

Induction machine inertia .J 1.40 kgm? 0.28 s

Table 5.1: Induction machine parameters

These machine specifications were used for the motor being started up as well as for the
support machine application. The

The modelling itself was conducted using M ATLAB® Simulink® Simscape® and
guided by a machine modelling approach in [22].

These specifications were compared to the "Asynchronous Machine Squirrel Cage (funda-
mental)’ M ATLAB® Simulink® Simscape® built-in model for verification. The case
examined is a start-up of the motors on an ideal voltage source at 230V and a load torque of
1751 Nm. Figures 5.1 and 5.2 show the speed and torque curves and the active and reactive

power consumption of both motors during the start-up and in the steady state after that.

Value p.u.

— — — - Speed base model
------------- Speed built-in model
Torque base model
+++ Torque built-in model

| | | |
0 0.5 1 15 2 25 3
Time s

Figure 5.1: Speed and Torque

20
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x10°

P base model
P built-in model
Q base model
Q built-in model

1 1.5 2 25 3
Time s

Figure 5.2: Active- and reactive power

Both models have the same start-up time and torque curve, however both active and
reactive power consumed by the built-in model are lower than what the base model consumes.
This is assumed to be because of the parametrization of the built-in models rated power,
which alters the power consumed significantly, but also the start-up time. The base model
is only defined by its resistances and reactances so it remains not completely clear where
the differences in the models are. Nevertheless, the two models show the same qualitative
behaviour and therefore the higher power consumption is looked at as being a conservative

model approach and the base model as a valid induction machine model in general.

5.3 PMSM

The parameters for such a machine are gained from [5]:

Stator resistance R, = 0944 Q
Direct-axis inductance L; = 1444 mH
Quadrature-axis inductance L, = 25.06 mH
Back-EMF coefficient k. = 078 Vrad™1
Number of poles 2p = 6

Table 5.2: Permanent magnet synchronous machine parameters

In addition the Stator zero-sequence inductance, Ly, was assumed as 1mH following [23].

21
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5.4 Electrically excited SM

The parameters for the electrically excited synchronous machine were obtained from [13],
[24] as well as from [25] for a 75kVA machine.

The field circuit voltage of 42V is the voltage necessary to keep the terminal voltage at its
rated value at no load. This input also defines the parameters for the field circuit.
Due to lack of time for further implementations the field voltage is provided by the built in
ideal DC voltage source providing a voltage of 42V at all times. This can be assumed to be
realistic for this voltage could be provided by a backup battery which is always assumed to
be charged.

Table 5.3 shows the specifications and parameters used:

Rated apparent power S, = 55 kVA
Rated voltage V., = 400V
Rated electrical frequency fr = 50 Hz
Number of pole pairs P = 2

Field circuit voltage Ve = 42V
Stator resistance R, = 0.01 p.u.
Stator leakage reactance X, = 0.15pu.
d-axis synchronous reactance Xy = 1.80p.u.
g-axis synchronous reactance X, = 180pu.
Zero-sequence reactance Xo = 0.15 p.u.
d-axis transient reactance X, = 03pu.
g-axis transient reactance X (’1 = 0.65 p.u.
d-axis subtransient reactance X7 = 019 pu.
g-axis subtransient reactance X, = 019 pu.
d-axis transient open-circuit time constant T,y = 8s
d-axis subtransient open-circuit time constant 77, = 0.03 s
g-axis transient open-circuit time constant Téo = 1s
g-axis subtransient open-circuit time constant Tég = 0.07s

Table 5.3: Electrically excited synchronous machine parameters

5.5 Flywheel

As the induction machine is also implemented with a flywheel, the inertia parameter for this
was chosen to be J = 17.9kgm? as in [4]. This means the flywheel is simply modelled as an

extra inertia.

22
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The PMSM is simulated with the same inertia and the same flywheel inertia as the induction
machine for reasons of comparability. The electrically excited synchronous machine is just

implemented with an inertia of J = 1.4kgm?, but not with the extra inertia of the flywheel.

5.6 Compensation tuning

The capacitance of the compensation was chosen as to restore the voltage at the transformer
bus to the level without any flywheel. In Figure 5.3a four cases of a motor start-up are de-
picted. In the first case without any flywheel hooked to the grid, secondly with the induction
machine as a flywheel, thirdly the case with the permanent magnet synchronous machine

and finally with the electrically excited synchronous machine linked to the grid.

Following this the capacitance of the compensation was adjusted. By that the voltages at

the transformer were lifted to their initial levels:
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(a) Without compensation (b) Adjusted compensation

For the induction machine a capacitance of 660uF was found to be appropriate. For the
PMSM a capacitance of 495uF" was chosen. The compensations adds some minor oscillations
to the voltage in the when the PMSM is connected to the grid, This is most likely a resonance
phenomenon.

There is no compensation applied to the electrically excited synchronous machine.
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5.7 Measurements

All measurements are done by a custom Simscape® block.
The current and voltage measurements are conducted as RMS measurements using the in-

stantaneous value of phase A since the grid is assumed to be symmetrical:

1 T
V= T/ Ug

(5.1)
1 /7
I=4|= 2
\\' T / o
The power measurements are carried out instantaneously following [26]:
P =v,i, + vpip + vele
1 (5.2)

Q - _[(Ub - Uc)ia + (Uc - Ua)ib + (Ua - Ub)ic]

V3

where v, and 74, represent the phase properties of the voltage and current.

5.8 Simulations

All simulation are done in MATLAB® Simulink® Simscape® using a solver of the type
Backward Euler with a sample time of 107°s. This sample time was chosen due to the
occurrence of oscillations at higher sample times. Simscape® was chosen since it is more
fit to model physical systems in comparison to causal modelling, which is represented by
Simulink® on its own. [27]

Two cases are being simulated: a motor start-up and a short circuit. Both are simulated
under various conditions. Firstly, without any further measures to improve voltage stability
to have a general reference. Then both induction machine models (the full model and the
model neglecting stator flux derivatives), the PMSM and finally the Synchronous machine
are linked to the grid in order to study their impact on voltage stability and short circuit
currents. In addition to that different values of inertia are implemented to simulate the im-
pact of a flywheel added to a motor.

All the machines used for voltage stability improvement studies are connected to bus BB5b
and are running at their nominal rotational speed as the motor start-up or short circuit takes

place.

To simulate a motor start-up the induction motor model presented above is linked to bus
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BBb5a of the grid, so at the very end of the feeder. The motor is started with a load torque
of 1575.9 Nm.

The short circuit is simulated as a three-phase short circuit between the buses BB2 and
BB2b. For this the MATLAB® Simulink® Simscape® [9] built-in short circuit model is
used.

A resistance of 0.5 Q was chosen following an approximation in [28]. The resistance is
understood as a phase-to-ground resistance and therefore split up equally between the phase-
to-neutral resistances R,, I, and R. and the neutral-to-ground resistance R,. These are

connected in series as Figure 5.4 shows:

a

Ra Rb Rc

Rg

I—"WWNWT— VW~ &

Figure 5.4: 3 phase short circuit model

The short circuit is cleared after 100ms by opening a circuit breaker disconnecting the
feeder of the load LA2b at the bus BB2.
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Figure 5.5: Model of the Grid in M ATLAB® Simulink® Simscape®



Results

This chapter will present and analyse the results of both the motor start-up and short
circuit simulation cases with respect to the different additions made to the grid. These

include the different types of electrical machines and the flywheel.

6.1 Comparison of the Induction Machine Models

Firstly, the two implemented induction motor models are compared in the motor start-up and
the short circuit scenario. It is going to be of special interest what impact the less accurate

depiction of the transient behaviour that the neglect of the stator flux derivatives brings has.

6.1.1 Motor Start-up

Figure 6.1 shows the voltage at bus BB5a and therefor the voltage at a local load close to the
machine being started up. The induction machine base model for the supporting machine
bolsters the voltage at this local load better than the model neglecting stator flux derivatives
right after the motor start-up. The deepest voltage dip is avoided due to this.

In figure 6.2, showing the power at the supporting machine, the reason for this behaviour
becomes obvious: in the very first instant the reactive power provided by the base model
machine is bigger than what the reduced model machine provides. The energy stored in the
stator flux is contributing to the power set free by the base model machine allowing it to
provide more power.

After the first 50ms the two machines behave very similar and therefore their impact on the
voltage at the local load is the same as well: both add oscillation to the voltage lifting the
voltage up at first.
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Figure 6.2: Comparison of Power at the Supporting Machine Bus
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6.1.2 Short Circuit

In figure 6.3 the voltage at the transformer bus is shown. Both induction machine models
show very similar responses: they lift the voltage for the first half of the duration of the short
circuit. After this the voltage level falls below the level of the case without a supporting
machine connected. The full model of the induction machine provides a voltage curve that
is a little lower than the one of the reduced model.

Figure 6.4 once more shows why this is the case: both machine models provide less energy
as the short circuit goes on. At a certain point power consumption outweighs the power
provided. The supporting machine decelerates, making it impossible to feed power back into
the grid. The only notable difference between the two models is the instantaneous response
of the model neglecting the stator flux derivatives in comparison to a delayed response of the

full model. The stator flux derivatives make steps in values impossible.
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Figure 6.3: Comparison of Voltages at the Transformer Bus
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Figure 6.4: Comparison of currents at the Supporting Machine Bus

Figures 6.5 and 6.6 show the currents at the transformer bus and the supporting machine
bus. Both machine models show very similar behaviour again, keeping the current at the
transformer bus at a lower level at the first instant but then surpassing the short circuit
current level of the case without a supporting machine. The reason for this are the big short
circuit currents induction machines draw. Here the full model delivers a less conservative

result with higher peaks in short circuit currents, which makes faults easier to detect.
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Figure 6.5: Comparison of Currents at the Transformer Bus
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As prompted in [23] short circuit currents don’t abate quickly for big low voltage induction

motors. Ratios of short circuit current to no load current of > 5 are to be expected.

6.1.3 Conclusion

The Base Model provides a more accurate picture of the transient behaviour. This results
in discrepancies concerning the power output in the first instant and the initial voltage dip
during motor start-up. As far as the short circuit is concerned the behaviour of the system
is very similar for both machine models. The full model delivers slightly higher results for
the current.

Therefore, in order to be able to make more reliant predictions of the system behaviour only

the base model is used in further analysis.

6.2 Comparison of Flywheel size

As a next step the motor start-up and the short circuit cases were simulated with the induc-
tion machine base model with an enlarged inertia as a supporting machine. This was done

to simulate the impact of a flywheel attached to the machine.

6.2.1 Motor Start-up

The increased inertia implies a higher amount of energy contained in the rotating mass of the
supporting machine. As figure 6.7 depicts this leads to a longer lasting voltage support by
the machine with the attached flywheel. Due to the mass added by the flywheel the machine

decelerates slower which makes the improved behaviour possible.

32



Chapter 6. Results
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Figure 6.7: Comparison of Voltages at the Transformer Bus
Another effect of the increased inertia becomes clear in figure 6.8: both machines deflect

the initial deep voltage dip, but the machine including the flywheel adds less oscillations to
the voltage at the local load afterwards.
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Voltages at Bus BB5a
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Figure 6.8: Comparison of Voltages at Bus BB5a

Figure 6.9 draws a similar picture: the current at the supporting machine bus abates

almost without oscillations after the motor start-up has occurred.
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Figure 6.9: Comparison of Currents at the Supporting Machine Bus

Naturally the machine with the bigger inertia is less likely to oscillate and therefore less

vulnerable to backlashes of the rest of the grid. This could help adding more stability to the
grid.

6.2.2 Short Circuit

In the short circuit case the impact of the bigger inertia due to the flywheel become more
striking. As figure 6.10 shows the machine including the flywheel is able to support the
voltage at the transformer for a longer period of time than just the induction machine. The

voltage level is sustained above the level without any support for the entire duration of the

short circuit.
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Figure 6.10: Comparison of Voltages at the Transformer Bus
Figure 6.11 depicts a similar behaviour for the local load bus BB5a. Also, here the voltage

support is effective for a longer time and at a level which is above the one without any kind

of support:
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Figure 6.11: Comparison of Voltages at Bus BBba

Due to the bigger inertia a higher rotating energy is stored, and the machine decelerates

not as quickly. This improves the performance of the voltage support.

The increased inertia influences also the short circuit currents at the transformer bus. As
one can see in figure 6.12 the short circuit current at the transformer bus is lower in the case
of the supporting machine including the flywheel as in the case without the flywheel. Also,
the short circuit currents abate quicker for the lack of oscillations than without the flywheel.
The supporting machine with the flywheel keeps the current below the level without any
supporting machine for more than half the duration of the short circuit and over shoots
only marginally after that until the fault is cleared. This appears to be a case of blinding
as described in [7]. The induction machine and the transformer feed the fault in parallel,

decreasing the current from the transformer.
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Figure 6.12: Comparison of Currents at the Transformer Bus

This behaviour can be explained by looking at the current drawn by the supporting machine
in 6.13: the initial peak of short circuit current is the same for both the machine with and
without the flywheel. After that the current at the supporting machine including the flywheel

fades off quickly to a much lower level. Also, oscillations do not occur in the current curve.
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Figure 6.13: Comparison of Currents at the Supporting Machine Bus

At the local load the supporting machine with the flywheel achieves a more favourable
current curve. The current is kept above the level without support for the entire short
circuit, as can be seen in 6.14 In combination with the improved voltage behaviour this

means more power can be supplied to the local load during the short circuit as well.
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Figure 6.14: Comparison of Currents at Bus BB5a

6.2.3 Conclusion

The increased inertia introduced by the flywheel helps to support the voltage more lasting.
Especially during short circuit this solution is advantageous to boost the voltage. The short
circuit currents are damped at the transformer which can pose a problem for protection
concerning the traceability of faults. More current is provided to the local load during the
short circuit which can help to avoid sudden power outages.

Due to these outweighing advantages the supporting machine with the flywheel is used in

the following.
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6.3 Comparison of Induction Machine and Synchronous

Machines

In this last step the most favourable solution of the simulations above, the induction machine
base model with attached flywheel, is compared to two types of synchronous machines: a
PMSM and a electrically excited synchronous machine. The PMSM is a synchronous machine
used frequently for flywheel applications and therefor examined as a solution.The electrically
excited synchronous machine is widely used to provide electrical energy which is why this

machine are used as a reference.

6.3.1 Motor Start-up

At the motor start-up the three examined solutions differ in the improvement delivered.

At the transformer bus, as pointed out before, the induction machine solution supports the
voltage for a short while. Also, the electrically excited synchronous machine shows this
behaviour, but only to a smaller extent and for a short period of time. The voltage level
quickly drops beneath the level without any supporting machine. The PMSM does not
provide significant voltage support at all at the transformer bus. This can be seen in figure
6.15:
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Figure 6.15: Comparison of Voltages at the Transformer Bus

At the local load the induction machine with flywheel bolsters the initial deepest voltage
sag. Both the electrically excited synchronous machine and the PMSM do not provide this
sort of voltage support. Only a very small improvement towards the case without any sup-
porting machine is notable. The synchronous machine stabilizes the voltage at a level that
is closer than the initial one to the level without any support but pushes the voltage down
after the initial voltage sag. The synchronous machine only lifts the voltage above the level
without any support for a very short time. The PMSM introduces oscillations in the voltage.
Figure 6.16 illustrates this:
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Figure 6.16: Comparison of Voltages at Bus BBba

Figure 6.17 makes clear why this behaviour is observed: the induction machine provides
the most reactive power in the first instant, the electrically excited synchronous machine
less and the PMSM almost none. Also, the induction machine provides reactive power for
a longer period of time. Therefor the induction machine is able to support the voltage
better than the two other machines, and especially avoid the voltage dip at the begin of
the start-up. Nevertheless, the synchronous machine provides active power for a short time
100ms after the start-up. This lifts the voltage at the local load as seen above. The PMSM
shows oscillations in power before and after the start-up occurs, which is the cause for the

oscillations it introduces in the voltage at the local load.
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Figure 6.17: Comparison of Power at the Supporting Machine Bus

6.3.2 Short Circuit

In the short circuit case all machines deliver differently well as figure 6.18 shows: again as
showed above the induction machine keeps the voltage at the transformer bus above the
level without any supporting machine for the entire duration of the fault. The synchronous
machine shows similar behaviour, but not being able to keep the voltage at an as high level.
However, in the case of the synchronous machine the voltage at the transformer bus returns
to its initial level quicker. The PMSM again does not provide voltage support, only adding

minor fluctuations in the voltage.
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Figure 6.18: Comparison of Voltages at the Transformer Bus

This can once again be explained by looking at the power at the supporting machine
bus shown in 6.19: the induction machine gives off both active and reactive power. The
electrically excited synchronous machine also feeds power back to the grid but not in as big
quantities. Also, the power provided diminishes quicker for the synchronous machine. The
PMSM once again does not significantly provide power to the grid during the fault, which

explains its lack of effect.
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Figure 6.19: Comparison of Power at the Supporting Machine Bus

The short circuit current at the transformer bus in figure 6.20 shows a similar picture.
The induction machine as supporting machine keeps the current below the level without any
support for most of the fault duration. The electrically excited synchronous machine only
has this effect in the very first moments of the short circuit. Then the current surpasses
the value without any support. As indicated in [7] both the synchronous as the induction
machine cause blinding to a certain degree. For both the currents only slowly return to their
initial values after the fault is cleared.

This is different for the PMSM as it once again does not have great influence on the system

behaviour in general. Only slight oscillations are added by it.
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Figure 6.20: Comparison of currents at the Transformer Bus

Figure 6.21 shows how different the currents at the various machines are: the PMSM has
only a small peak in current as the short circuit occurs. The electrically excited synchronous
machine has a more significant peak in current, which then returns to its initial value quickly.
Only the induction machine maintains a high current for a longer period of time after the
initial peak. This enables the induction machine to provide short circuit current to feed into

the short circuit. Therefore, the current fed into the fault by the transformer is diminished
as discussed above.
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Figure 6.21: Comparison of Currents at the Supporting Machine Bus

6.3.3 Conclusion

The induction machine and the electrically excited synchronous machine both enhance the
voltage stability, which is especially the case for the short circuit case. The induction machine
appears to be superior to the synchronous machine in voltage support, but the electrically
excited synchronous machine shows better behaviour as far as short circuit currents at the
transformer are concerned.

The PMSM fails to add meaningful improvements to the grid stability and only seems to

introduce distortions to the voltage.
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In this chapter the measures implemented for stability improvement are compared and
conclusions are drawn about their effectiveness. In addition to that an outlook for further

possible work on this topic is given.

7.1 Discussion

As the results show the induction modelling approach neglecting stator flux derivatives, even
if widely used in power system analysis, only produces simulation results of questionable
accuracy concerning the transient behaviour of the system. This is especially problematic
for increased loads since voltage dips are not depicted correctly, but also for faults since the
full induction machine model delivers different predictions of the system response and short
circuit currents.

For this analysis another point of interest was how significant the impact of a flywheel at-
tached to the supporting machine is. The simulations point out that the flywheel adds
increased stability to the network and enables the supporting induction machine to boost the
voltage for longer. Important for the short circuit case is the decrease in short circuit current
at the transformer bus. Due to blinding the induction machine including the flywheel feeds
more current into the fault diminishing the fault current at the transformer. This can have
an impact on protection for too low currents may not be detected by protection relays [7]
and should be taken into consideration when implementing such a solution. The currents fed
into the grid by the machine can also lead to the machine being disconnected for no reason,
because relays do not recognize the direction of the current.

Finally, an electrically excited synchronous machine and a PMSM were used for the sup-
porting machine, each providing different grades of improvement. The electrically excited

synchronous machine provides some voltage support at the transformer during the motor
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start-up, even though it’s transient contribution at the local load is negligible. The short
circuit case draws a similar picture: the SM provides only some voltage support. Also, the
electrically excited synchronous machine feeds current into the fault, causing the same po-
tential issues as the induction machine, even if its impact is smaller in the case simulated.
On the other hand, the PMSM does not provide significant voltage support or adds a notable
blinding effect by feeding voltage into the fault.

To validate these results a real-life setup by TrgnderEnergi tested the impact of an induc-
tion machine on the grid. An 18kVA induction machine was linked to a local load bus in
a rural distribution grid in the region surrounding Trondheim. As a starting motor for the
test purposes a one-phase 1.5kVA wood chopper was used, for devices like this are the most
problematic as stated by the utility. Figure 7.1 shows the measurement with and without the
supporting induction machine. The test qualitatively confirms the quality of the induction
machine to provide voltage support in the first instant of the motor start: the initial voltage
dip is reduced by roughly 3V from about 216V to 219V. There is no capacity bank in this
setup which means the induction machine is implemented without any compensation. This

results in a lower steady state voltage at the local load.
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Figure 7.1: Results of measurements on a local load
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7.2 Conclusion

The results for the low voltage distribution grid analysed and simulated point to the induction
machine including a flywheel as the preferred mean of voltage control. This solution shows
the best performance in an increased load scenario, as the motor start-up, as well as in a
fault case, the 3-phase line to ground short circuit. It provides voltage support both at the
transformer bus and at the local load for a limited time and especially for the transient
time frame. In regard to these aspects the proposed solution shows preferable behaviour
in comparison to the electrically excited synchronous machine, the PMSM and just the
induction machine without a flywheel. Only the big short circuit currents fed into the fault
by the induction machine including the flywheel pose a disadvantage regarding protection
schemes. Protection schemes have to be in compliance with the impact of the currents for
such a solution to be implemented. In addition, the full induction machine model should be

used to simulate the supporting machine since it provides more conservative results.

7.3 Further work

There are several aspects in this thesis requiring further investigation.

Starting with the modelling aspect of the thesis, the cause of the discrepancy in power con-
sumption between the custom induction machine model and the Sz’mscape® built-in model
remains unclear but could be brought to light. In addition, the modelling of the PMSM
might be an interesting aspect to do further work on since it is not ruled out that the used
PMSM model is responsible for its little effect on the grid behaviour. In addition, a control
scheme could be developed for the PMSM.

Concerning the simulation, a sensitivity analysis on the placement of the supporting machine
in the grid could be resourceful. An analysis like this could be conducted both for the short
circuit and motor start-up case, also with respect to the the position of the fault or the in-
creased load in the network. Furthermore, different types of faults, including non-symmetric

ones, could be analysed.
Moreover, further supporting devices could be investigated. This could be especially inter-

esting for boosting the voltage during steady state. One possible solution here is the Magtech
Voltage Booster as investigated in [29]:
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Figure 7.2: Motor start-up with a Magtech Voltage Booster

Figure 7.2 shows how the Magtech Voltage Booster improves the steady state voltage
stability during the motor start-up. Nevertheless, it does not provide any support in the first
instant. This points to a combination of the voltage booster and a supporting machine to be

of interest for further investigation.
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