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Abstract

Microgrids are envisioned as building blocks of evolving power systems, where they have a
potential for improved resiliency, higher energy efficiency, and integration of renewable resources
on a smaller scale. At the same time, the increased complexity of integrating new and distributed
energy resources (DERs) presents several control-related challenges for the safe and optimal
operation of AC microgrids. The new challenges also include the increasing number of power-
electronically interfaced loads and sources that behave as constant power loads (CPLS) or constant
power sources (CPS), and are known to have destabilizing effect on the system. All of this
necessitates research for better analysis tools, control schemes, and technological solutions that
ensure proper coordination of all components within a microgrid. To improve the operation of
envisioned AC microgrids, this thesis proposes an economical hierarchical control scheme that
incorporates control levels with different dynamics. This scheme not only ensures proper voltage
and frequency regulation and power sharing among different resources, but it also minimizes the
operational costs considering the price of available energy resources. At the next level, this thesis
investigates dynamic interactions between the DERs and CPLs within a microgrid. A recently
proposed virtual oscillator controlled source (VOS) is investigated and compared against the
traditional/generic control used with DERSs. It is demonstrated that impedance-based analysis can
accurately predict the instability and sideband oscillations resulted from the interaction with the
CPL, as well as used to tune the controllers. It is also shown that while the VOS has a faster
dynamic response, its stability boundaries may actually be smaller. It is envisioned that the
presented research will contribute to the development of AC microgrids with high penetration of

renewables, energy storage systems, as well as various types of electronic loads.



Lay Summary

Microgrids are envisioned as building blocks of evolving power systems, where they have a
potential for improved resiliency, higher energy efficiency, and integration of renewable resources.
At the same time, the increased complexity also presents some new challenges. To improve the
operation of envisioned AC microgrids, this thesis proposes an economical hierarchical control
scheme that ensures voltage/frequency regulation and power sharing among different resources,
and also minimizes the operational costs. This thesis also investigates interactions between various
energy sources and fast power electronic loads. The developed methodology is shown to accurately
predict the instability and oscillations that may appear in microgrids, as well as proposes a better
way for tuning controllers. It is envisioned that the presented research will contribute to the
development of AC microgrids with high penetration of renewables, energy storage systems, as

well as various types of electronic loads.
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Chapter 1: Introduction

Global warming and many natural disasters around the world are attributed to the effects of
greenhouse gases (GHG) emission, and they pose extreme financial stress on countries’
economies. Energy sector is one of the key contributors to GHG emission [1]. To reduce
environmental impact, many countries are investing in the development of new and clean energy
technologies, including hybrid and electric vehicles (EV), energy storage systems (ESS),
integration of renewable energy resources (RER), etc. Aside from these technologies, the
microgrids have emerged as additional building blocks that can co-exist with the conventional

large-scale power systems.

Microgrids are small-scale power systems that may typically include components such as
distributed energy resources (DER), distributed loads (DL), and ESS. Microgrids can be connected
to make a cluster of microgrids, or they can be integrated into a large power grid. In case of
emergencies, they may be disconnected from power grids to continue operation in an islanded
mode. In some cases, microgrids can provide higher reliability of service, a better quality of power
supply, and higher efficiency of energy utilization. Unlike conventional power systems, microgrids
often possess the following properties:

1) Connecting lines have a high resistive characteristic (higher ratio of R/X),

I The system capacity is limited by the capacity of DERs,

1)  The fault current is low [i.e. low, short circuit ratio (SCR)],

IV)  Loads can be highly unbalanced,

V) The system inertia is low,



VI)  Energy supply is prone to higher uncertainties, which is due to the intermittent nature
of RER [2], [3].
These features pose additional challenges for the operation of microgrids, and therefore represent

active research areas.

1.1 Operational Challenges

Since DERs have limited capacities, it is a common approach to share loads among multiple DERs.
Power-sharing among DERs can be generally categorized into centralized and decentralized
approaches [4]. Centralized approaches as master-slave [5], [6], or average current sharing [7], [8]
have a good power-sharing accuracy; however, since they are dependent on communication links,

they are not highly reliable [4].

Decentralized power-sharing approaches [9]-[11] do not require communication links, and hence,
benefit from higher reliability as well as plug-and-play feature. These approaches tend to mimic
the behavior of synchronous generators by frequency-dependent active power and voltage-
dependent reactive power characteristics. These approaches, however, can suffer from poor

reactive power-sharing or decrease stability margins of microgrids [12]-[14].

Another problem in microgrids is related to current and voltage harmonics. Non-linear loads in
microgrids produce current harmonics and distort the terminal voltage of DERs [15]. The
discussed power-sharing approaches are ineffective to address non-linear load sharing and voltage
harmonics compensation [15]. One solution to this problem is to add different control loops in

parallel, with the fundamental power-sharing loop droop-type control [16]. Also, virtual
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impedances at the terminal of DERs can be synthesized at different frequencies to impact the

distribution of harmonics among DERs [17], [18].

Synchronization of DERs in microgrids is another challenge that can be dealt with by different
approaches. The first type of approaches is based on the phase-locked loop (PLL) scheme. With
these schemes, the operating frequency of microgrids can be recognized and used to determine the
control reference of DERs. The synchronous reference frame PLL (SRF-PLL), is the basic PLL
scheme, and other PLL-derived schemes with improved characteristics can also be used for

synchronization [19], [20].

Recently, a group of synchronization approaches based on virtual oscillators has been proposed.
In these approaches, a non-linear circuit is used to produce modulation signals [21]-[23]. The
circuit is implemented on a digital controller and it includes a resonant tank as well as a non-linear
dependent voltage/current source. It has been shown that if the parameters are properly designed,
the steady-state voltage can follow a pure sine wave [24]. These approaches can also be modified

to mimic droop characteristics and provide power-sharing among multiple DERs [25].

Apart from synchronization and power-sharing issues, the microgrids’ voltage and frequency
should always be regulated. For this purpose, hierarchical control schemes have been developed.
A hierarchical control scheme can incorporate different control levels. In the first stage, inner
control loops with feedback and/or feedforward are designed to control currents and/or voltages
of DERs [26]. This control level ensures that each DER demonstrates a stable and desirable fast

dynamic behavior and characteristic.



Next, the so-called primary control is designed to satisfy the power-sharing requirements among
the DERs [2]. For instance, active-power/frequency and reactive-power/voltage droop
characteristics [27], [28] for AC microgrids are aimed to provide proper power-sharing among
DERs and storages at the primary control level. The so-called secondary control level is
responsible for maintaining the voltage magnitude and frequency of AC microgrid to their nominal
values, which is achieved by adjusting the reference signals of the DERs [2]. Finally, the tertiary

control level manages the desired power flow from/to microgrids during slower time periods.

Stability of microgrids is another topic that is receiving noticeable attention in the literature [3],
[29], [30]. Microgrids can demonstrate different stability-related problems in islanded mode rather
than in grid-connected operation. This is because in grid-connected mode, the frequency and
voltage are imposed by the grid, and stability issues can only be triggered by a failure of individual
components. In islanded mode, more stability issues can occur since the voltage and frequency
regulation are performed by limited resources within microgrids [3]. Stability issues in islanded
microgrids can be categorized, based on the cause, in two general groups: power-balance stability

issues; and control stability issues [3].

Power-balance stability issues can happen when the balance of power consumption and generation
is lost. This is a critical problem in microgrids since a high share of intermittent RES can be
connected to microgrids, and microgrids inertia is typically very low compared to conventional
power systems. Therefore, in case of disturbances, for example, loss of a generation unit or a load,
large voltage and frequency oscillations can be observed, sensitive loads can perform volunteer

tripping, and further exacerbate the power imbalance in the system [3].



Control stability issues refer to stability problems which can be addressed by modifying the control
systems of the power electronic converters in the microgrid [3]. These issues are also known as
harmonic instability and can lead to sustained or increasing oscillations in a wide range of
frequencies, from low sub-synchronous frequencies all the way to the switching frequencies [31],
[32]. Harmonic instability can happen due to various reasons. It has been shown that power
electronic converters can interact with passive filters [33], [34]. Harmonic instability can also be
triggered in parallel operation of power electronic converters with filters. The interaction can
happen in high-frequency and often result from fast control loops of power electronic converters
[35], [29]. Moreover, the time delay produced by modulation and digital sampling process can also
present negative damping in high frequency and consequently destabilize the power electronics

[31], [36].

The harmonic instability in low frequency can be attributed to low bandwidth control loops of the
droop power-sharing approach [37], [13], dc-link voltage control [38], [39], and phase-lock loop
(PLL) synchronization [40], [41]. It also has been shown that constant power loads possess
negative incremental input impedance, and thus reducing the stability margin in microgrids [42],

[43].

The harmonic instability is often pronounced as a pair of coupled frequencies, also known as
sideband oscillations. The sideband oscillations can be around the fundamental frequency of the
microgrid [31] (f; % f;,), which are often caused by non-symmetric control loops such as the PLL
control loops [41], or the DC-link voltage control loops. It should also be mentioned that the

frequency component f; — f;, is sub-synchronous when the fundamental frequency f; is greater
5



than the band frequency fy,, and it would be in the negative sequence when f; < f,,. The sideband
oscillations can also happen around the switching frequency due to modulation and sampling

process [31], [44].

Stability analysis of microgrids can be performed using two general approaches. The first approach
is to develop a state-space model of a microgrid in time-domain and then analyze the stability
based on the system’s eigenvalues. This approach is not suitable for systems with a large number
of states, which makes it very difficult to trace a specific eigenvalue to a specific microgrid
component and its controller parameters. The second approach is based on the impedance as seen
from the terminals of a component. The impedances of components are expressed in frequency-
domain transfer functions, and the stability is assessed by analyzing the equivalent impedance of
the system. This approach has the benefit of scalability and reduced computation effort [31], and

is widely used to analyze the stability of power-electronic-based systems [20], [30], [45], [46].

1.2 Thesis Objectives

1.2.1 Economical Hierarchical Control Scheme for Low-Voltage AC Microgrids

Several hierarchical control schemes [26], [47] have been proposed in the literature with different
objectives. In [26], a three-layer control scheme is presented to endow smartness and flexibility of
microgrids. Another approach is proposed in [47] that can provide robust microgrid operation and
smooth transition between islanded and grid-connected operation modes. In [12], [48]-[50]
hierarchical control schemes, which can improve the reliability and performance of microgrids,
have been discussed. One key aspect of microgrids which has not received adequate attention is

the fact that microgrids should supply loads with minimum operation costs so that the revenue is
6



maximized. This aspect has not been fully considered in prior hierarchical control schemes.
Therefore, in Chapter 2, a hierarchical control scheme is proposed that can provide both reliable

and economical operation of AC microgrids.

1.2.2 Stability Analysis with Constant Power Loads/Sources

Constant power loads/sources (CPL/CPS) demonstrate negative incremental impedance
characteristics at their terminals. This characteristic can decrease damping in AC microgrids and
in the worst case they can be destabilized [42]. Different studies are performed to assess the
destabilizing effect of CPLs [51]-[54]. The negative impedance characteristic of CPLs has also
been observed in automotive power systems [51], wherein the design criteria for the control
systems of other power electronic converter has been investigated. In [53], it is shown that the

low-frequency mode of microgrids can be attributed to voltage controllers of constant power loads.

The CPLs dynamic characteristics have been studied based on impedances in dq frame with a
modified Nyquist stability criterion [54]. It has been shown that if the bandwidth of connected
power electronic converters decreases, the CPL can interact with converters and the combined
system can be destabilized. More studies, however, are needed to diagnose and characterize the
side-band oscillation in CPL/CPS-connected systems. In particular, the effects of power
consumption/generation of CPLs/CPSs on the stability of interconnected systems represents a
further challenge. Therefore, Chapter 3, investigates the CPL/CPS-connected systems and the
effect of power consumption/generation on the stability, and reveals that the side-band oscillations

can occur.



1.2.3 Dynamic Characteristic of Virtual Oscillator-Based Control Schemes

The virtual-oscillator (VO) based control schemes have been recently receiving great attention in
the research literature. These control schemes provide promising features such as: a) fast system
synchronization; b) good voltage regulation; c) droop-type power-sharing among multiple DERS;
and d) improved resiliency during disturbances [23], [24]. The dynamic characteristics of VO-
based control schemes, however, have not been sufficiently investigated under a wide range of
possible electronic loads. More specifically, it would be of significant practical significance to
assess their dynamic behavior when such sources are connecting to the CPLs. In this regard,
Chapter 4 investigates the VO-based control scheme of a source and its dynamic characteristics

while feeding AC microgrid with CPL.

1.2.4 Dynamic Behavior of CPL/CPS when Connected to Different Energy Resources

The CPLs/CPSs can be connected to different types of DERs and their dynamic characteristics can
be different in each case, which also has not been sufficiently analyzed in the previous literature.
Chapter 5 presents a comparison of CPL/CPS dynamic characteristics when connected to different
types of sources and finally, and confirms that the sideband oscillations and instability can be

predicted using the impedance-based methods.



Chapter 2: Hierarchical Control of Low-Voltage AC Microgrids Considering

Economical Benefits

In this chapter, a hierarchical control scheme is proposed that can provide both reliable and
economical operation of AC microgrids. To realize this control scheme, a representative AC
microgrid, which includes DERs and distributed loads, is considered. The power electronic circuits
of the DERSs are designed based on specified criteria and then modelled based on their structure.
Using the obtained models, a multi-loop control scheme is developed for each DER. Then, the
principles of power-sharing algorithm among DERs are discussed, and the related control loops
are designed. Next, the secondary and tertiary levels of the hierarchical control scheme are
presented. It is then demonstrated how the proposed control scheme can provide economical
operation of the microgrid, which is verified by simulation results. It should be noted that since
the focus of this chapter is on the control scheme of distributed energy resources, the loads are
modeled as pure impedances. In fact, the loads are not modeled as constant power loads since they
can interact with distributed energy resources and they can destabilize the AC microgrid. The
instability resulted from the interaction of constant power loads and distributed energy resources

will be studied in the following chapters.

2.1 AC Microgrid

2.1.1  Structure and Modeling

The considered structure of a representative AC microgrid is shown in Figure 2-1. The AC

microgrid is a low-voltage three-phase distribution system. The AC microgrid can work in either



grid-connected or islanded mode. It has three buses: bus_1, bus_3, and bus_2. The loads and DERSs
are connected to each bus. To satisfy the voltage and frequency regulation requirements, the DERS
are connected to the grid with power electronic converters. Since the LLC filters can better
attenuate the injected harmonics, compared to just L and LC filters, the power converters are
equipped with the LLC filters. The DER_1 is connected to an energy storage system, the DER_2
is connected to photovoltaic panels, and the DER_3 is connected to a DC microgrid. With the help

of DER_3, the power can either be absorbed from or injected to the DC microgrid.

| DER 1 —
L L
I mll 'vgwrl~ .H |0ad 1 I AC
Z! Vc1I c, PRI Linel I n
| T = |
I DER2 |, Ly bus 2_|0a_d S|
I // /Aﬁ_}_—ﬂw " J_ LN _ I
| L~ Ui Ve TC,  lper2 |
= .
I =~ |
— DER 3 bus 3 2
— ] - L3 Las ™ |
< K — |
MG 4| lsTc, loms® foad_3
| o __ AC MG,

Figure 2-1 Simplified diagram depicting the considered AC microgrid with three DERs.

Different power electronic converters can be utilized for integrating DERs into power grids [55],
[56]. In this chapter, for simplicity, three-phase conventional two-level inverters are used to
connect DERs to the AC microgrid. The next step is to design LLC filters which are responsible
for mitigating harmonics produced by the three-phase inverters. Several approaches can be adopted

for designing LLC filters [57], [58]. This paper uses the technique described in [57] which is a
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design approach based on current ripple, filter size, switching ripple attenuation, as well as passive

resonance damping.

2.1.2  Small-Signal Modeling of DERs

In this subsection small-signal models of DERs are derived and the obtained models are used in
the following section to design a hierarchical control system. Assuming that the modulated voltage
of an inverter can be modeled by a sinusoidal voltage source, the equivalent circuit of DERs can
be represented as Figure 2-2. The small-signal transfer function of inverter side current and

capacitor voltage to modulation index m can be obtained by applying KVL principle in Figure 2-2

as:
G = le — Zc + ZLoad + ZL2 (2 1)
! rﬁvdc (ZLZ + ZLoad )(Zc + ZLl) + ZLlZc .
G — \70 — Zc (ZLoad + ZLZ) (2 2)
" rﬁVdc (ZLZ + ZLoad )(Zc + ZLl) + Zlec .

where, Z11, Zi2, Zc and Zioad, in (2.1) and (2.2) are impedance of inverter side inductor, grid side

inductor, capacitor and load, respectively.

L, L,
+ Y'Y\ Y'Y Y\
—l >
I1 + I
mV, —_— V
de ¢ - H Load

Figure 2-2 Equivalent circuits of DERs with LLC filter.
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2.2 Hierarchical Control Scheme
The hierarchical control scheme has four coordinated control levels and each level is dependent
on lower level control systems. Hence, this control scheme will be discussed from the lowest level

(i.e., zero level control) to the highest level (i.e., tertiary level control).

2.2.1  Zero Level Control

In this part, the zero level control scheme is designed to properly regulate the currents and/or
voltages of DERs. The zero level control scheme for DER_1 is shown in Figure 2-3. Since the AC
microgrid should operate in both grid-connected and islanded modes, the designed scheme has two
control loops. When the AC microgrid is operating in the islanded mode, DER_1 operates in
voltage-controlled mode, and the selector switch in Figure 2-3 is connected to position 2. In this
switch position, the reference of the inner current loop is determined by the outer voltage control
loop. When the AC microgrid is operating in grid-connected mode, the DER_1 is working in
current-controlled mode and the selector switch is connected to position 1. In this switch position,
the reference of the inner loop is determined by the reference value of the active and reactive power

of the generator unit.

Inner current control loop
lv*c
I ) O >

Figure 2-3 Zero level control scheme for DER_1.
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The inner current control loop is responsible for regulating the inverter side current l1. The
controller for the inner current loop Cc1(s) should be designed in a way that the inner loop gain
defined by (2.3) should have a positive phase margin. Since in current-controlled mode DER_1
should be synchronized with the main grid, the control scheme is equipped with a PLL unit. After
designing the inner control loops, the outer voltage control loop can be designed. The controller
of the outer loop, Cy,1(s) should be designed in a way that the open-loop gain of the outer loop
defined by (2.5) should have a positive phase margin. This control scheme can be implemented in

dqg or o frames. Here, the control scheme is implemented in af frame.

Tsi = GuiCc,l (2.3)
_ Tsi

uv 14T, ve (2.4)

Tsv = Guv X Cv,l (2.5)

The control scheme for DER_2 is shown in Figure 2-4. As mentioned earlier, DER_2 is connected
to photovoltaic panels. Since photovoltaic panels are non-dispatchable resources and it is essential
to regulate the DC link voltage of the inverter, DER_2 can only operate in current-controlled mode.

The controller C¢2(s) can be designed in the same way as the inner current controller of DER_1.

bus_2 I

lv*, ¥ Outer dc bus voltage controller | |
—0 »| Pl Controller |—— |
S -

Figure 2-4 Zero level control scheme for DER_2.
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The control scheme for DER_3 is shown in Figure 2-5, which is similar to the control scheme of
the DER_1. As mentioned earlier, the DER_3 is connected to a DC microgrid and it can either
absorb or inject power to the DC microgrid. If power is injected into the DC microgrid, the DER_3
acts as a source and it can regulate the voltage of DC microgrid. If DER_3 absorbs power from
DC microgrid, it acts as a load there. The selector switch in Figure 2-5 is in position 2 when the
AC microgrid is operating in an islanded mode, and it is in the other position 1 when the AC
microgrid is connected to the main grid. DER_3 can operate in either current-controlled mode or
voltage-controlled mode depending on the power-sharing scheme or operation mode of AC
microgrid. The design procedure for inner controller Cc3(s) and outer controller Cy3(s) is the same

as discussed for DER_1.

Figure 2-5 Zero level control scheme for DER_3.

2.2.2 Primary Level Control
For improving the reliability of microgrids, it is desired to share the power of loads among different

DERs. The power-sharing between DERs can differ and may be specified by different
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requirements. It should be mentioned that DER_2 cannot participate in power-sharing scheme.
This is due to the fact that DER_2 connects none-dispatchable photovoltaic panels to the grid, and
it should inject all generated power of PVs into the microgrid. Therefore, it acts as a current source
for the AC microgrid. The power-sharing algorithms can be grouped into two categories, i.e.,
centralized and decentralized. Since decentralized approaches benefit from the plug-and-play

feature as well as higher reliability [4], they are of great interest.

The conventional droop algorithm [4] is a decentralized power-sharing approach. This approach
tends to emulate the behavior of synchronous generators by reducing the frequency in proportional
to active power demand. However, it cannot be used as an effective method in low-voltage
distribution systems [4]. This is due to the fact that low-voltage distribution systems possess
resistive characteristics rather than inductive characteristics, and unlike inductive grids, the active
power distribution can be related to the magnitude of voltage [4]. In this case, the inverse droop

characteristic is used, which is formulated as

f=1+m(Q)k,, E=E —n (P )k, Vie{l3}, (2.6)

qi ! pi?

where f* and E* are the nominal frequency and voltage magnitude of the microgrid, respectively;
mi and n; are droop coefficients of the i™" source defined by maximum permissible deviation from
nominal parameters in (2.7); and k; is a correction term discussed later. The variables Qj and P; are
obtained by passing the instantaneous reactive and active power of i" source through a low pass

filter as in (2.8).

Af AE__,
m = _—, n =

i i
Qmax, DER_i

,VI E{l, 3} (2_7)

I:)ma\x, DER _i
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a, a, .
Q =——Qn(t), B=—"—PR;(t), Vie{l3} (28)
S+, S+,

C c

Assuming that kpi= kq,i=1, the resistive droop characteristic for two DERs are depicted in Figure
2-6. Assuming that the maximum active and reactive power of DER_1 is two times of those
parameters for DER_3, according to equations (2.7), the slopes of lines associated with DER_1
are half of the slopes of lines associated with DER_3, and consequently, the share of active and

reactive power of DER_1 in equilibrium point (P1, Q1) are two times of those for DER_3, (Ps, Qs).

Figure 2-6 Qualitative resistive droop characteristic for DER_1 and DER_3.

2.2.3 Secondary Level Control

The purpose of this level of the hierarchical control is to compensate for the voltage drop and
frequency deviation from their nominal values. This control level is typically slower than the
primary control. Herein, the voltage magnitude set point Eo and frequency set point fo of DERS are
modified to account for the voltage and frequency deviations. This is equivalent to shifting
up/down the droop characteristic lines in Figure 2-6. The schematic of the secondary control level

is illustrated in Figure 2-7. To realize this control layer, a Microgrid Control Center (MGCC) unit
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is placed on the bus_2, as depicted in Figure 2-7. First, this unit measures the voltage magnitude
E> and frequency f2 on bus_2 by using a signal processor. Then, with the help of PI controllers, the

voltage magnitude and frequency set points (Eo and fo) are regulated.

bus 2, — —
- Im_ ................................... MGCC *  secondary leve
= E, -vE* LA
! Signal 2+ Pl Cont ! EO

i R : i[kp,l’ Kol | [Po1.Qo1]
. | -
[, kel | [PosQos]

SMon bus_3 L frtremree e e Tortary level

----- ——————» MGUC

Figure 2-7 Schematic of the control function of MGCC unit.

2.2.4 Tertiary Level Control

This control level is responsible for controlling the power exchange between the microgrid and the
main grid. Hence, this control is generally operational only in the grid-connected mode of the
microgrid. However, in this section, the role of the tertiary level is modified to achieve the

economical operation of microgrids in either grid-connected or islanded operation.

With the advances made in smart meter (SM) technology, development of smart grids with self-
healing, high reliability, the real-time pricing are also become possible [59]. With the real-time
pricing feature, the grid operators can decide wisely about the economical operation of the power
grid, which is conventionally known as the Economic Dispatch (ED) problem in power systems.
With the help of real-time pricing in microgrids, the ED problem can be addressed for shorter time

intervals, which in return leads to more economical operation. Moreover, the ED problem in
17



microgrids results in less computational complexity, since in microgrids the numbers of resources
are often limited, and the constraints (e.g., ramping rate, minimum up/down time) do not exist.

This means that the tertiary control level can be implemented more easily.

In this chapter, the tertiary control level is designed for addressing the ED problem in AC
microgrids. The schematic of this function is depicted in Figure 2-7. The smart meters on bus_1
and bus_3 send power measurement data to the MGCC unit. Based on these data and the real-time
price of electricity, the microgrid Economic Dispatch (MG ED) agent tends to minimize the
operation cost of microgrid in real-time. At the tertiary level, we assume that power losses in
connecting lines of microgrids are negligible, which can be the case in all small microgrids with

short connecting cables. This problem can be expressed as
minimize F =) (C,;P,,)
i=1

VP _p (2.9)
subject to .2_1: o e

P <Py <P

imin — i,max
where Cy; is real-time price of active power of i'" DER, respectively. After obtaining the solutions
to the above optimization problem (Po,), command signals are sent to the DERSs to achieve the
economical operation of the microgrid. In the proposed technique, in the islanded operation mode,

the command signals kp1, kp,3, are computed as

p,i

P .
= Vel (2.10)

0,
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and sent to the DERs. The command signals kp,1, kp,3 modify the performance of primary level

control, and by changing the slope of the droop lines in Figure 2-6, the most economical operation

of the microgrid can be attained.

2.3 Simulation Studies

In this section, the effective performance of the proposed hierarchical scheme is validated with

simulations studies. The AC microgrid nominal phase voltage and frequency are Vph=120[vrms],

and f=60 Hz. The capacity of DERs and the designed LLC filters are summarized in Table 2.1. The

line impedances of the AC microgrid (line 1 and line 2) are considered to be 0.04+0.12jQ.

Li[mH] | ru (@] | Lo[uH] | re[@] | C[uF] | re[@] | S[KVA] fs [kHz]
DER 1 1 0.1 57 0.05 24 03 8 60
DER 2 28 0.1 10 0.05 9 06 3 60
DER 3 2 0.1 11 0.05 12 0.5 4 60
Table 2.1 Parameters of the DERs considered in simulation studies.
The controllers of DER 1, DER 2, DER_3 are assumed to have the

form

C(s)=(azs?+ais+ao)/(bas*+h1s+ho), where s represents the Laplace variable, and their respective

coefficients are also summarized in Table 2.2.

20 a1_| & bo b1 | b2
Cc,l(s) 7.2x10%* | 5119 | 05 | 1.42x105 | 6 | 1
C..(8) 7.5x10° | 2658 | 053 | 1.42x10° [ 6 | 1
Cc,z (S) 0.6x10% | 6116 | 06 | 1.42x10°| 6 | 1
C.s(s) 3.6x10* | 255.7 | 0.25 | 1.42x10° [ 6 | 1
C.:(5) 3.7x10* [ 1495 | 0.26 | 1.42x10° | 6 | 1

Table 2.2 Controllers coefficient for DER_1, DER_2, and DER_3.
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It is also desired to derive the small-signal model of DERs based on the parameters provided in
Table 2.1 and equations (2.1)-(2.2). The bode diagram of Gy; (the open-loop gain of inner current
loop of DER_1) is shown in Figure 2-8 with a solid blue line. As it can be seen, the open-loop gain
Gui has a phase margin of 98.6 degrees at 141Hz, hence it has good phase characteristic. The
bandwidth of the inner current control loop should be designed between 5% and 10% of switching
frequency (60 kHz). To increase the bandwidth, a simple proportional controller can be used since

Gui has good phase characteristics and it is already stable.
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Figure 2-8 Bode diagram of the inner- and outer-control loops of DER_1 before and after compensation.

The bode diagram of Tsi (open-loop gain of the inner-current control after compensation) is shown
in Figure 2-8 with a dash-dotted red line. As it can be seen, this gain has a phase margin of 92
degrees at 6 kHz. Therefore, the inner-control loop has a good phase margin and bandwidth. The

bode diagram of Gy for DER_1 (open-loop gain of outer loop) is shown in Figure 2-8 with a
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yellow line. It is observed that this gain has a phase margin of 64 degrees at 5 kHz. This gain has

a fairly good phase characteristic but two problems should be addressed.

The first problem is that the bandwidth of the outer-control loop should be adequately less than
the inner-current control loop. Otherwise, the multi-loop control scheme may not work properly.
Secondly, for proper tracking of a sinusoidal reference signal and attenuation of disturbances, the
bode diagram of the outer-voltage loop should have a high gain around the frequency of reference
signal, following the Internal Model principle [60]. To this aim, proportional resonant controllers
have been proposed in the literature [61], [62]. The general form of this type of controller is shown
in (2.11), where wc and wo are the cutoff frequency and the fundamental frequency, respectively
[61]. The cutoff frequency of the resonant filter is dependent on the application, and by decreasing
this parameter the controller becomes more selective. Here, it is considered that ¢ =3 rad/sec.

ks
2 2
S°+2m.5+ o,

C..(s)=k, + (2.11)

The bode diagram of Ts for the DER_1 (i.e., the open-loop gain of the outer loop after
compensation) is shown in Figure 2-8 with a purple dashed line. As it can be seen, the bandwidth
of the outer-voltage loop (3kHz) is decreased to half of the bandwidth of the inner-current loop
(6kHz). Moreover, it has a good phase margin of 71 degrees and a gain of approximately 70 dB at
60Hz. Therefore, the system has good dynamic characteristics, and the reference signal can be
precisely tracked. The same approach can be used for designing the controllers for the DER_3
and DER_2. The parameters of the designed droop power-sharing method are provided in Table
2.3. Moreover, since the low voltage AC microgrid is resistive, the virtual impedance concept is

used to improve the transient characteristic of the reactive power-sharing among the DERs [63].
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mi

ni

ms

n3

kp,l, kp,3 kq,l ,kq,3

1.25%x107*

1x107*

25x107*

2x107

1

Table 2.3 Designed droop power sharing coefficients for DER_1 and DER_3.

Figure 2-9 shows the profile of the active and reactive power of the loads during the 1.5s simulation

scenario. The simulation starts with an initial loading condition (P1oad=5.5kW and Qioad=1.6kVar)

Then, the load_1 and load_2 increase at t=0.3 s. and t=0.9 s, respectively. The other small load

changes at t=0.6 and t=1.2 s are caused by changes occurred in the voltage magnitude of AC

microgrid because loads are modelled as impedances.

—
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Figure 2-9 Profile of considered loads during simulation time interval of [0-1.5]s: (a) active power, and (b)

reactive power.
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The power generation profiles of DERs are also shown in Figure 2-10. The AC microgrid starts

up at t=0s. Initially, the power is injected to the DC microgrid, and hence, the active power of

DER_3 is negative. During the time period [0-0.3]s, all the loads in AC microgrids are supplied

from DER_1 and DER_2. At t=0.3s, the load_1 increases, and consequently this increase is

compensated by an increase of DER_1 power output. During the time interval [0.3-0.6]s, it is

realized that DER _1 is close to overload condition. Consequently, at t=0.6s, the MGCC unit sends

a command signal to the DER_3 to inject power from the DC microgrid to the AC microgrid.

Therefore, the DER_3 output power becomes positive during the time interval [0.6-0.9]s. During

this time interval, the power of the DER_1 decreases since the DER_3 is participating in power-

sharing. It should be mentioned that the power-sharing is performed based on the capacity of the

DERs, ka=kp=1, since the tertiary control level is not yet activated.
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Figure 2-10 Generation profile of the DERs during time interval [0-1.5]s: (a) active power, and (b) reactive

power.
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At t = 0.9s, the load_2 increases, and the added load in bus_2 is shared between the DER_1 and
the DER_3. At t=1.2s, the power generated by PV panels (i.e., the DER_2) is decreased, and it is
compensated by increasing power output from the DER_1 and the DER_3. The profile of loads
within AC microgrid is kept fairly constants the rest of the simulation scenarios during the time

interval [1.5-2.7]s, and it is shown in Figure 2-11.
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Figure 2-11 Profile of considered loads during simulation time interval of [1.5-2.7]s: (a) active power, and (b)

reactive power.

Figure 2-12 depicts the generation profile of DERs during the simulation interval [1.5-2.7]s. At
t=1.5s, the secondary control level is activated. Based on this control, the voltage magnitude and

frequency on bus_2 are measured, and then the voltage and frequency set points are modified to
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return the voltage magnitude and frequency to their nominal values. Moreover, since with

activating the secondary control level the voltage magnitude is increased to its nominal value, the

power of loads are also increased (Figure 2-11).

Active Power [W]
oS
o
S

400

3000y

2000y

1000;

0 . s Al
1.5 1.8 2.1 2.4 2.7
Time (seconds)

Figure 2-12 Generation profile of DERs during time interval [1.5-27] s: (a) active power, and (b) reactive

power.

At t=1.8s, the tertiary control level is activated. Assuming that the real-time prices for the DERs
are as Cp,1=0.8[p.u/kW], and Cq3=0.4[p.u/kW] the command signals [kp,1], and [Kp3] are sent to
DERs. Figure 2-12 demonstrates that during the interval [1.8-2.1]s, the power generation of the
DERSs changes as a result of tertiary level control. At t=2.1s, a fault occurs in the DC microgrid,
and consequently, the power of DER_3 goes to zero and all the loads are supplied by the DER_1.

It is also noted that since the DER_2 is composed of PV cells, it is not picking up the excess load
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due to being non-dispatchable. During the time interval [2.1-2.4]s, the MGCC unit detects that the
DER 1 is overloaded. To reduce this power stress, at t =2.4s, the MGCC sends a command to
connect to the main grid and operate in the grid-connected mode. The MGCC unit also sends a
signal to the DER_1 to change its operation from islanded to grid-connected mode, and the new

power reference [Po,1, Qo,1] is computed by solving the UC problem.

It is interesting to assess the performance of each control level. To this aim, Figure 2-13 shows
bus_1 voltage as well as current of the DER_1. As it can be seen, the voltage and current have low
harmonic distortion and good dynamic characteristic, which is achieved by the proper design of
inverters in zero level control. Figure 2-14 depicts the power-sharing error during the time interval
when both DER_1 and DER_3 are participating in the algorithm. It can be observed that the
proposed power-sharing algorithm has very high accuracy for active (the error is less than 7%) and
reactive power (the error is less than 1%) in the steady-state condition. Therefore, the primary level

control demonstrates decent performance.
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Figure 2-13 Voltages at bus_1 and currents of the DER_1 during the operation of AC microgrid: (a) voltage

profile of bus_1, and (b) current profile of DER_1.
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Figure 2-14 Power sharing error of the two DERs: (a) active power, (b) reactive power.

Figure 2-15 shows the profile of voltage magnitude and frequency of bus_2. It can be observed

that the drop in voltage magnitude and increase in frequency are within permissible limits (i.e., 5%
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of nominal voltage and 0.5 Hz). Moreover, it can be seen that the voltage magnitude and frequency
are returned to their nominal value at t=1.5s when secondary level control is activated. Figure
2-16 verifies that the average cost of active power for DER_1 and DER_3 is decreased when the
tertiary level control is activated at t=1.8s. Therefore, the tertiary level control is capable of

minimizing the operation cost of the AC microgrid.
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Figure 2-15 The profile of voltage magnitude and frequency at bus_2.
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Figure 2-16 Average cost of active power of DER_1 and DER_3.
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2.4 Summary

In this chapter, an effective hierarchical control method has been presented for low voltage AC
microgrids. The proposed scheme has improved the regulation of AC microgrid voltage and
frequency while providing a proper power-sharing among multiple DERs within the AC microgrid.
The presented scheme is also demonstrated to minimize the operational cost of the microgrid by

solving the optimization problem among multiple DERs in real-time.
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Chapter 3: Dynamic Assessment of AC Power Load and Source

In this chapter, the dynamic characteristics of a Constant Power Load and Constant Power Source
(CPL/CPS) are assessed while they are connected to an AC grid or a generic-controlled source.
These dynamic characteristics can help to predict the behavior of the system in different operating
points. In case the dynamic behavior of an AC system is not following a set of requirements,
passive or active components can be redesigned [42], [41] or proper approaches can be adopted to

improve the dynamic behavior of the system [34], [64], [65].

First, small-signal models of interconnected systems are mathematically developed. Based on
these small-signal models, the closed-loop output impedances of CPL/CPS are obtained. Then, the
closed-loop impedances of CPL/CPS and the sources are used to analyze the dynamic behavior of

the system in different operation modes of CPL/CPS.

3.1 AC Grid-CPL/CPS System

In this subsection, we investigate the dynamic characteristic of a CPL/CPS connected to an AC
system. The structure of the considered system is shown in Figure 3-1(a) and its parameters are
provided in Table 3.1. This is a single bus three-phase AC system connecting an AC grid to a DC
microgrid (DCMG). The CPL/CPS is responsible for regulating power transfer between DCMG
and the AC source. As shown in Figure 3-1 (b), the AC grid is represented with a LC filter denoting
an aggregated impedance of lines, transformers, and other components in a three-phase power

system.
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Figure 3-1(c) shows CPL/CPS and its control system. It works in a current-controlled mode
implemented in o frame. The reference for the current loop is calculated based on aff component
of grid voltage. The circuit includes a power electronic converter and a LLC filter to attenuate

switching harmonics.

|AC grid-CPL/CPS system | Ir ‘AC Grid _;
| pcc 0 (ﬁ’): | |
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Figure 3-1 Considered AC system and its components: (a) high-level architecture AC grid-CPL/CPS system,

(b) AC grid, and (c) CPL/CPS and its control system.

Components Parameters & values
CPL/CPS L1 :3mH, I’|_1=O.lQ, Lz :lmH, I’LQ:0.0SQ, C:30|JF, I'c =0.25Q
AC Grid L1 =3mH, r1-0.1Q, C=30pF, re=0.3Q

Table 3.1 Parameters of CPL/CPS and AC grid.
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3.1.1 Small-Signal Modeling of AC Grid-CPL/CPS System

In this subsection small-signal model of open-loop CPL/CPS is derived first. This model is useful

for designing the controller H™ which regulates output current iz,anc. Moreover, with the help of

i-loop
small-signal modeling, the output closed-loop impedance of the converter can be obtained which
will be later used for stability analysis. For the purpose on notations in this thesis, real vectors are
denoted by lower-case bold letters, as fys=[fx« fxs]"; and matrices are denoted by upper-case bold
letters. In addition, the subscripts abc, af, and dq denote the coordinates in which the respective
variables are expressed. Considering the parameters shown in Figure 3-2, the state-space model of

CPL/CPS can be expressed as

. — — - - T
Xicap = ALLC,aﬂXLLC,aﬁ + Bivi,aﬂ + Bgvg,aﬂ’ XiLc,ap _[Il,aﬂ Veap I2,aﬁ] '

a; 0 a; 0 a; 0 |
0 a3y 0 ay 0 ay
(3.1)

D

=
o
o
o

893
o

ek 10 a, 00 0 a

r.+n 1 r,
A =8y =— L1 ’313:a24—_z’315 azezz
—><dy =ady, = d,r =a ——1
31 42 C’ 35 46 C y
r, 1 r.+n
a51:a62:L—,a53=a64=—L—,a55=a66=— L
2 2 2

T

REV oooo}T
- B,

0000 -1/L, O
10 1/, 00 00
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Figure 3-2 Small signal model of LLC filter.

This state-space model can be used to derive a matrix transfer function from modulated voltages

A

V; .5 tOOUtput currents 1, ,,as

_Eﬂ ﬂﬂ_
G ()= Vio Vip :[va(s) 0 } (3.2)
v i;ﬁ IAM 0 Gvi,ﬁﬁ (s)
_Vm Vi,ﬂ_

Since there is no coupling between o5 components in the developed state-space model, the matrix

impedance G.i(s) is diagonal and symmetric. The diagonal elements are high-order transfer

functions in the form of G, (s) =G,; 4;(s) = N(s)/ M(s), which are obtained using a numerical

approach. Therefore, the CPL/CPS output current can be independently controlled using one

controller H3s, in each axis. The controller Hiig, is designed in a way that the open-loop gain of

i-loop

the CPL/CPS defined as

CHOL <K @3)

T = Gui,aa i-loop pwm?

si,aa

:Tsi,ﬁﬂ
should have a positive phase margin, where Kpwm represents the pulse-width modulation gain. The

coefficients of the designed controller Hf,ﬁkpin form of H=(azs?+ais+ao)/(b2s%+bis+bo) are
provided in Table 3.2.
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| ao | ai | az | bo | b1 | b2
H CPL 6.5%10° ‘ 4607 ‘ 458 ‘ 1.42x10° ‘ 6 ‘1

i-loop

Table 3.2 Coefficients of CPL/CPS controller.

After designing the controller Hf,ﬁkp, the closed-loop state-space model of CPL/CPS can be

derived. Assuming that the state-space model of the control system is expressed as

v = 3.4
Xi-loop,aﬂ - AcXi-Ioop,aﬁ + Bcui-loop,aﬁ ( )
yi—loop,aﬂ = CcXi—Ioop,a,b’ + Dcui—loop,aﬁ

the complete state-space model of CPL/CPS is as

. 3 . . T
XepLap = ACPL,aﬁXCPL + BCPLIref,aﬁ + MCPLVg,aﬂ ) XCPL,aﬂ = [XLLC,aﬁ Xi-loop,aﬁ]

A -B.DS, B.C T
A —| e TiFeTt FiFel g _[BD. B.|,
CPL,af |: _Bcsl Ac CPL I: 1—C c :I (35)
T 0000T10]. 2 |Voa Vs |[P
M = B O ,S = ' | = ’ ' )
cpL [g } L {o 0000 J rehab 3||Vg,aﬂ||2[Vg,ﬁ Vo |LQ

The developed state-space model in (3.5) is non-linear and notation ||.|| denotes the Euclidean norm
of the respective vector. Consequently, deriving the input closed-loop impedance may not be
straight forward. To solve this issue, the developed state-space model is transformed into a time-

invariant model by using Park transformation T as

T cos(at) sin(apt) (3.6)
| =sin(wt) cos(at) |

where w1 is the fundamental angular frequency of the main AC grid. The resultant state-space

model can be expressed as

. _ . _ T
XCPL,dq - ACPL,quCPL,dq + BCPLIref,dq + I\/ICPLVg,dq ' XCPL,dq - [XLLC,dq Xi-loop,dq] '
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ALLC ap + W1 - BiDcSl BiCc —@, 0 0 0
ACPL dg = ' ’Wc = !
’ -B_S, A +W, 0 0 0 o
0 0 -w O]
0 0 0] (37)
-, 0 0 0
0 0 w 0 0. 2 [Vga Vg ||P
Wl = 0 0 ’Iref,dq T _ :
—601 0 O O 3 “ Vg,dq ” Vg,q Vg,d Q
0 00 0 0 o
0 0 0 0 -w 0]

This state-space model includes non-linear terms and should be linearized around an operating

point. The linear state-space model then can be expressed as

~ N N 2 2 -P Q vg,d Ag,d
XepLdg = ACPL,quCPL,dq + ECPL,qug,dq 1 e aq = W2 { Q P v =N | (3.8)
g.d 9.9 94

Ecg =|BDN+B, BN] .

Based on the developed linear state-space model, the input admittance of the CPL/CPS in dq frame

can be derived as

(3.9)

_ Vyo Vg | Yaa(8) Y (9)
YCPL/CPS,dq (S) - a a - |: yqd (S) yqq (S) y

which is a full matrix, and its individual transfer functions are constructed numerically. After
obtaining the input admittance of CPL/CPS, we need to derive the output impedance of the AC
grid to perform stability analysis. Considering the parameters shown in Figure 3-3, the state-space

model of the AC grid is as

35



+

Vi abc C Veabe Vgabe
% e -

Figure 3-3 Structure of the equivalent AC grid representation.

. - T
Xicaop = ALC,aﬂXLC,aﬁ + Bivi,aﬁ + Bolz,aﬂ XLc s :[ll,aﬁ Vc,aﬂ] '
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Since this state-space model is linear, we can obtain the output impedance of grid without using

Park transformation. The impedance of the grid Zgrig can be obtained as

Zyway®)=| - (3.41)
! Vopr Vs 0 Z yia 5 (9)

iAZ I2,ﬂ _ |:Zgrid,aa (S) 0 :|

I I
L, |

L 28
After some manipulations, it can be shown that Zgrig,qs(S) is a diagonal matrix, (as expected, a
decoupled matrix impedance in abc frame is also a decoupled matrix impedance in stationary of

frame). Furthermore, the diagonal elements of Zgrig,5(s) have the following form

s’LCr +s(L, +Crr)+r,
S’LC+sC(r,+r)+1

Z it 0 (s)= Z o pp (s)= (3.12)
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After obtaining the closed-loop admittance of CPL/CPS and the impedance of the AC grid, we can

perform stability analysis which is provided in the following subsection.

3.1.2  Stability Analysis of AC Grid-CPL/CPS System

Stability analysis of the system shown in Figure 3-1(a) can be performed by adopting impedance-
based stability analysis [66]. This approach, assess the stability of an AC system based on the
impedance ratio of a source and a load. This approach requires impedances of source and load to
be in the same coordinate. Since the developed admittance of CPL/CPS is in dqg frame (equation
(3.9)) and impedance of the AC grid is in af frame (equation (3.15)), we need to transfer both

impedances to the same coordinate. In this chapter, the unifying approach is adopted to this aim.

The unifying approach transfers a 2x2 transfer matrix to two complex transfer functions. In this

approach, the admittance of CPL/CPS is first transferred to a complex dq frame using

hmaym@}ymqummwnwwum©%&ﬂ
' : (3.13)

Y¢ =| -
Cmm@{h&)m@ OSEEMORMOES(MORMO)]

where superscript ‘¢’ in Yo cps4q (S) denotes complex transfer function, y:'dq (s) and yqu (s) are
complex conjugate of vy, (s)andy ,(s), respectively. Then, the equivalent impedance in
complex of frame Ycp cps..,4 () is Obtained by a shift in the frequency as

YéPIJCPS,aﬂ (s)= YCCZPIJCPS,dq (s—ja). (3.14)
It can be shown [41] that there could be a coupling between positive and negative sequence

components of a three-phase system in case ®>2m1. Provided that ©<2w1, two positive frequency

components present in the three-phase system [41]. Moreover, it can be shown [4] that the grid
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impedance matrix in of frame Z_;, .(s) can be transferred to the complex af frame using the

following:

grid, ax (S) O

L (3.15)
0 Zgrid,ﬁ/j (S_Zja)l)

. Z
Zgrid,aﬂ (S) =

Since now the impedance of the grid and admittance of CPL/CPS are in the same coordinate
(complex apf frame), impedance-based stability analysis can be performed. According to Nyquist
criteria, the stability can be determined by plotting the frequency responses of eigenvalues of
impedance ratio [41]. Since we have source impedance and load admittance, we defined their
product as
G(S) = Z50,5 (S) Yepr o (9)- (3.16)

Investigating the eigenvalues of G(s), it becomes possible to identify the candidate frequencies for
interaction between the AC grid and the CPL. These candidate frequencies are the ones at which
phase of the eigenvalues reaches -180 degrees. If the magnitude of an eigenvalue is positive at a
candidate frequency (gain margin is negative), an instability happens at that candidate frequency.
It should be mentioned that candidate frequencies are in pairs meaning that if there is one candidate

frequency at o, there would be another candidate frequency at 2m1- ®.

Figure 3-4 shows the frequency responses of eigenvalues of impedance ratio matrix G for two
different power consumption profiles. In the first scenario, CPL is consuming active power P=8kW
and reactive power Q=1kVar (solid lines), and in the second scenario it is consuming P= 8.5kW,
and the reactive power is kept constant at Q=1kVar (dashed lines). For both power consumption

profiles, it can be seen that the phase reaches -180 degrees at different frequencies. These are
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candidate frequencies for the interaction between the grid and CPL. For example, for P=8kW, the
candidate frequencies of A1 are around -164Hz and -20Hz, and the candidate frequencies of A, are
around 140Hz and 285Hz. The gain margins at all candidate frequencies are positive; therefore,
instability cannot occur when the CPL operating point is {P=8.5kW, Q=1kVar}. Similarly for
P=8.5kW, the gain margins at all candidate frequencies (A1:-173Hz, -20Hz, and A»:140Hz, 294Hz)
are positive. Therefore, instability cannot occur when the power consumption of CPL is either

{P=8.5kW, Q=1kVar}.
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Figure 3-4 Frequency responses of eigenvalues of impedance ratio matrix G for AC grid-CPL system when

CPL power consumption is {P=8kW, Q=1kVar}, and {P=8.5kW, Q=1kVar}.
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Figure 3-5 Frequency responses of eigenvalues of impedance ratio matrix G for AC grid-CPL system when

CPL power consumption is {P=9kW, Q=1kVar}, and {P=9.5kW, Q=1kVar}.

Figure 3-5 shows the frequency responses of eigenvalues of impedance ratio matrix G when the
power consumption of CPL are {P=9kW, Q=1kVar} (solid lines), and {P=9.5kW, Q=1kVar}
(dashed lines). When CPL is consuming P=9kW, there are different frequencies at which phase
reaches -180 degrees. Among these candidate frequencies, it can be seen that the gain margins are
positive at candidate frequencies A1:-20Hz or A2:140Hz. The other candidate frequencies around -
M:-182Hz and 22:302Hz need further attention. The zoom-in plot shows the magnitude of
eigenvalues around these candidate frequencies. It can be seen that the gain margin is still positive
at the candidate frequencies A1:-182Hz and 12:302Hz. Therefore, no instability can happen when

CPL is consuming P=9kW.
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Similarly, there are different candidate frequencies when CPL is consuming P=9.5kW. The gain
margins at candidate frequencies A1:-20Hz or X2:140Hz are positive. The zoom-in plot, however,
shows that the gain margins at candidate frequencies A1:-192Hz and 22:312Hz are negative.
Therefore, when CPL is consuming 9.5kW, an interaction happens between CPL and the AC grid,

and the system shown in Figure 3-1(a) is destabilized.
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Figure 3-6 Nyquist plot of eigenvalues of matrix G for AC grid-CPL system: (a) CPL power consumption is

P=9kW, Q=1kVar; and (b) CPL power consumption is P=9.5kW, Q=1kVar.

Nyquist plots of eigenvalues of matrix G are shown in Figure 3-6. It can be seen that when CPL
is consuming P=9kW and Q=1kVar the Nyquist plot in Figure 3-6 (a) does not encircle the critical
point (-1+0j). However, when CPL is consuming P=9.5kW and Q=1kVar the Nyquist plot in

Figure 3-6 (b) encircles critical point, predicting instability of the considered AC grid-CPL system.
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Figure 3-7 Frequency responses of eigenvalues of impedance ratio matrix G for AC grid-CPS system when

CPS power generation is {P=10kW, Q=1kVar}, and {P=10.5kW, Q=1kVar}.

Figure 3-7 shows the frequency responses of eigenvalues of impedance ratio matrix G when CPS
is generating active and reactive power as {P=10kW, Q=1kVar} and {P=10.5kW, Q=1kVar}. As
it can be seen, for the two cases there are different candidate frequencies. However, the gain
margins at none of these candidate frequencies are negative. Therefore, the considered AC grid-

CPS system should be stable in these operating points.
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Figure 3-8 Frequency responses of eigenvalues of impedance ratio matrix G for AC grid-CPS system when

CPS power generation is {P=11kW, Q=1kVar}, and {P=11.5kW, Q=1kVar}.

Figure 3-8 depicts frequency responses of eigenvalues of the matrix G for two other operating
points of CPS which are {P=11kW, Q=1kVar} and {P=11.5kW, Q=1kVar}. Considering when
CPS active power is P=11kW, the eigenvalues in candidate frequencies (A1:-182Hz or 12:302Hz)
have a small positive gain margin. However, when CPS active power is P=11.5kW, the gain
margins at the candidate frequencies (A1:-188Hz or 12:308Hz) become negative, which leads to

instability of the AC grid-CPS system.
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Figure 3-9 Nyquist plot of eigenvalues of matrix G for AC grid-CPS system: (a) CPS power generation is

P=11kW, Q=1kVar; and (b) CPS power generation is P=11.5kW, Q=1kVar.

The Nyquist plots of eigenvalues of matrix G are shown in Figure 3-9 when CPS is operating at
{P=11kW, Q=1kVar} and {P=11.5kW, Q=1kVar}. It can be observed that in the first operating
point in Figure 3-9(a) the critical point is not encircled and the AC grid-CPS system is stable. In
the second operating point in Figure 3-9(b) the critical point (-1+0j) is encircled, which follows

with the analysis provided in Figure 3-8.

3.2 Simulation Studies of AC Grid-CPL/CPS System

In this subsection, the presented findings are validated by simulation studies. These studies are
performed on the Opal-RT simulator, which closely emulates the experimental setup of the AC
grid-CPL/CPS system by exploiting detailed switching models. Before discussing the operation of
the AC grid-CPL/CPS system, the derived impedance of CPL is first validated. Figure 3-10 shows

the frequency response of admittance of CPL obtained with two methods (modeling and frequency
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sweep) in the operating point {P=2kW, Q=0.5kVar}. It can be observed that both analyses have
the same frequency responses. Therefore, the developed models for admittances of CPL/CPS are

accurate.
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Figure 3-10 Frequency response of admittance of CPL.

In this subsection, the simulation results for the AC grid-CPL system in Figure 3-1(a) are
presented. In the first simulation studies, CPL is consuming active and reactive power as provided
in Figure 3-11, and the corresponding current and voltage of CPL are presented in Figure 3-12.
The CPL starts up with consuming active power of P=2.5kW and reactive power of Q=1kVar from
the AC grid. Then, at t= 0.2s, CPL active power is changed to P=6.5kW and small oscillations
happen in the current and voltage of CPL, yet the system remains stable. Similarly, at t= 0.4s and
t= 0.6s, the consumed active power from the AC grid is increased to 8kW and 9kW, respectively.

It can be observed that the system response becomes more oscillatory and the damping takes a
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At t= 0.9s, the CPL active power is increased to P= 9.5kW, and as predicted in Figure 3-5 and
Figure 3-6(b), the AC grid-CPL system becomes destabilized. When the system is destabilized,

large oscillations occur in the current and voltage at the PCC bus, as can be seen at the end of

Figure 3-12.
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Figure 3-13 Active and reactive power consumption of CPS in AC grid-CPS system.

In the second simulation studies, CPS is generating active and reactive power as provided in Figure
3-13, and the respective current and voltage of CPS are presented in Figure 3-14. The CPS starts
up with generating active power of P=3.5kW and reactive power of Q=1kVar. Then, at t= 0.2s,
CPS active power is changed to P=7.5kW and the system remains stable. Similarly, at t= 0.4s and
t= 0.6s, the generated active power of CPS is increased to 10kW and 11kW, respectively. At t=
0.9s CPS active power is increased to P=11.5kW and as predicted in Figure 3-8 and Figure 3-9(b)
the AC grid-CPS system is destabilized. When the system is destabilized, sustained oscillations
occur in the current and voltage of CPS and GCS. These oscillations, as provided in FFT analysis
of the CPS current, have components specified as candidate frequencies (A1:-188Hz or 12:308Hz)

in Figure 3-8.
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Figure 3-14 Voltage and current of CPS in AC grid-CPS system: (a) current of CPS; and (b) voltage of CPS.

3.3 Generic-controller Source-CPL/CPS System:

In this subsection, the dynamic characteristic of a CPL/CPS is investigated in different operating
points while it is connected to a Generic-Controller-based Source (GCS). The structure of the
considered three-phase AC system is shown in Figure 3-15. This architecture is similar to the one
presented in Figure 3-1. The difference here is that CPL/CPS is connected to a GCS. The control
system of GCS is shown in Figure 3-15(b). As it can be seen, a multi-loop approach is used to
control the current and voltage of the inverter, and the control system is implemented in af frame.
GCS can work in both grid-connected and islanded operation of the considered system shown in
Figure 3-15(a). Therein, we consider islanded operation mode in which inverter voltage Ve anc iS
controlled with an outer control loop. The inner control loop is responsible for regulating the

inverter's side current i1 anc. FOr the purpose of consistency in comparing different sources, the LC
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filter of GCS is selected to be identical to LC filter of AC grid presented in Table 1.1. In what

follows the small-signal modeling of GCS-CPL/CPS system is presented.
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Figure 3-15 Considered AC system and its components: (a) high-level architecture of GCS-CPL/CPS system,

(b) GCS and its control system, and (c) CPL/CPS and its control system.

3.3.1 Small-signal Modeling of GCS-CPL/CPS System Components
Since CPL/CPS circuit and its control circuit have not changed, the small-signal model developed

for CPL/CPS in the previous subsection is still valid and can be used for stability analysis. Therein,

we need to develop the small-signal model of GCS which is used for designing controllers HE>

i-loop
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GCS
H v-loop *

and Assuming that the modulated voltage of the inverter can be represented by an average

voltage Vi anc, the open-loop circuit of GCS can be represented as Figure 3-16, and the state-space

model of the open-loop GCS can be expressed as

r Ly i2,abc
e Y Y Y > O +
+ —_—
1 +
1,abc

Vi,abe C Veabe Vgabe
% I'c -

Figure 3-16 Open-loop circuit of GCS.

. . . T
Xicop = ALC,aﬂXLC,aﬂ + Bivi,ap’ + Bolz,aﬂ XLcp :[ll,aﬂ Vc,aﬂ] '
a, 0 a, 0 _a _ k+h _a __i
A _ 0 a12 0 324 all_ 21 L1 ’a13_ 24 L1
LC.ap a,, 0 0 0/ 1 ' (3.17)
0 a, 0 of % ¢
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This state-space model can be used to derive transfer functions for the regulation of the inverter

current iyanc and voltage Ve anc. These transfer functions can be defined as,

50



Voo Vea
G (S) _ \7|,a \7I,ﬂ _ {Gw,aa (S) 0 }
" vc,ﬂ Vc,ﬂ 0 Gw,/}/} (S) '
| Vie  Vig | (3.18)
i, b, |
G ( ) \7I a \7I i) |:Gvi aa (S) 0 :|
(S) = = '
B Il, 5 Il, P 0 Gvi,ﬂﬂ (S)
vi,a vi,ﬁ

The matrices Gw(s) and Gui(s) will be diagonal and symmetric (Guiua(S)= Guigs(s) and
Gw,aa(S)=Gw,s(s)), and the elements are obtained using a numerical approach. Similar to
CPL/CPS control schemes, since there is no coupling between af components in the developed

state-space model, the inverter side current can be independently controlled using the same

controller HZ35s in both axes. The controller H3S5S is designed in a way that the open-loop gain

i-loop

of the current loop defined as

<HES XK @19)

Vi,aa i-loop pwm !

T. G

Tsi,aa = si,Bp =
has a positive phase margin. After designing the current controller Hﬁc‘fj) the closed-loop model

of the inverter Gyc,«s With the inner current controller can be obtained. This closed-loop model is

as
T, (3.20)
GVC aa = GVC = - X G
: Bp wW,aa !
1+Tsi,aa
and is used to design the controller H’> i the outer voltage control loop. The controller H7c>)

should provide a positive phase margin for the open-loop gain of the outer loop defined as

G, xHE® (3.21)

VC,ax v-loop*

T 0w =T

sv,aa V.88
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GCS
H.

GCS
i-loop H

v-loop

The coefficients of the designed controller and in form of

H=(azs?+a1s+ao)/(b2s?+b1s+ho) are provided Table 3.3. The frequency responses of the current
loop and voltage loop of GCS are shown in Figure 3-17. As it can be seen, both current loop and

voltage loop (Tsiua, Tsv, ae) have positive phase margins indicating the stability of GCS.

ao a1 az bo b1 b2

H GCS 1.4x104 50.35 0.1 1.42x10° 6 1
v-loop

H GCs 7208 25.66 0.05 1.42x10° 6 1
i-loop

Table 3.3 Coefficients of GCS controllers.
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Figure 3-17. Frequency responses of the current loop and voltage loop of GCS.

After designing the outer voltage controlled-loop, the closed-loop state-space model of GCS can

be obtained. Assuming that the state-space model of the current and voltage controller (H 5> and

i-loop

HE" ) can be expressed as

v-loop
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Hﬁfosp {X‘-Ioop,aﬁ = AXitoop,ap + Bollisogg,p ’ (3.22)
Yitoop,ap = chi-loop,aﬂ + Dcui-loop,aﬁ’
H \?I((:)ip {Xv—loop,aﬁ’ = Ava-Ioop,aﬂ + Bvuv—loop,aﬁ' |
v-loop,af — CVXV—Ioop,aﬂ + Dvuv-loop,a,b’

the complete state-space model of the GCS is as

Xacs = AscsXacs + BGCSVref,aﬂ + MGCSiZ,aﬂ » Xocs = [XLC,aﬂ Xi1oop,ap Xv-loop,aﬂ]T’
ALC,aﬁ - BiDc(DvSZ + Sl) BiCc BiDch
Agcs = -B.(D,S, +3,) A, B.C, |B.=[BDD, BD, B[, (3.23)
-B,S, 0 A,
M. =[B, 0 O]T,Slz{l 0000 0}, 2:{0 0100 O]
° 010000 000100

where, Vref,q5 IS the reference of the outer voltage control loop. This developed state-space model
can be used to derive the output closed-loop of impedance of the GCS, which will have the

following generic form as

~ ~ (3.24)
—nga —Vg o
7 (s) = .o 12 _ |:ZGCS,aa (s) 0 }
GCs,ap\°) = | - = .
Vo Vog 0 Zcs p(9)
oy Y

Similarly, the matrix impedance Zgcs,q5(S) is diagonal and symmetric. The diagonal elements are
high-order transfer functions in the form of Zgcg,,(S)=Zgcs45(S) = N(s)/ M(s), which are

obtained using a numerical approach
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3.3.2  Stability Analysis of GCS-CPL/CPS System

The stability of the GCS-CPL/CPS system in Figure 3-15 can be assessed by similar impedance-
based stability analysis and before doing so, the impedances of GCS and CPL/CPS should be
transformed to the same coordinate. Similar impedance-admittance product matrix G(s) can be

defined as
G(S) = Zgscu5 (5) Yor 05 (5), (3.25)

where Zg. .,(s) is the complex impedance matrix of GCS in complex a3 frame obtained from

(3.26)
VA (s) 0
Zc — GCS,aa .
N ) 0 ZGCS,ﬁﬁ (s-2jm)

The stability of GCS-CPL/CPS system can be assessed by plotting frequency responses of
eigenvalues of impedance ratio matrix G. The frequency responses of impedance ration matrix G
is shown in Figure 3-18 when CPL power consumption is as {P=6kW, Q=1kVar}, and {P=6.5kW,
Q=1kVar}. Different candidate frequencies (A1:30Hz, 31Hz and 12:89Hz, 90Hz) can be found in
both operating points. The gain margins in all candidate frequencies are positive, hence the

considered system is stable in these two operation points of CPL.
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Figure 3-18 Frequency responses of eigenvalues of impedance ratio matrix G for GCS-CPL system when CPL

power consumption is {P=6kW, Q=1kVar}, and {P=6.5kW, Q=1kVar}.

Figure 3-19 shows the frequency responses of impedance ratio matrix G when CPL power
consumption is {P=7kW, Q=1kVar}, and {P=7.5kW, Q=1kVar}. When CPL is consuming
P=7kW of active power, the frequency responses of eigenvalues have small positive gains margin
at the candidate frequencies (A1:30Hz and 12:90Hz). Therefore, the considered GCS-CPL system
is stable at this operating point. Nonetheless, the system becomes unstable when the active power
consumption of CPL is increased to P=7.5kW. This is due to the negative gain margin of

eigenvalues of matrix G at candidate frequencies (A1:29Hz and 12:91Hz).
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Figure 3-19 Frequency responses of eigenvalues of impedance ratio matrix G for GCS-CPL system when CPL

power consumption is {P=7kW, Q=1kVar}, and {P=7.5kW, Q=1kVar}.

The Nyquist plots of eigenvalues of matrix G are shown in Figure 3-20. Unlike the operating point
P=7kW, the Nyquist plot encircles the critical point when CPL is consuming P=7.5kW, which
indicates the instability of the GCS-CPL system. This finding is independently reported in Figure

3-19.

56



7»1(0)) ‘ ‘ ‘ ‘ — = — kg((x))

Imaginary Axis
o
Imaginary Axis

) -2 -1.5 -1 -0.5 0 0.5 1 15 2 -1.5 -1 -0.5 0 0.5 1 15 2
Real Axis Real Axis
(@) (b)

Figure 3-20 Nyquist plot of eigenvalues of matrix G for GCS-CPL system when: (a) CPL power consumption

is {P=7kW, Q=1kVar}; and (b) CPL power consumption is {P=7.5kW, Q=1kVar}.

The frequency responses of eigenvalues of matrix G when CPS power generation is {P=7.5kW,
Q=1kVar}, and {P=8kW, Q=1kVar} are shown in Figure 3-21. As it can be seen, the gain margins
of eigenvalues at all candidate frequencies (A1:30Hz and A2:91Hz) are positive when CPS is
generating active power P=7.5kW. Therefore, the considered GCS-CPS system is stable at this
operating point. Nonetheless, the system becomes unstable when CPS active power is increased to
P=8KW. This is due to the negative gain margin of eigenvalues at candidate frequencies (A1:29Hz
and X2:91Hz). The Nyquist plots of eigenvalues of matrix G are shown in Figure 3-22 confirming
that the GCS-CPS system becomes unstable when the active power generation of CPS is increased

from P=7.5kW to P=8kW.
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Figure 3-21 Frequency responses of eigenvalues of impedance ratio matrix G for GCS-CPS system when CPS

power generation is {P=7.5kW, Q=1kVar}, and {P=8kW, Q=1kVar}.
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Figure 3-22 Nyquist plot of eigenvalues of matrix G for GCS-CPS system when: (a) CPS power generation is

{P=7.5kW, Q=1kVar}; and (b) CPS power generation is {P=8kW, Q=1kVar}.

58



3.4 Simulation Studies

In this subsection, the presented findings are validated by real-time simulation studies on the Opal-
RT simulator. First, the derived impedance of GCS is validated. Figure 3-23 shows the frequency
responses of GCS admittances obtained with the developed model and frequency sweep analysis.
It can be seen that the obtained admittance from frequency sweep analysis perfectly matches with
developed admittance model. Therefore, the developed model for the admittance of GCS is

accurate.
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Figure 3-23 Frequency response of admittance of GCS.

Here, the simulation results for the GCS-CPL system in Figure 3-15 are presented. The CPL power
consumption profile is shown in Figure 3-24, and the corresponding currents and voltages are
presented in Figure 3-25. The CPL starts up with consuming active power of P=3kW and reactive

power of Q=1kVar from the GCS. At t =0.2s, the CPL active power is changed to P=5kW, which
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is followed by small oscillations. Next, the CPL real power consumption is further increased at t=
0.4s and t= 0.6s, to 6kW and 7kW, respectively. As it can be observed in Figure 3-24 and Figure
3-25, the dynamic response of GCS-CPL system becomes more oscillatory with less damping.
This dynamic behavior is consistent with the small positive gain margins of eigenvalues at
candidate frequencies (90Hz and 30 Hz) presented in Figure 3-19. The FFT analysis of the CPL
current during the highlighted time window is presented in Figure 3-25(a). As it can be seen, the

oscillations include the candidate frequencies (91Hz, 29Hz) identified in Figure 3-19.

At t= 0.9s, the CPL active power is further increased to P=7.5kW. As predicted in Figure 3-19 and
Figure 3-20(b), at this power level, the GCS-CPL system becomes destabilized, which can be seen
as in Figure 3-24 and Figure 3-25, and as a result, large and increasing oscillations of the current

and voltage occur at the PCC bus where the CPL is connected.
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Figure 3-24 Active and reactive power consumption of CPL in GCS-CPL system.
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In the second simulation studies, CPS is generating active and reactive power as provided in Figure
3-26, and the corresponding current and voltage of CPS are presented in Figure 3-27. The CPS
starts up with generating active power of P=3.5kW and reactive power of Q=1kVar. Then, at t=
0.2s, CPS active power is changed to P=5.5kW and the system remains stable. Similarly, at t= 0.4s
and t= 0.6s, the generated active power of CPS is increased to 6.5kW and 7.5kW, respectively. At
t=0.9s CPS active power is increased to P=8kW and as predicted in Figure 3-21 and Figure 3-22(b)

the GCS-CPS system is destabilized.
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consumption/generation of CPS/CPL is increased, the system dynamic behavior deteriorates and
it can be destabilized. However, the AC grid-CPL/CPS the system is destabilized at higher power

levels.
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Chapter 4: Operation and Stability of Virtual Oscillator Based Resources

This chapter investigates the operation and stability of a newly proposed control scheme of
resources in microgrids. This control scheme is known as “Virtual Oscillator” and mimics the
conventional droop characteristic in synchronous generators [23], [24]. Virtual oscillator control
schemes can be implemented into digital controllers to represent non-linear dynamics of dead-
zone or Vanderpol oscillators[21], [24]. In the islanded operation of microgrids, it can synchronize
resources and provide power-sharing among resources without communication links. The
discussed virtual oscillator control scheme in this chapter can work in both grid-connected and
islanded operation of microgrids [25]. Moreover, it provides lower harmonic distortion compared
to similar schemes as [25]. In what follows the operation principles of this control scheme are
discussed and then the stability characteristics of this control scheme are assessed while feeding a

constant power load.

4.1 Operation Principles and Design of Virtual Oscillator Based Resources.

In this subsection, the design and operation of Virtual-Oscillator controlled Source (VOS) are
discussed thoroughly. This can provide insight on stability analysis of VOS which is presented in
the next subsection. Figure 4-1 shows the considered control scheme of VOS and its power
electronics circuit. For simplicity, the conventional two-level three-phase inverter is considered

here as the topology of power electronic circuit.
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Figure 4-1 Circuit and control scheme of VOS.

An LC filter is equipped in the circuit to attenuate switching harmonics. The control scheme
includes an outer loop that determines the reference current iret op for the inner loop. The matrix R,
in the inner loops affects the VOS’s active and reactive power regulation [25]. The oscillator circuit
includes passive components Lo and Co, a voltage source vm and a current source im. These sources

are dependent on the states of the oscillator x=[x1, X2]"=[Vco, €iLo], Where ¢ is defined as & :=

v/ L,/C,. The controlled sources are expressed as

nom ~ Veo nom

M == QX =V = i) el iy == — (2 V(61 W @

hom
where Xnom and ( are the coefficients affecting the convergence to the steady-state point, and wnom
is the nominal angular frequency. The circuit also includes voltage and current scaling factors ky
and ki. It can be shown that for ¢ =n/2rad, the active and reactive power of VOS can be
independently controlled by adjusting the frequency and voltage magnitude, respectively.

Therefore, for ¢ =n/2rad, the steady-state voltage and frequency of VOS are derived from
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Vv 2k k? ? k.k
v Z%l:l—}_\/l 3Cézlvv4 (QQref)} 1w=a)nom_ﬁ P_Pref)' (4.2)

The above equation shows in grid-connected mode P=Pr since VOS angular frequency o is

locked to grid angular frequency wnom. The considered control scheme of VOS has different
parameters (kv, ki, Lo, etc.) which should be designed properly. These parameters are dependent on
nominal phase voltage Vnom, minimum permissible per unit phase voltage Vminp.u, NOmMinal apparent
power Snom, pOWer tracking time constant z, as well as nominal angular frequency wnom. First, the
voltage and current scaling factors ky and ki are selected as

K=V k= 3\8/— (43)

nom

Then, the rest of the parameters are designed in a way that the following constraints

J2 1 V2 1
Cl=— S 0=——, (4.4)

: <C<
4(Vmin,p.u _Vr:in,p.u) \/Evn?in,p,u |Aw|max XSnom LOCO

where X represents the inductance of the output filter of VOS [25]. After designing VOS, we can
analyze its dynamic characteristic in different systems. In what follows the dynamic characteristics

of VOS are assessed while connecting to a CPL system.

4.2 VOS-CPL System

In this subsection, we investigate the dynamic characteristics of the proposed control scheme while
feeding a CPL. The structure of a VOS-CPL system is shown in Figure 4-2 and the parameters of
the system are provided in Table 4.1. It should be mentioned that the parameters of VOS are
selected based on the design procedure discussed in the previous subsection. The circuit and

control system of CPL is kept constant and explained in the previous chapter. Before performing
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stability analysis, small-signal models of the components in the VOS-CPL system in Figure 4-2(a)

should be obtained.

| VOS-CPL System jl ' vos  pcc |
Fig.(bl: vos PccC | : oL l1abe T2zt |
; > | ] lq} + L +
IN IVOR | Vo Viabe ?C Vg,ablc
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Figure 4-2 Considered AC system and its components: (a) high-level architecture of VOS-CPL system, (b) VOS

and its control system, and (c) CPL and its control system.

Components Parameters & values
CPL L1 =3mH, r1=0.1Q, L, =1mH, r»=0.05Q, C=30HF, r. =0.25Q
VOS L]_ =3mH, I’1:O.IQ, C:3OHF, rc=0.3Q, Sn0m=18kVA, Vn0m=lZOV, Vmin'p,uzo.gs, (Dnomzlzoﬂ: rad/s,
|Ao|max=7 rad/s, Ky=120, Ki=0.02, (=138.9/sV/?, 1=8ms, C,=0.0289F, L,=240 uH

Table 4.1 Parameters of CPL and VOS.
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4.2.1 Small-Signal Modeling VOS-CPL System

For performing stability analysis, small-signal impedances are used. The small-signal impedance
of CPL is developed in the previous chapter and will be used in the next subsection. The small-
signal model of VOS is developed here. The state-space model of the oscillator shown in Figure

4-1 can be expressed as

Vi . . | . _P Vi a
:Aoyaﬂ|: i ]+ﬁ|: ﬂ :|+ 2kvk| . |:Qref ref:||: ' ]1
Vi,ﬂ Co -1, SCO Vi,aﬁ Pref Qref Vi,ﬁ

& (2 [V

T2 nom
kv

) —0 (4.5)

nom

0,af 9 *
nom % (Zvnf)m )

v

This state-space model is non-linear and should be linearized around an operating point. To this

aim, this model is first transferred to dq frame using park transformation

T :[ cos(at) sin(a)lt)}

. 4.6
—sin(mt) cos(at) (46)
The transformed state-space model in dg frame can be expressed as
vi v 1L i re _Pre Vi
Vig Vig Cy | ~hg 3C, Vi’qu Pt Qur J| Vig
@i -l - (@.7)
kz nom idg Wpom — @ '
A = ' :
' 2
(a)nom —0)) é/ (zvnim _Hvi,dq H )

kZ

After doing linearization, the linear state-space model is expressed in the form of
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|dq
_ 2K, '
( Dpom w)_ZKlVid iq m[(vm |d) ref |quef]
i.dg
2 —2 2K, S =2 2
h =K (2Vn0m id 3Vi,q)+m|:_ ViaVig Pref _(Vi,d _Vi,q)Qref:'
i,dg

where o, V;4 and V; , represent the steady-state angular frequency, and dg components of oscillator

output voltage which are obtained from equation (4.2). Then, the combined state-space model of

the VOS, including AC LC filter, can be expressed as

A

_ A 2 o I 3 T
XVOS - AVOSXVOS + BVOSIZ,dq ! XVOS - [Vi,dq XLC,dq] !

h, h, O 15K, 0 0 ]

h, h, -15K, 0 0 0
A = -a, 0 a @, a; 0
VOS — y
0 —8; —O ay 0 A3 (4.9)
0 0 ay 0 0 10}
0 0 0 ay -0, 0

00 I‘C/Ll 0 -1/C O
Bvos:
0 0 O I’C/L1 0 -1/C

This linear state-space model can be used to derive impedances of VOS in dg frame. This

impedance can be obtained by considering the following equations.
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'\791d Vg,d_ Z4 —>C,=[0 0 r, 0 1 0],D,=[r],
Z (9= by g [24(8) 2409 2, —>C,=[0 0 r, 0 1 0],D,=[0], 10
vos Vo Voo | [Z6(®) Z4(9)]'|zy>C,=[0 O O r, 0 1],D,=[0],
by g | 2,>C,=[0 0 0 r, 0 1,D.=[r].

Zvos,dq(S) is a full impedance matrix, where each entry high-order transfer function obtained
numerically. Since the small-signal impedance of CPL and VOS are available, we can perform

stability analysis which is provided in the next subsection.

4.2.2  Stability Analysis of VOS-CPL System

Since the impedances of both CPL and VVOS are in the same coordinate, we can directly investigate
the stability of the considered VOS-CPL system in dq frame. We call this method a “Direct
Approach” versus the unifying approach which was introduced in the previous chapter. In what
follows, we perform stability analysis based on both direct and unifying approach and their results

will be compared.

The stability of VOS-CPL can be investigated by obtaining the frequency responses of impedance
ratio matrix. The impedance ratio matrices G and Gqq are defined as

G (s)= Z(\:/OS,aﬂ (S)YCCPL,aﬂ (),

(4.11)
Gy (s)= Z 0,44 (S)YCPL,dq (s).

where G is in complex of frame (by using the unifying approach) and Gqq is in dg frame.
According to the impedance-based stability analysis, if an eigenvalue of impedance ratio matrices

G or Gqq has a positive magnitude at a candidate frequency (gain margin is negative) instability

happens in that candidate frequency.
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Figure 4-3 Frequency responses of eigenvalues of impedance ratio matrix G for VOS-CPL system when CPL

power consumption is {P=7.5kW, Q=1kVar}, and {P=8kW, Q=1kVar}.

Figure 4-3 shows the frequency responses of eigenvalues of impedance ratio matrix G for two
different power consumption profiles. In the first scenario, CPL is consuming active power
P=7.5kW and reactive power Q=1kVar (solid lines), and in the second scenario it is consuming
P= 8 kW, and the reactive power kept constant at Q=1kVar (dashed lines). It can be seen that for
both operating points, there are some candidate frequencies for the instability of VOS-CPL system.
However, at none of these candidate frequencies, the gain margin becomes negative, therefore the

VOS-CPL system is stable in these two operating points.

Figure 4-4 depicts the frequency responses of impedance ratio matrix G for two operating points

of CPL {P=8.5kW, Q=1kVar} and {P=9kW, Q=1kVar}. Similarly, for both operating points, there
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are some candidate frequencies. When CPL is working in the operating point {P=8.5kW,
Q=1kVar}, the gain margins at all candidate frequencies (A2:-179Hz and A1:299Hz) have small
positive values. However, when the CPL power consumption is increased to 9kW the gain margins
at candidate frequencies A2:-190Hz and A1:310Hz become negative and the considered VOS-CPL

system is destabilized.

— — — (o), P=OKW

M(w), P=8.5kW

200 ' _
299H23][-Q|':L

100} :
o |
£ of :

\ I
-100F :
-200 . . . . . . L/.\.\‘\.\‘Jr'

-200 -150 -100 -50 0 50 100 150 200 250 300
Frequency (Hz)

Figure 4-4 Frequency responses of eigenvalues of impedance ratio matrix G for VOS-CPL system when CPL

power consumption is {P=8.5kW, Q=1kVar}, and {P=9kW, Q=1kVar}.

Figure 4-5 shows the frequency responses of eigenvalues of impedance ratio matrix Gqq for the
two operating points of CPL {P=7kW, Q=1kVar} and {P=8kW, Q=1kVar}. It should be restated
that the difference between impedance ratio matrices Gqq and G is in the way they are obtained. G

represents the impedance ratio matrix in the complex o frame after using the unifying approach.
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Guq represents the impedance ratio matrix which is directly obtained in dq frame. Similar to Figure
4-3, there are some candidate frequencies in Figure 4-5 and at none of them gain margin becomes
negative. Comparing Figure 4-3 to Figure 4-5 it can be observed that the frequencies of candidate
frequencies are different. This is because in dg frame all frequency components are shifted by
nominal frequency 60Hz. In other words, if the candidate frequencies in Figure 4-5 are shifted 60
Hz back (to the right) the same candidate frequencies will be demonstrated in the stability analysis.
Therefore, both stability analysis based direct approach or unifying approach have consistent

findings.
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Figure 4-5 Frequency responses of eigenvalues of impedance ratio matrix Gdq for VOS-CPL system when

CPL power consumption is {P=7.5kW, Q=1kVar}, and {P=8kW, Q=1kVar}.
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Figure 4-6 shows the frequency responses of eigenvalues of impedance ratio matrix Ggq for the
two operating points of CPL {P=8.5kW, Q=1kVar} and {P=9kW, Q=1kVar}. It shows that if the
power consumption of CPL is increased to 9 kW the VOS-CPL system is destabilized. This finding
is also shown in Figure 4-4. The Nyquist plots of eigenvalues of matrix Gqq are shown in Figure
4-7 for the two operating points of CPL {P=8.5kW, Q=1kVar} and {P=9kW, Q=1kVar}. It can
be observed that when CPL power is increased to 9kW, the critical point (-1+0j) is encircled, and

consequently, the system is destabilized.

= — (), P=OKW 72(0), P=8.5KW
10
2
E - _— —— —
-30L ! L L
200 S0Hz
o]
100y | |
3 ! :
_ |
g o, |
| {
|
-100}! 11
|
1| y
_200 L L L L L L L L L L L
-250 -200 -150 -100 -50 0 50 100 150 200 250

Frequency (Hz)

Figure 4-6 Frequency responses of eigenvalues of impedance ratio matrix Gqq for VOS-CPL system when

CPL power consumption is {P=8.5kW, Q=1kVar}, and {P=9kW, Q=1kVar}.
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Figure 4-7 Nyquist plot of eigenvalues of matrix G for VOS-CPL system when: (a) CPL power consumption is

{P=8.5kW, Q=1kVar}; and (b) CPL power consumption is {P=9kW, Q=1kVar}.

4.3 Simulation Studies

In this subsection, real-time simulation results are presented to validate the presented findings.
Figure 4-8 shows the frequency responses of VOS impedance at the operating point {P=2kW,
Q=0kVar} obtained with the developed models and frequency sweep analysis. It is observed that
both approaches yield a consistent frequency response. Now, we can validate the stability analysis

of the VOS-CPL system.

Figure 4-9 depicts the CPL power consumption profile for the VOS-CPL system, and the
corresponding currents and voltages are shown in Figure 4-10. The system starts up with the CPL
consuming active power P=2kW and reactive power Q=1kVar from the VOS. At t= 0.2s, the CPL
active power is increased to P=6kW. Then, at t= 0.4s and t= 0.6s, the CPL active power demand

is increased to 7.5kW and 8.5kW, respectively. In these two cases, larger oscillations are observed
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in the current and voltage, and yet the VOS-CPL system remains stable. As shown in the FFT
analysis of the CPL current, the frequencies of oscillations are matching the candidate frequencies
identified in Figure 4-4. Then, at t= 0.9s, the CPL active power is increased to P=9kW, and as
predicted in Figure 4-4 and Figure 4-6, the VOS-CPL system becomes destabilized which is seen

as fast-growing oscillations in Figure 4-9 and Figure 4-10.
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Figure 4-8 Frequency responses of VOS impedance.
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Figure 4-9 Active and reactive power consumption of CPL in VOS-CPL system.
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Figure 4-10 Voltage and current of CPL in VOS-CPL system: (a) current of CPL; and (b) voltage of CPL.

4.4 Summary

In this chapter, the design and operation of a virtual oscillator control scheme were discussed
thoroughly. Moreover, the dynamic characteristic of this control scheme is assessed while feeding
a constant power load. Two approaches for stability analysis, direct approach and unifying
approach, were compared and it was shown that they yield consistent results. It was validated that
as the power consumption of CPL increases, the dynamic behavior of this control scheme

deteriorates.
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Chapter 5: Stability Boundary Improvement

In the previous section, the stability of a CPL was investigated while it is supplied from three types
of sources, AC grid, GCS, and VOS. It would be interesting to know if the stability boundaries of
GCS-CPL system and VOS-CPL system can be further increased by manipulating the control

schemes of the GCS and VOS.

5.1 Impedance Retuning of GCS

The closed-loop impedance of GCS is dependent on its control. A potential approach to reshape
the GCS impedance is to consider a gain K in the outer voltage control loop of the GCS, which is
shown in Figure 5-1. Changing the coefficient K, the closed-loop impedance of the GCS can be
reshaped, as depicted in Figure 5-2. It can be seen that with increasing gain K, the impedance of
GCS is made smaller. However, with increasing gain K, the crossover frequency of the voltage
control loop is also increased, which is reported in Figure 5-3. To keep the crossover frequency

around 800Hz, K=2 is selected here.

efaf GCS
:_ Outer voltage control loop
Figure 5-1. Modified control loop of GCS.
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Figure 5-2. Impedance of GCS with different gain K.
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Figure 5-3. Frequency responses of the outer voltage control loop of GCS with different gain K.



5.2 Impedance Retuning of VOS

The impedance of VOS can also be reshaped by tuning its control parameters. The gain ki can

be changed to this aim. Figure 5-4 shows the impedance of the VOS with different values of k;

versus the impedance of the AC grid. It can be seen that with decreasing this coefficient the

impedance of the VOS becomes close to the impedance of the AC grid. According to the design

criteria presented in [26], ki is selected from

\Y

ki = 3_—nmom

S

rated

and decreasing it is equivalent to increasing the Srated, Which for an AC grid can be very high.

Therefore, decreasing ki would help to mimic the behavior of the AC grid.
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Figure 5-4. Impedances of AC grid and VVOS with different values of Ki.
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€ is another parameter of VOS that can affect the shape of impedance. Figure 5-5 shows that with
decreasing € the impedance of VOS becomes close to the impedance of the AC grid. The
impedance can not be made smaller by decreasing €. Therefore, the effect of € on VOS impedance
is similar to the effect of ki, and the impedance of VOS is ultimately reshaped as the impedance of

the AC grid.
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Figure 5-5. Impedances of AC grid and VOS with different values of €.

Another parameter in VOS is ky, which can affect the steady-state output voltage. Increasing this
gain, the output voltage of the VOS is increased, and when a CPL is connected to it, the CPL draws
less current at a given operating point. This approach can help improve the stability of the VOS-
CPL system slightly. This coefficient is then selected as the nominal voltage in [26]; however, it

can be chosen as 1.05xnominal voltage as well.
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5.3 Stability Analysis of GCS-CPL System with Retuned Parameters of GCS

Next, the dynamic behavior of the GCS-CPL system at three operating points defined as {P=13kW,
Q=1kVar}, {P=13.5kW, Q=1kVar}, and {P=14kW, Q=1kVar} is analyzed. Figure 5-6 shows the
frequency responses of eigenvalues of impedance ratio matrix G(s) in the GCS-CPL system with
K=2. When the CPL is consuming real power of 13kW and 13.5kW, the gain margins at all
candidate frequencies (as 210Hz, 108 Hz, 109Hz and -90 Hz) are positive, and therefore, the GCS-
CPL system remains stable in these two operating points. However, when the CPL active power
is increased to P=14kW, the gain margins at the candidate frequencies around 211Hz and -89Hz
becomes negative, and the system is destabilized. Comparing Figure 5-6 and Figure 3-19, it can
be observed that after the GCS’s parameters have been tuned, the system’s stability boundary has

also been pushed to a higher power level.

— - — M(w), P=14kW — - — “Ma(w), P=13.5kW
Jo(0), P=14kW M), P=13.5kW.

-/
210Hz <€ |-

100 -50 0 50 100 150 200
Frequency (Hz)

Figure 5-6 Frequency responses of eigenvalues of impedance ratio matrix G for the retuned GCS-CPL
system when CPL power consumption is {P=13kW, Q=1kVar}, {P=13.5kW, Q=1kVar}, and {P=14kW,

Q=1lkVar}.

82



5.4 Stability Analysis of VOS-CPL System with Tuned Parameters of VOS

Figure 5-7 shows the frequency responses of eigenvalues of matrix G(s) for the VOS-CPL

system with ki=0.002, wherein three operating points are assumed: {P=9.5kW, Q=1kVar},

{P=10kW, Q=1kVar}, and {P=10.5kW, Q=1kVar}. When the CPL is consuming real power of

9.5kW and 10kW, the gain margins of eigenvalues at all candidate frequencies are positive.

However, the gain margins at the candidate frequencies 311Hz and -191Hz becomes negative

when the CPL active power is increased to P=10.5kW. In this case, the system is destabilized.

Comparing Figure 5-7 and Figure 4-6, it can be seen that the tuned parameter ki can successfully

increase the stability boundary of the VOS-CPL system to a higher power level.
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Figure 5-7. Frequency responses of eigenvalues of impedance ratio matrix G for retuned VOS-CPL system

when CPL power consumption is {P=9.5kW, Q=1kVar}, {P=10kW, Q=1kVar}, and {P=10.5kW, Q=1kVar}.
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5.5 Simulation Studies
5.5.1 GCS-CPL System with Retuned Parameters.

In this study, the gain K=2 is considered in the control system of GCS. Figure 5-8 shows the
power profile of the CPL, and the corresponding currents and voltages are depicted in Figure 5-9.
The system starts up with the CPL consuming P=7kW from the GCS. Then, at t= 0.2s and t= 0.4s,
the CPL power is increased to P=10kW and P=12kW, respectively. At t= 0.6s, the CPL power is
increased to P=13.5kW, and after some oscillations, the system still remains stable. However,
when the CPL active power is increased further to P=14kW at t= 0.9s, the system becomes unstable
following large and increasing oscillations of currents and voltages at the PCC bus where the CPL
is connected. The FFT analysis of the CPL current also shows that the oscillations match the

candidate frequencies as identified in Figure 5-6.

Power Profile of CPL

0 0.2 0.4 0.6 0.8 1 1.2
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Figure 5-8. Active and reactive power consumption of CPL in GCS-CPL system with retuned parameters.
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Figure 5-9. Voltage and current of CPL in GCS-CPL system with retuned parameters: (a) current of CPL;

and (b) voltage of CPL.

5.5.2 VOS-CPL System with Retuned Parameters

In this study, the gain ki=0.002 is considered in the control system of the VOS. The power profile
of the CPL is depicted in Figure 5-10, and the corresponding currents and voltages are also shown
in Figure 5-11. The system starts up with CPL consuming P=4.5kW from the VOS. Then, at times
t= 0.2s, t= 0.4s, and t= 6s, the CPL power demand is sequentially increased. As predicted Figure
5-7, the dynamic behavior of the VOS-CPL system deteriorates with increasing the CPL power.
Finally, the system becomes unstable at t= 0.9s, when the CPL power is increased to P=10.5kW.
This is also consistent with the prediction made in Figure 5-7. The FFT analysis of the CPL current

also verifies that the oscillation happens at the candidate frequencies predicted in Figure 5-7.

85



-200

-400

-600

-800

Power Profile of CPL

-10

0 01 02 03 04 05 06 07 08 09 1
Time (seconds)

Figure 5-10. Active and reactive power consumption of CPL in VOS-CPL system with retuned parameters.
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Figure 5-11. Voltage and current of CPL in VOS-CPL system with retuned parameters: (a) current of CPL;

and (b) voltage of CPL.
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5.6 Summary

In this chapter, the parameters in control schemes of VOS and GCS were retuned to shape their
output impedance. By frequency- and time-domain analysis, it was shown that the stability
boundary of GCS-CPL system and VOS-CPL system can be increased to a higher power level of

CPL. The stability boundaries of these systems with first and retuned parameters are also reported

in Figure 5-12.

Power Level (kW)

GCS VOS
u Original parameters = Retuned parameters

Figure 5-12. Stability boundaries of GCS-CPL and VOS-CPL systems with original and retuned parameters
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Chapter 6: Summary and Future Work

6.1 Summary and contributions

This thesis is focused on improving the operation of AC microgrids, which may be composed of
different energy resources and electronic loads. First, a hierarchical control scheme for the low
voltage distribution system within the microgrid has been set forth, such that the distributed energy
resources can be properly coordinated considering different level of time scales and economic
objectives. The proposed scheme is based on solving a near real-time unit commitment problem,
which represents and advantage and leads to minimization of the operational cost considering

prices of different energy sources.

A broader scope of this thesis has been the dynamic stability of AC microgrids under the presence
of electronically-interfaced energy resources and constant power loads. This thesis, for the first
time, investigates the dynamic interactions between a virtual-oscillator controlled sources and
CPL. This is achieved using small-signal models for VOS and CPL subsystems, and subsequently
applying the impedance-based analysis and Nyquist criterion for determining the instability and
oscillatory modes. As an alternative source, this investigation is also included an AC grid and a
generic controller source (GSC). The presented methodology is demonstrated capable of precisely
predicting the instability and sideband oscillations resulted from the interaction and increasing
power level of the CPL. The thesis makes a contribution by providing a system-level insight into
the operation of AC microgrids with VOSs and CPLs. The capability of impedance reshaping is
assessed for different type of sources. The stability boundaries of AC microgrid are then extended
to a higher power level of the CPL when the source impedance is taken into account for tuning the

respective controllers.
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It is also demonstrated that, while the VOS has a faster dynamic response compared to the GSC,

their stability boundaries may be actually smaller.

6.2 Future Work

6.2.1 More accurate representation of DERS

In this thesis, for the sake of simplicity, it is assumed that the PWM process in power electronics
does not have delays, the switching process does not have losses, dc-link voltage has negligible
dynamics, etc. A natural continuation of the thesis can be about topics which aim to investigate

the effects of non-ideal factors in power electronics on stability related issues in microgrids.

6.2.2 Microgrids with Complex Architecture

In this thesis, a simplified microgrid with one bus and balanced phases has been assumed.
However, in practice, Microgrids can have fairly complicated distribution network with many
busses and transformers, and can be highly imbalanced in terms of loads on individual phases. In
such intricate microgrid architectures, stability problems may appear as interactions among
multiple components and their fast controllers and network filters. The small-signal modeling
technique and impedance-based stability analysis should be modified and extended to address the

stability problems in these settings.

6.2.3 Modified Control Structure for VOSs
As demonstrated in chapter 5, VOSs with their conventional structure may be less flexible in terms
of impedance tuning, and consequently, their stability boundaries can be limited when they are

supplying CPLs. Therefore, it is envisioned that further modifications of the VOSs’ control

89



structure may be possible to improve their stability under the CPLs, which represents the subject

for future research.

6.2.4 Online Impedance Identification and Tuning

The stability analysis based on the impedance requires a profound understanding of all components
(and their parameters) within a microgrid. In practical cases, this knowledge may not be always
possible since many parameters may change or be undetermined. Consequently, the stability
analysis can not be performed accurately ahead of time. In such cases, methods based on machine
learning algorithms as well as identification techniques may be used to accurately identify the
impedance characteristics of components in real-time. Then, the identified impedances can be used
to perform stability analysis, the result of which may be utilized to tune the controllers of various

components on line and in real-time.
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