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Power Oscillations in Emulated Grid Model
Observing Inter-Area Oscillations in a
Power Hardware-in-the-Loop Setup
CHRISTIAN EKSTRAND
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Power oscillations may arise in the power system following ever-changing grid con-
ditions. The system impact in one grid area may differ from another because of
different factors such as grid strength, installed generation capacity, available sup-
plementary control and instantaneous flow of power. Demonstrating how these pa-
rameters influence a local power plant is made possible in this thesis work by utilizing
a power hardware-in-the-loop (PHIL) system to emulate a fictitious adjacent grid
area in a physical lab environment. After constructing the grid model in Simulink,
the PHIL system became real-time compatible with the physical synchronous ma-
chine (SM) located in the down-scaled power system lab at Chalmers. This enables
the possibility to apply disturbances in the emulated grid model to interfere with the
physical lab when interconnected, allowing the aforementioned grid characteristics
to be changeable in real-time. Slow oscillations following a disturbance from an ad-
jacent grid area, dynamically interacting with another is referred to as an inter-area
oscillation. These oscillations were observable from the physical SM’s perspective.
Then with the addition of a power system stabilizer (PSS), the damping contri-
bution added became distinguishable when the local mode power oscillations were
suppressed. Thus, the project’s objectives are achieved and the developed models
will be utilized for future educational demonstrations and training in PSS tuning.

Keywords: emulated grid model, power hardware-in-the-loop, inter-area oscillation,
power system stabilizer, simulink, synchronous machine.
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1
Introduction

1.1 Background

The conventional synchronous machine (SM) based generation powered by fossil fu-
els are being replaced by more environmental friendly renewable alternatives. This
shift in generation technology give rise to several stability related challenges [1�3].
As discussed in [4], there are multiple grid characteristics potentially missing in a
future power system, including faster frequency dynamics because of less rotating
system inertia available. Power oscillations could thus become more severe through-
out the system following a disturbance and the modes of oscillation could either be
local if a generation unit is oscillating at its natural frequency towards the power
system or directly against generation units in another grid area. The latter one is re-
ferred to as inter-area modes of oscillation and when evaluating small signal stability
and the system lacks adequate damping, the system could appear in a state beyond
its intended stability region where oscillations proceed inde�nitely [5]. One way
of counteracting such oscillations is to implement a power system stabilizer (PSS),
in addition to the automatic voltage regulator (AVR) connected to the excitation
system of a SM [6]. Hence, the voltage at the SM can be regulated to damp out
inter-area swings and alleviate power oscillations over certain frequencies [7,8].

Observing inter-area oscillations in a physical lab environment is made possible
using a digital power hardware-in-the-loop (PHIL) system [9], able to replicate a
fabricated power grid in real-time. This enables the interconnection between a phys-
ical power generation unit and a simulation based system constructed in Simulink,
compatible with the PHIL system [10]. Thus, emulating a physical point of com-
mon coupling (PCC) with varying grid characteristics, designed to initiate inter-area
swings. To obtain further knowledge within the �eld and facilitate future training
in PSS tuning, an emulated grid model is constructed inside the electrical power
system lab at Chalmers.

1.2 Aim

The aim of this Master thesis is to design a PHIL system to emulate a �ctitious grid
area with adjustable system characteristics in a Simulink based control environment.
The emulated �ctitious grid consists of a Thevenin grid model and a down-scaled
power plant model which is connected to a physical SM for studying inter-area power
oscillations. The laboratory setup will be used for future educational purposes.
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1. Introduction

1.3 Task

To successfully demonstrate inter-area oscillations between the physical lab setup
and the simulation based power system through a PHIL con�guration, a Simulink
model is designed accordingly. This is the most essential task, being the backbone
of the project when developing an emulated grid area compatible with the PHIL
system and lab environment in real-time. By exposing the two grid areas with fab-
ricated perturbations through the emulated model, enables power oscillations to be
observed. This is accomplished by constructing a manually operable reference volt-
age source, governing the set-point for grid forming characteristics, along with an
emulated SM model, dynamically initiating inter-area swings. Furthermore, a user
friendly interface is constructed to facilitate real-time operation through the PHILs
experimental software in the lab environment.

To achieve the right grid conditions for inter-area swings to arise within prede-
termined frequency spectrum, the two grid areas are reconstructed into a simulation
based environment. With the use of Simulink's available software tools, the inter-
connected power system is linearized to analyze the dynamic frequency response,
which is observed in bode diagrams. The grid parameters impacting the modes of
oscillations are examined and the mitigating action provided by installing a PSS is
noted. Lastly, these aforementioned tasks are reiterated and demonstrated in the
physical lab environment to evaluate the emulated grid models functionalities, along
with the inter-area interaction when implementing the PSS to the physical SM.

1.4 Scope

The scope of this study come with the following delimitations to facilitate the
methodology of achieving the projects objective:

ˆ The functionality of the PSS along with its oscillatory damping properties is
implemented for illustrative purposes only, using a simpli�ed model. Thus,
no additional analyses are performed to tune the PSS parameters to achieve
optimal damping e�ects. Similar approach is considered when implementing
the AVR to the emulated SM to obtain a realistic system response.

ˆ The emulated SM model used consists of a pre-built Simulink block, modelling
the electrical and mechanical dynamics instead of manually constructing it.
This makes it possible to vary grid parameters and to redirect power �ow
within the emulated grid model.

ˆ The bode diagrams and system responses presented is mainly focusing on the
the power ampli�cation response when analyzing the results. This is to delimit
the study and clearly illustrate how certain grid conditions and parameters
impact power oscillations.
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1. Introduction

1.5 Sustainability Aspects and Ethical Dilemmas

Some re�ections related to this thesis work regarding social, environmental and eth-
ical e�ects are discussed here. An interconnected power system should maintain
stability and thus supply reliability while continuously supplying customers, regard-
less of these aforementioned aspects. Still in some areas on this planet, this necessity
is not guaranteed. United Nations sustainable development goal number 7 of the
2030 agenda, set back in 2015, states [11]:

"Ensure access to a�ordable, reliable, sustainable and modern energy for all".

The IEA energy progress report [12], tracks the forgoing sustainable development
goal and forecasts an steady increase in the renewable energy base decentralized so-
lutions. The challenges are discussed especially in market structure and value chains
for the individual actors involved to achieve this goal while maintaining power sys-
tem stability. This approach sees to focus on less conventional SM based generation,
especially in densely populated areas. However, insu�cient mitigating damping con-
trol is available in interconnected grids with high renewable energy penetration. The
system is intentionally underdimensioned for achieving cost-e�ective solutions. How-
ever, this may result in similar phenomenons being brought up later in this project.
When power oscillations arise without mitigating action available, wear and tear or
disrupted power supply may be experienced in adjacent grid areas. The reduced
system damping will result in inter-area oscillations that may worsen the conditions
for neighboring grid operators, consequently slowing down development in case of
an interruption in power supply.

1.6 Outline

The outline of the thesis report is structured as follows:

Chapter 1:
Introducing the background description and objectives of the thesis work.

Chapter 2:
Introduction of fundamental theory, with special emphasis on power system stability.

Chapter 3:
Introducing the real-time interface architecture of the PHIL system, along with
practical implementation in Simulink.

Chapter 4:
Evaluating system study and grid characteristics impacting modes of oscillation
through simulations before physical lab results.

Chapter 5:
Presentation of physical lab test results.

Chapter 6:
Lastly, conclusions are drawn, including recommendations for future work.
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2
Power System Stability

This chapter introduces the fundamental aspects regarding stability in an ever-
changing dynamic interconnected power system. The generator rotor angle stability
refers to the maintainance and restoration of the equilibrium between electrical and
mechanical torque following a perturbation, without jeopardizing the operation as a
whole [13]. To get acquainted with the electromagnetical oscillations, the essential
characteristics of the SM will �rst be introduced, followed by the description of
common supplementary control techniques enhancing system stability.

2.1 Synchronous Machine Fundamentals

The conventional three-phase SM constitutes of two main magnetic parts, the cross
section illustrated down in Figure 2.1, showing the inner stator surface where the
armature winding for each current conducting phase is situated. Whereas the �eld
winding, carrying the dc current and producing a rotating magnetic �eld, inducing
each armature phase voltage is placed on the rotor. Each stationary armature phase
winding arrangement is displaced 120� uniformly apart to produce a magnetic �eld
in the air-gap that is rotating at synchronous speed [6]. The �eld winding magnetic
�ux is aligned with the rotors direct axis (d-axis), while the quadrature axis (q-axis)
is leading the d-axis by�= 2 electrical radians ahead, where the induced electromotive
force is referenced.

Figure 2.1: Overview of the winding arrangement and axis alignment in a
salient-pole SM.
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2. Power System Stability

Thus, the rotor angular velocity yields the instantaneous position of the rotor d-axis
with respect to the stationary reference frame. The number of �eld poles determines
the mechanical speed of the rotor and electrical angular frequency of the stator cur-
rents to produce electromagnetic torque. For salient-pole machines, like the one
illustrated in Figure 2.1 has a nonuniform varying air-gap �ux in d, and q-direction
since the distance to the inner surface of the stator di�ers over an electrical period.

Salient-pole SMs are regularly used for hydroelectric applications to operate at
lower rotational speeds since they cannot withstand such high centrifugal forces
as uniformly shaped round-rotor machines used for high speed turbines [14]. Con-
sequently, more �eld pole pairs results in a slower rotational synchronous electrical
speed of 50 Hz. This rotational speed
 n , given in rpm in relation to rated system
frequencyf is de�ned as,


 n =
120f
2np

(2.1)

where np is the number of magnetic pole pairs for each phase in the stator slots.
Hence, according to (2.1), a salient-pole machine with 3 pole pairs rotates with
synchronous speed of 1000 rpm at rated system frequency.

2.1.1 The Swing Equation Dynamics

To further focus on the SM dynamic relationship between electromechanical imbal-
ance and angular deviations, the swing equation is introduced. Starting o� with

J
d!
dt

= Tm � Te � K D � ! (2.2)

describing the angular rotational speed! in rad/s over a rotating mass with the
moment of inertia J in kg� m2. Tm and Te are the mechanical and electrical torque
respectively in Nm. Additionally, a damping coe�cient K D is considered, including
friction and losses and� ! being the speed deviation.

Furthermore, the inertia constant H describes the amount of seconds the SM can
supply nominal rated powerSn from the stored kinetic energy at rated speed! n in
rad/s. By solving for J

H =
1
2

J! 2
n

Sn
, J =

2H
! 2

n
Sn (2.3)

and substituting it back into (2.2) while considering the torque base being de�ned
as Tbase = Sn=wn then yields

2H
d!
dt

= Tm � Te � K D � ! (2.4)

expressed in p.u. for given system base. Given that, the rotor angular position is
de�ned as � = !t � ! n t, with respect to synchronously rotating reference, expressed
as its time derivative

6



2. Power System Stability

d�
dt

= ! � ! n = � ! (2.5)

is equivalent to the speed deviation for a small change. Furthermore, the angular
acceleration

d2�
dt2

=
d
dt

(� ! ) = ! n
d!
dt

(2.6)

is the second time derivative of (2.5). During a small perturbation, the speed devi-
ation is much lesser in comparison to the rated synchronous speed! n , thus being
practically equal to its nominal speed of 1 p.u. [6]. Since the torque in p.u. then is
equal to the power in p.u.,

d2�
dt2

=
1

2H
(Pm � Pe � K D

d�
dt

) (2.7)

then �nalized the expression of the swing equation above in (2.7). These sets of
parameters in the equation can be used to analyze small disturbances around a
equilibrium point of operation. The non-linearity of the electrical powerPe will be
further elaborated in the upcoming section.

2.2 Small Signal Stability

The electrical power transmitted between two nodes, as seen in Figure 2.2 with an
equivalent reactanceX eq = ( X 0

d + X g) is strongly coupled with the rotor angle [15].
By assuming a lossless condition, the air gap power is equal to the active power,

Pe =
E 0Vg

X eq
sin� (2.8)

where the internal voltageE 0 is represented behindX 0
d with the rotor angle � that

leads the in�nite grid Vg with grid reactanceX g.

Figure 2.2: SM connected to a strong in�nite grid.

The non-linearity of the swing equation back in (2.7) originates from trigonometric
part in (2.8), where the electrical power varies with respect to� . The output power
rises by further increasing the rotor angle up until its maximum value

Pe;max =
E 0Vg

X eq
(2.9)

occurring at 90� as illustrated below in Figure 2.3. There, the mechanical powerPm

is assumed to be constant and the two lines shown demonstrates how the electrical
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2. Power System Stability

power varies as a function of� if there is a disturbance in any of the parameters in
(2.9) following a temporary fault.

Figure 2.3: Power-angle curves with varying electrical output.

During a smaller disturbance or larger transient, there might be a drop inPe, caus-
ing an imbalance in (2.7). If the net mechanical torque acting on the SM's shaft
is greater than the electrical output, the machine will accelerate, and vice versa,
the machine starts deaccelerating if the mechanical torque is lesser. Consequently,
the imbalance acting on the rotating inertia causes the power to swing back and
fourth [16]. Without the damping torque coe�cient K D introduced in (2.2) propor-
tional to the speed deviation, the oscillations could theoretically proceed inde�nitely.

Moreover, the initial power swing should not surpass a critical angle that could
jeopardize the SM falling out of synchronism from the imbalance caused by the con-
tingency [14]. By applying linearization around the systems operation point, the
impact of small displacements in the rotor angle� � are practically deemed iden-
tical to the initial angle and thus, enabling the non-linear systems stability to be
analyzed around steady-state. The synchronizing power coe�cientK S describing
the systems ability to mitigate power swings and is de�ned as

K S =
d
d�

(Pe;max sin� ) = Pe;max cos� (2.10)

obtained by substituting (2.9) into (2.8). Consequently, increased synchronizing
power is obtained when operating at lower rotor angle, at higher generator terminal
voltage as well as in stronger grids [6]. Furthermore, by substituting (2.10) into
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2. Power System Stability

(2.7), the linearized version swing equation in p.u.

d2� �
dt2

=
1

2H
(� Pm � K S� � � K D

d� �
dt

) (2.11)

is �nally realized. The system input-output dynamics can be expressed in state-
space form_x= Ax + bu [17], to highlight which system state is coupled with the
coe�cient for damping and synchronizing power. The state variables together with
the system matrix result in a system response

d
dt

"
� !
� �

#

=

"
� K D
2H

� K S
2H

1 0

# "
� !
� �

#

+

"
1

2H
0

#

� Pm (2.12)

from the added mechanical system input, this state-space representation is observed
in Figure 2.4 when there is a small power imbalance.

Figure 2.4: Rotor angle in�uence ofK D and K S for a small disturbance.

It is seen that when there is insu�cient amounts of K S, the rotor angle deviates
rapidly with the disturbance. Similarly, for a poorly damped system with negative
a K D causes the rotor angle to oscillate with ever-increasing amplitude in phase
with the speed deviations. To further elaborate on the improvements that can be
made on this, the excitation system of the SM will be investigated in the upcoming
section.
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2. Power System Stability

2.3 Excitation and Automatic Voltage Regulator

In order for the SM to output electrical power to the interconnected grid, there must
be an electrical source providing excitation. The purpose of the excitation system,
either via static or rotating exciters is to provide a magnetizing �eld current into
the rotor [18]. This in turn enables controllability of the machines terminal voltage
to govern the active and reactive power �ow within its capability limits. Figure 2.5
illustrates the reactive capability in relation to the electrical output power with the
dashed circular shape when considering the SMs physical limitations. Armature and
�eld winding constraints limits the current generated in their windings to avoid too
signi�cant thermal strains [6]. Consequently, the SM absorbs reactive power during
underexcited operation and injects it to the grid when overexcited.

Figure 2.5: Relation between active and reactive power in a SM.

The implementation of an AVR facilitates controllability of the voltage through
the excitation system by comparing the terminal voltageVt with the desired voltage
referenceV �

t . The block diagram of the full excitation system is shown in Figure 2.6,
illustrating the closed loop feedback system of the terminal voltage sent from the
plant model of the SM, back through a �ltering voltage transducerGV T (s) that
senses and samples the signal [6].

Figure 2.6: Excitation system overview.
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2. Power System Stability

One of several available AVR representations is enabled by implementing a PI-
regulator as seen in Figure 2.7. It is consisting of a proportional, as well as a
integral gain with the objective to push the deviating error towards zero [19].

Figure 2.7: Scheme of the AVR implemented with a PI-regulator and
anti-windup.

Through negative feedback, the processed voltage deviation� Vt is fed to the AVR-
block in Figure 2.7 with system gain

GAV R (s) = K P;AV R +
K I;AV R

s
(2.13)

when implementing a PI-controller. Additionally, an upper and lower �eld voltage
limiter is set for the regulator before being initialized into the exciter, with the
intent to restrain the excitation, considering the aforementioned physical constraints
of an SM. If however the limit is reached, the voltage in the regulator becomes
saturated and result in a system overshoot. This is due to integrator windup since
the PI-controller keep on accumulating a large error between the actual and reference
value [17]. The eventual saturated error can be back-calculated and compensated for
with an anti-windup gain K W;AV R , as seen back in Figure 2.7. Henceforth proving
the exciter Gex(s) with given �eld voltage Vf , letting the excitation system on the
SM regulate the terminal voltage following a system disturbance. Moreover, a static
exciter can be modelled as a �rst order low pass �lter [15],

Gex(s) =
1

sTex + 1
(2.14)

with a small time constant Tex to obtain a fast system response.
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2. Power System Stability

2.4 Power System Stabilizer

The speed deviation dependent component in (2.12), coupled with damping power
coe�cient K D may require ancillary service to provide some �ne adjustment that the
excitation cannot [20]. Even though the AVR alone, can be tuned to mitigate the
�rst swing through the exciter, the �ne adjustment provided from the PSS are of-
ten needed to damp out electromechanical oscillations in the lower frequency range.
As given in [21], classifying the frequency spectrum typically ranging between 0.1-
0.7 Hz for inter-area oscillations whereas local ones can propagate up towards 2 Hz.
The power system oscillation phenomenon are brought up later in Section 2.5 after
introducing the functionalities of the PSS.

There are several classi�cations of PSS, utilizing multiple input signals, complex
tuning and optimization approaches to enhance stability while not a�ecting other
adjacent generation units for the worse [22, 23]. For simplicity, a robust power
system damping functionality can be obtained by feeding back the angular speed
deviation � ! from the SM as an input. This is depicted in Figure 2.8 by expanding
the block diagram shown in Figure 2.6 with an additional stabilizing voltageVstab

signal fed from the excitation system.

Figure 2.8: Overview of the excitation system with PSS availability.

The possibility to connect GP SS(s) and add additional stabilizing control when
feeding back� ! should provide system damping, only to the oscillation modes
of interest, leaving the remaining frequency spectrum una�ected. A general block
diagram is illustrated in Figure 2.9 to highlight the main features of the PSS in
simplest form, and in Appendix A.1, more detailed information is provided.

Figure 2.9: General PSS block diagram.

12



2. Power System Stability

First in line is a PSS gain, determining the damping ampli�cation in phase with the
rotor speed deviation. Followed up by a washout block consisting of one or several
high-pass �lters, leaving frequency modes of higher order unchanged, without in-
terfering with the terminal voltage in steady-state and thus also serving as a noise
reducing �lter.

Furthermore, the phase compensation block contributes with su�cient compensa-
tion of phase, to compensate for the slow �eld dynamics of the SM. Moreover, by
utilizing lead-lag �lters, the gain of the signal fed as input may appear in phase
with the electromechanical damping torque component to mitigate the oscillations
of interest [6]. Lastly, the output limiter is set as an limit to restrain too drastic
�uctuations in the stabilizing voltage signal.

2.5 Power System Oscillations

The power system is continuously subjected to changes from disturbances like vary-
ing loads and change in generation that is leading to imbalances, these electrome-
chanical mismatches result in power oscillations in the grid. Depending on the
systems operating condition and ability to initiate mitigating actions, the stability
could be jeopardized as a whole and the slower frequency oscillations ranging be-
tween 0.1-2 Hz are of particular interest [5].

Eigenvalues� of an linearized system reveal how prone oscillations are to cause
instability, after being determined from theA -matrix in state-space form around an
equilibrium point. Thus, � is obtained by computing

det(�I � A) = 0 (2.15)

whereI is the unity matrix and the complex eigenvalues

� = � � j! (2.16)

is characterized by a real and imaginary oscillatory part. If there exists any eigen-
values with a positive real part, the system is directly determined unstable [17]. The
stability of the poles and zeroes located on the left-hand side of the spectrum can
instead be observed and analyzed. The frequency of oscillations

f =
!
2�

=
Imag(� )

2�
(2.17)

are characterized by the location on the imaginary axis, while the placement of the
negative real part of� determines the system damping. The damping ratio is de�ned
as

� =
� �

p
� 2 + ! 2

(2.18)

and provides an indication on how sensitive the system may be to disturbances [15].
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2. Power System Stability

A low positive damping ratio still implies that the system is stable, but are however
more exposed to become unstable. Moreover, the undamped natural frequency mode
of oscillation for a SM is de�ned as,

! natural =
r

K S
! n

2H
(2.19)

and describes how the synchronizing power coe�cient from (2.10) in�uences the
oscillation mode and damping ratio for changing operating conditions [6].

2.5.1 Inter-Area Oscillations

An upsetting disturbance that causes the dynamic equilibrium to cease can be fol-
lowed up with continuing low frequency oscillations if the conditions allows them to.
Apart from the local rotor angle oscillations, inter-area system oscillations can prop-
agating between areas, meaning that one grid area or machine can oscillate against
one another [13]. An executive summary in [24], describes the course of events caus-
ing undamped inter-area oscillation swing between grid areas in continental Europe
before being damped out after mitigating action were taken. Hence, some impactful
parameters in�uencing low frequency oscillations signi�cantly is listed below.

Inertia time constant
In general, a SM with a greater inertia generally yield a slower system response
in comparison to a smaller machine when being subjected to a small perturbation.
On the contrary, the machine with larger inertia take longer time to regain steady-
state due to its slower dynamics. In context of inter-area oscillations, a larger inertia
constant thus tend to shift the oscillations towards the lower frequency spectrum [25].

Line impedance
Predominantly reactive impedance indirectly contributes to greater voltage phase
di�erence between two grid areas. Each SM interprets added impedance as a longer
electrical transmission distance causing weaker synchronization of the interconnec-
tion [26]. The impact of weak tie-line interconnection without power �ow trans-
mitted between two areas is observed in [27], where greater line impedance proved
to worsen system damping and shift power oscillations towards the lower frequency
range.

Excitation control
The supplementary addition of fast acting AVR with high gain enhance mitigating
action for transient stability following a disturbance [6]. The latter two AVR prop-
erties result in a more responsive system, however with reduced electromechanical
damping characteristics [7]. Higher AVR gain ampli�es and broaden the frequency
spectrum ampli�cation range, including the range of low order oscillating frequen-
cies, without proper PSS implementation [8].
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3
Implementation of Study

This case study is comprised of a physical SM connected to an emulated power sys-
tem with adjustable grid characteristics. The emulated grid model connected at the
PCC is able to replicate varying grid scenarios by utilizing the PHIL system com-
patible with real-time software consisting of a simulated model [10]. The simulated
model, communicating with the physical plant is developed in Simulink, using the
available toolbox library Specialized Power Systems from Simscape Electrical.
Implementation of the grid model is further explained in Section 3.2 when using
a 30 kVA four-quadrant three-phase power ampli�er ACS from the manufacturer
Regatron [28]. A thorough overview for each step of the real-time simulation is con-
ducted to fully comprehend how the physical grid interacts with the emulated one.
This is followed by introducing the functionalities of the emulated grid and �nally
the tuning of the control system parameters of the emulated SM is presented after
introducing the physical lab model.

3.1 Physical Lab Environment

The lab environment consists of a down-scaled three-phase 400 kV transmission sys-
tem model with a power plant model represented by a SM operating in generator
mode. The power plant is interconnected to the transmission system via a trans-
former with a voltage ratio of 400/400 V, since the entire power system is scaled
down by a voltage ratio of 1:1000. There are in total six available transmission
line sections and the desired amount of sections can be connected in series with the
emulated PCC, this equivalent single-line diagram is illustrated in Figure 3.1.

Figure 3.1: Overview of the physical lab environment.
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3. Implementation of Study

The transmission lines are predominantly reactive with aX line value of 0.953
 and
a resistanceRline of 0.05
 . Each line represents a transmission distance of 150 km
respectively. The lab environment mimics the hydro power plant Harsprånget situ-
ated along Lule river in northern Sweden, interconnected to the Nordic transmission
system over long distances [29]. Moreover in the lab, the are also external loads avail-
able, consisting of industrial electric heaters with varying constant impedance loads
in steps of 4.5 kW or 9 kW. Additionally shown in the single-line diagram back
in Figure 3.1 is a breaker that can be operated manually from an adjacent control
room. This enables safe operation and monitoring of the physical down-scaled power
system.

The power plant model is a salient pole SM with three pole pairs, thus operat-
ing at 1000 rpm at rated frequency. To initiate generator mode of operation, there
has to be a mechanical input and hence, a DC motor is driving the generator and
is supplied through a converter operating in one-quadrant operation. Furthermore,
the generator can operate in voltage regulation control through its own excitation
system with the availability of power oscillation damping properties from supple-
mentary PSS control.

To accurately represent the mechanical behavior between the prime mover and ma-
chine, there is a �ywheel mounted to provide su�cient mechanical inertia [29]. The
down-scaled SM in the lab has a rating of 75 kVA and the parameters are presented
in Table 3.1.

Table 3.1: Parameters for physical SM used as generator.

Parameter Value
Sn 75 [kVA]

 n 1000 [rpm]

V rms
LL 400 [V]
H 5.563 [s]

K D 0.036 [p.u.]

Moreover, the interconnected transformer with the winding connectionY � � 11 has
the following parameters presented in Table 3.2.

Table 3.2: Data of physical transformer.

Parameter Value [
 ]
Rt 0.075
X t 0.060
Rm 1.085�106

X m 2866

Where Rt and X t are the total winding impedances respectively andRm and X m

representing the magnetization impedances.
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3. Implementation of Study

3.2 Real-Time Interface of the Emulated PCC

By utilizing the PHIL system, the Regatron ACS is running in ampli�er mode of
operation and interconnects the electrical quantities in the physical lab environment
with the digital counterparts inside the compiled simulated plant model [28]. Thus,
interpreting the emulated and physical PCC as one, seen from the labs SM point of
view. Two separate grid areas are thus formed, enabling power system oscillation
phenomenons to be examined between the two areas, were the emulated grid model
established inside Simulink consists of:

ˆ One reference grid with varying grid conditions and grid strength, forming the
grid characteristics.

ˆ One power plant with changeable generation unit characteristics.

This is depicted in Figure 3.2 where the two aforementioned parts are interconnected
to the emulated PCC, a more detailed description of this is provided in Section 3.3.

Figure 3.2: Overview of how the oscillations interact with the two grid areas.

The emulated PCC voltage is formed as a function of measured and sampled current
drawn from the PCC in the lab. This is done to accurate represent the power sys-
tem dynamics, with transients and disturbances instantaneously interpreted by the
physical SM in real-time. Consequently, by feeding the current through a current
source in the Simulink model, the emulated PCC voltage is formed with the grid
characteristic of the simulated plant model.

To achieve this conversion of data, both current and voltage measurements respec-
tively are fed as analog inputs to a MicroLabBox used for data acquisition. Through
the input channels, the acquired signals are processed with the real-time interface
dSPACE. This is the PHIL software compatible for model-based software integra-
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3. Implementation of Study

tion and is processing the analog signals by converting them into digital signals [9].
Through this conversion, measured signals becomes ampli�ed by a factor of 10, since
the hardware computes every 0.1 V into a digital signal [28]. This closed loop reit-
erates every 200� s for the given sampling frequency selected of 5 kHz for this study.

Moreover, to make sure that there is no path for the zero sequence current to �ow
for the voltage formed in case of an unbalanced scenario, the zero sequence compo-
nent is eliminated. That is done for the purpose of security for both equipment and
personnel. The zero sequence voltageV0 is de�ned as,

V0 =
Va + Vb + Vc

3
(3.1)

for a balanced three-phase system where each phasor has the same magnitude and
phase according to Fortescue's Theorem [30]. Thus, the zero sequence voltage com-
ponent can be subtracted from the emulated PCC using (3.1).

Figure 3.3 demonstrates the foregoing procedure of the real-time interface. By com-
piling the Simulink plant model into C-code, the converted digital signals becomes
compatible with the real-time interface in dSPACE [31]. Once compiled, the model
is then discretized with the given sampling frequency and thereafter operate in dis-
crete time domain.

Figure 3.3: Real-time interface architecture.

Further adjustments were made on the digital signals fed as inputs to the Simulink
model for calibration of the measurement equipment in such a way that the sampled
data corresponds to the actual physical quantities. Similarly, before the conversion
back to analog output, the factor of 10 is once again divided from the processed
signal. The analog output reference is then directed to the Regatron ACS power
ampli�er, with rated power 30 kVA, sending out 432 V to the physical PCC for
every 10 V analog voltage acquired through dSPACE [28].
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3.3 Plant Model Implementation in ControlDesk

Varying grid conditions seen from the physical lab environments perspective are
achieved by enabling changing parameter settings in real-time by the PHIL system.
A controllable voltage sourceVref with the ability to alter its voltage magnitude,
phase angle and impedance in real-time can instantaneously modify the PCC dy-
namics. Small disturbances such as frequency oscillations or voltage dips can be
fabricated for changeable grid strengthsZg. These disturbances may propagate to
the physical SM in the lab over a transmission line with varying length.

The emulated grid model seen in Figure 3.2 is constructed in Simulink and after
compiling it into C-code, it becomes compatible with dSPACE's experamental soft-
ware ControlDesk in discrete time domain [32]. That enables graphical instrumental
panels for monitoring and control, to operate the emulated grid in real-time. The
complete model is shown in Figure 3.4 with the grid emulator connected. Conse-
quently, together with the interface described back in Section 3.2, the emulated PCC
is interconnected with the physical lab without any loss of information.

Figure 3.4: Overview of the Simulink model implemented into a real-time
interface.

3.3.1 Controllable Reference Voltage Source

The formation of a balanced three-phase voltage with nominal system frequency can
be done by transforming a reduced complex stationary system with two components
into three-phase quantities. By applying Clarke's transformation theorem, the com-
plex system is formed without losing any information along the way [33]. This is
referred as�� -frame and the voltage of the complex stationary system is de�ned as

V�� = Vph � ej� (3.2)
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with the desired phase voltageVph being a vector with constant amplitude. The
phase angle� is obtained by integrating the nominal angular frequency of the system
and thereafter, the balanced three-phase voltage reference is formed as

Vref =

2

6
4

Va

Vb

Vc

3

7
5 =

1
K

2

6
6
4

1 0
� 1

2

p
3

2

� 1
2 �

p
3

2

3

7
7
5

"
V�

V�

#

(3.3)

through Clarke's inverse transformation. Here,K is de�ned as the scaling constant
of the transformation and is selected asK = 1 for amplitude invariant scaling for
this speci�c application, alternatively could a scaling constant be selected for RMS
or power invariant scaling [19]. The plant model and controllable voltage source are
thus being constructed to freely modify the following quantities:

ˆ Voltage magnitudeVref .

ˆ Phase angle� .

ˆ Transmission line impedanceZ line .

ˆ Grid impedanceZg.

The �rst two aforementioned quantities can be modi�ed from the complex stationary
�� -coordinate frame inside the controllable reference voltage source. The latter two
impedances can be altered by two di�erent approaches, which will be brought up
thereafter. Consequently enabling full controllability in real-time for deterioration
of the grid conditions in which power system oscillations may appear [13].

3.3.1.1 Voltage Magnitude Variation

Various contingencies in the power system such as load disturbances or temporary
transient may lead to sudden drops or rises of voltage throughout the grid. Volt-
age variations may impact the operation of controllers such as excitation systems
of generation units interconnected to the same PCC and the signi�cance of voltage
variations increases further for weaker grid connections [34].

To access and alter the reference voltage magnitudeVref in Simulink in real-time
through ControlDesk, a speci�c control method is developed. This since the param-
eters inside the blocks used from Simulinks library are inaccessible once the model
is compiled into C-code and is up and running. The use ofgain-blockswith a unique
identi�cation name can instead be accessed from ControlDesk in real-time.

The general procedure on how this is done is illustrated in Figure 3.5 with the
gain-blockbeing accessible live. From the gain, the signal can be altered through a
numerical input in ControlDesk while the output can be monitored. This gives the
operator some degree of freedom to vary the designed grid conditions during testing
without needing to shut down and recompile.
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3. Implementation of Study

Figure 3.5: Overview of accessing parameters in ControlDesk real-time.

To initiate a change in voltage magnitude whilst making it restore itself back to
nominal voltage for a prespeci�ed time period, the design presented in Figure 3.6 is
used where the changeable blocks are highlighted in color. Initially thegain-block
with identi�cation V_drop_signal is set to 0 and nominal voltage is maintained.
Once the signal is initiated by inputting a 1, the following events take place:

1. The threshold of the switch is set to operate once the lower branch is greater
than 0.1. The logic senses that the signal is in fact 1 and the switch switches
to false. Thus, passing through a gain equal to the desired voltage variation
in p.u. identi�ed in V_ref_drop .

2. The signal threshold signal is fed through aon delay-blocknamedV_drop_time
with a prede�ned time delay. This time delay resets the signal back to its initial
condition value and restores nominal voltage in an instant.

Figure 3.6: Block diagram of voltage magnitude variation.

3.3.1.2 Phase Angle Jump

Arbitrary small shifts in phase angle� can cause su�cient active power imbalances
in the three-phase power system. This type of instability can be designed in the�� -
frame when adding a detrimental step response added to the phase angle. Figure 3.7
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presents a schematic overview of (3.2) with the addition of a phase angle jump
accessible from ControlDesk, where the gainPhase_jump_signal is initially set to
0, meaning that the controllable reference voltage source is operating at nominal
frequency. Once the signal is set to the desired phase jump (e.g., -10� or -20� ), the
following events occur:

1. The constant of 1 to the far left in Figure 3.7 is multiplied with the desired
phase jump, sensed and sampled through a low-pass �lter with a time constant
inversely proportional to the nominal electrical frequency! . This is for the
purpose of obtaining a �rst order response.

2. This shift in phase angle is converted into radians and added to the rotating
nominal phase angle, causing a direct shift, in turn initiating a change in rotor
angle for the interconnected machines.

Figure 3.7: Block diagram of phase angle jump.

3.3.2 Changeable Transmission Line Distance

The physical transmission line sections available in the physical lab environment
are needed to be assembled prior to grid energization, more �exibility is added by
implementing emulated replicas. This enables a more user friendly experience while
enhancing personal safety. A total of six transmission lines is accessible in the lab,
once emulated, the lines are instead connected inside the emulated grid. The design
approach applicable with the user interface in ControlDesk is shown in Figure 3.8.

Figure 3.8: Block diagram of changeable line impedance.
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The desired number of transmission lines connected in series is speci�ed inside the
Z_line_signal gain. An input signal between (1-6) is routed throughZ1� 6 and
simultaneously multiplied to both elements and thus, enabling access to vary the
emulated line impedance in real-time.

3.3.3 Variable Grid Strength

By modelling the controllable reference voltage source behind a grid impedance,
the emulated PCC is seen as weaker from the rest of the grids perspective. One
implication with the existing con�guration seen in Figure 3.4 once implemented in
Simulink is emerging with the grid impedanceZg, since it is connected in series with
the modelled current source. The inductance is a current sti� element, thus also
considered as a current source by the software from its characteristic equation [35].
The coexistence of two in series makes it so that the simulation gets stuck in an
in�nite algebraic loop.

An alternative solution to circumvent this, is by implementing a high value re-
sistance in parallel between the two without losing accuracy of the model represen-
tation. However, a large parallel resistance leads to longer computational time for
each sampling period, whereas a too low resistance value results in a high simulated
power consumption. A trade-o� between the two options are to select a arbitrary re-
sistance in parallel and compensate the voltage drop so the emulated PCC maintain
its nominal voltage in an unloaded condition. By representing the variable voltage
source as an Thevenin equivalent circuit together with the parallel resistanceRp, the
desired grid impedance can be obtained from the circuit illustrated in Figure 3.9.

Figure 3.9: Thevenin equivalent circuit.

Thus, the equivalent grid impedance is de�ned as

Zg =
RpZ th

Rp � Z th
(3.4)

for given Thevenin impedanceZ th inserted by the user in ControlDesk. This de�nes
the grid strength of the emulated PCC. In order to make sure the voltage is kept to
its nominal value V rms

LL of 400 V, the reference voltage is set to

Vref = V rms
LL + Zg

V rms
LL

Rp
(3.5)

with phase shift \ Vref of the voltage angle taken into consideration, to compensate
the voltage drop. Consequently, when there is no current �owing in the circuit,
nominal voltage at the emulated PCC remain unchanged.
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3.3.3.1 Verifying Variable Grid Strength in Simulation

Veri�cation of the complete plant model to operate as intended prior to energization
in the physical lab environment is done with a replica constructed in Simulink. By
running the simulation model in continuous time domain with a system base of
30 kVA, the grid strength of the emulated PCC is examined by applying varying
system loading.

Figure 3.10: Simulink model implemented in continuous time domain simulation.

The overview of this is shown in Figure 3.10 and the procedure is the following:

1. The lab con�guration consists of one transmission line section equal to the one
in the lab environment, as well as one resistive loadPL . At �rst the system is
running unloaded and after 0.2 s the system is loaded with 4.5 kW, then after
0.4 s the total load is 9 kW.

2. Current measurements acquired from the grid are sampled at predetermined
sampling frequency 5 kHz using the blockZero-Order Hold found in the
Simulink library. Sampled current is fed to the emulated grid model through
a reverse connected current source to draw current from the emulated PCC.

3. The emulated grid model consists of a grid impedance and equivalent control-
lable voltage source with adjusted magnitude and compensated phase angle
shift. It is forming the reference voltageV(I )� as a function of external load
current drained through the emulated grid impedance.

4. The formed output voltage from aforementioned step is fed via the block sub-
tracting the zero-sequence component and fed back to the grid through a
voltage source. Each step is then reiterated for every sampling period and
measurements are observed.
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The outcome of this is shown in Figure 3.11 where voltage and current from the
measurement-block are presented in p.u., with respect to a system base of 30 kVA.
The voltage and current plots were obtained by selecting the following parameters:

ˆ Rp = 16 
 .

ˆ Z th = 0:4 + j 2 
 .

The parasitic resistance in parallel is consuming 10 kW active power at nominal
voltage. From (3.4), the grid impedance is calculated asZg = 0:15+j 2:07 
 from the
Thevenin equivalent circuit in Figure 3.9. Furthermore, the compensated reference
voltage is calculated toVref = 407\ 7:3� V from (3.5) and thus, the correct voltage
is obtained at the emulated PCC once the system is unloaded. The grid impedance
causes the reference voltage to drop as a function of system load demand and this
impedance can instantaneously be altered or switched on and o� in real-time.

(a) Measured voltage [p.u.].

(b) Measured current [p.u.].

Figure 3.11: Measurements at PCC.
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3.4 Emulated Synchronous Machine

Power oscillation dynamics can emerge from the emulated PCC with the addition
of a SM in the Simulink model, as seen in Figure 3.4. One of the methods of
modelling the SM is to use theSynchronous Machine pu Standardmodel from
Simspace Electricals library, built on a sixth-order electrical state-space model [36].
For consistency in relation to the physical machine, the dynamics of the emulated SM
are also represented as a salient-pole machine. The parameters of interest a�ecting
oscillatory tendency of the emulated SM connected to the PCC include:

ˆ Rated powerSn and inertia constant H .

ˆ Series impedance interconnecting the emulated SM to the PCC.

ˆ Machine loading condition in relation to rated power.

ˆ AVR gain of excitation system.

Moreover, the dimensions of the emulated SM added should be oversized in relation
to the physical SM in the lab with a rating of 75 kVA, to initiate slower oscillat-
ing system dynamics [16]. Hence, the inertia constant of the emulated machine is
automatically re-scaled according to its de�nition from (2.3) when scaling to a new
system base.

3.4.1 Machine Reactance Characteristics

As mentioned in Section 2.1, the �eld windings magnetic �ux is aligned along the
d-axis reference frame, where the magnetic reluctance is the lowest from the salient-
pole geometry. Hence, the d-axis synchronous reactanceX d is greater than the
q-axis counterpartX q.

During transients or faults however, the equivalant reactance is di�erent because
there is current induced in rotors �eld and damper windings to maintain the �ux
linkage. Figure 3.12 below is showing each equivalent circuit during their state,
X D being the �ux path around the damper windings,X f the path around the �eld
winding. In steady-state, it is only along the armature reactanceX a �ux path and
leakage reactanceX l [37].

Figure 3.12: Illustration of the equivalent SM reactances shown in subtransient,
transient and steady-state (left to right).

Consequently, the circuits are transitioning from a subtransient state, back to a
steady-state reactance, Table 3.3 presents the parameter values used for the emu-
lated SM model.
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Table 3.3: Parameters for the emulated salient-pole SM.

Parameter Value [p.u.]
Rs 0.003
X l 0.15
X d 1.1
X 0

d 0.25
X 00

d 0.2
X q 0.7
X 00

q 0.2

According to [6], the subtransient time period lasts for 1-3 cycles, whereas the tran-
sient state typically lasts up to 10 electrical cycles. The typical relation between the
d and q-axis for salient-pole SMs given in [14] states thatX d > X q and X 00

d � X 00
q

as a rule of thumb.

3.4.2 Parameter Tuning of the Emulated SM

The PI-controller parameters of the AVR are set in order to provide the �eld ex-
citation needed to regulate the terminal voltage of the machine. When operating
in steady-state, a small disturbance signal initiating a deviation from the reference
set-point is su�cient to cause imbalance in the regulator. The emulated SM is �rst
decoupled from any grid forming connection point to freely set the grid conditions
from the machine itself. From there, the system response of the AVR can be set
to have a desired behavior [15]. This can be achieved by connecting the electrical
output of the machine in generator mode of operation to a resistive load.

However, letting the SM regulate the system frequency requires a turbine governor
to control the rotor speed coupled with the system frequency. A turbine governor is
thus feeding back the rotor speed and compares it to a desired reference set-point,
Figure 3.13 shows the combined block diagram.

Figure 3.13: Test system for tuning controllers given a reference disturbance.
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Much like the excitation system, the governor is also a system containing a regulator
to restore system frequency. In simplest terms this may also be done using a PI-
controller, as seen in Figure 3.14.

Figure 3.14: Governor system block diagram.

The speed-droop characteristics are obtained by adding a governor droop constant
RG, accounting for a small gain of power for every change in frequency. This is
usually given in percent, ranging from 3-5 % and is considered as a regulation
constant [14]. Thereafter, the PI-controller of the AVR is tuned once the governor
yields a reasonable slow system response to regulate and restore equilibrium.

3.4.2.1 Tuning of the Turbine Governor System

The aforementioned governor turbine system is �rst initiated alone without any in-
herent excitation dynamics for the emulated SM. Consequently, the machine �eld
voltage remains constant from the converged machine-initialization solution in steady-
state. This is for the purpose of �rst tuning the parameters of the governor without
any in�uence from the faster AVR, the parameters of the turbine governor is pre-
sented below in Table 3.4.

Table 3.4: Parameters for the governor system.

Parameter Value [p.u.]
! � 1
RG 0.03

K P;G 5
K I;G 1

As shown in Figure 3.13, the governor reference input is subjected to a small step
disturbance. Moreover, the interconnected resistive load is rated half the capacity
in relation to the machine, hence the output power of the emulated machine is 0.5
p.u. in steady-state.
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