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Abstract

DISTRIBUTED COOPERATIVE CONTROL OF MICROGRIDS

Ali Bidram, PhD

The University of Texas at Arlington, 2014

Supervising Professors: Ali Davoudi and Frank L. Lewis

In this dissertation, the comprehensive secondary control of electric power microgrids is
of concern. Microgrid technical challenges are mainly realized through the hierarchical control
structure, including primary, secondary, and tertiary control levels. Primary control level is
locally implemented at each distributed generator (DG), while the secondary and tertiary control
levels are conventionally implemented through a centralized control structure. The centralized
structure requires a central controller which increases the reliability concerns by posing the
single point of failure. In this dissertation, the distributed control structure using the distributed
cooperative control of multi-agent systems is exploited to increase the secondary control
reliability. The secondary control objectives are microgrid voltage and frequency, and distributed
generators (DGs) active and reactive powers. Fully distributed control protocols are
implemented through distributed communication networks. In the distributed control structure,
each DG only requires its own information and the information of its neighbors on the
communication network. The distributed structure obviates the requirements for a central
controller and complex communication network which, in turn, improves the system reliability.
Since the DG dynamics are nonlinear and non-identical, input-output feedback linearization is
used to transform the nonlinear dynamics of DGs to linear dynamics. Proposed control
frameworks cover the control of microgrids containing inverter-based DGs. Typical microgrid

test systems are used to verify the effectiveness of the proposed control protocols.
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Chapter 1
Introduction
Hierarchical Control Structure of Microgrids

Conventional electric power systems are facing continuous and rapid changes to
alleviate environmental concerns, address governmental incentives, and respond to the
consumer demands. The notion of the smart grid has recently emerged to introduce an
intelligent electric network. Improved reliability and sustainability are among desired
characteristics of smart grid affecting the distribution level. These attributes are mainly realized
through microgrids which facilitate the effective integration of distributed generators (DG) [1]-[6].
Microgrids can operate in both grid-connected and islanded operating modes. Proper control of
microgrid is a prerequisite for stable and economically efficient operation [6]-[13]. The principal
roles of the microgrid control structure are [12]-[22]

¢ Voltage and frequency regulation for both operating modes,
e Proper load sharing and DG coordination,

¢ Microgrid resynchronization with the main grid,

o Power flow control between the microgrid and the main grid,
e Optimizing the microgrid operating cost.

These requirements are of different significances and time scales, thus requiring a
hierarchical control structure [12] to address each requirement at a different control hierarchy.
Hierarchical control strategy consists of three levels, namely the primary, secondary, and
tertiary controls, as shown in Figure 1-1. The primary control maintains voltage and frequency
stability of the microgrid subsequent to the islanding process. It is essential to provide
independent active and reactive power sharing controls for the DGs in the presence of both
linear and nonlinear loads. Moreover, the power sharing control avoids undesired circulating
currents. The primary control level includes fundamental control hardware, commonly referred

to as zero-level, which comprises internal voltage and current control loops of the DGs. The



secondary control compensates for the voltage and frequency deviations caused by the
operation of the primary controls. Ultimately, the tertiary control manages the power flow
between the microgrid and the main grid and facilitates an economically optimal operation [12]-

[13].

Tertiary control

Optimal operation in both operating modes

Power flow control in grid-tied mode

Secondary control

Compensating the voltage deviation
caused by primary control

Compensating the frequency
deviation caused by primary control

v

Primary control

Voltage stability provision

Feedback signals
._________________________________________________)

Frequency stability preserving

Plug and play capability of DGs

Circulating current avoidance among DGs

N

B e «

Vi
N

RN

Microgrid ]

Tie

[ Main power grid j

Figure 1-1 Hierarchical Control Levels of a Microgrid




Primary Control

The primary control is designed to satisfy the following requirements [12]-[13], [15], [21],

[23]:
¢ To stabilize the voltage and frequency: Subsequent to an islanding event, the microgrid
may lose its voltage and frequency stability due to the mismatch between the power
generated and consumed.
e To offer plug and play capability for DGs and properly share the active and reactive
power among them, preferably, without any communication links.
e To mitigate circulating currents that can cause over-current phenomenon in the power
electronic devices and damage the DC-link capacitor.

The primary control provides the reference points for the voltage and current control
loops of DGs. These inner control loops are commonly referred to as zero-level control. The
zero-level control is generally implemented in either active/reactive power (PQ) or voltage
control modes [17].

In the PQ control mode, the DG active and reactive power delivery is regulated on the
pre-determined reference points, as shown in Figure 1-2. The control strategy is implemented
with a current-controlled voltage source inverter (CCVSI). In Figure 1-2, H,; controller regulates
the DC-link voltage and the active power through adjusting the magnitude of the output active
current of the converter, i,. H, controller regulates the output reactive power by adjusting the
magnitude of the output reactive current, i.e., i, [17], [24].

In the voltage control mode, the DG operates as a voltage controlled voltage source
inverter (VCVSI) where the reference voltage, v:, is determined by the primary control,

conventionally via droop characteristics [17], as shown in Figure 1-3. The nested voltage and
current control loops in the voltage control mode are shown in Figure 1-4. This controller feeds

the current signal as a feedforward term via a transfer function (e.g., virtual impedance). To fine-



tune the transient response, proportional-integral-derivative (PID) [25], adaptive [26], and
proportional resonant controllers [27] are proposed for the voltage controller.

Power quality of small-scale islanded systems is of particular importance due to the
presence of nonlinear and single-phase loads and the low inertia of the microgrid [28]-[30]. To
improve the power quality for a set of energy sources connected to a common bus, the control

structure shown in Figure 1-5 is used. In this figure, H;ppr(s) denotes the transfer function of a

low-pass filter. Each converter has an independent current control loop, and a central voltage
control loop that is adopted to distribute the fundamental component of the active and reactive
powers among different sources. The reference point for the voltage control loop is determined
by the primary control. The individual current controllers ensure power quality by controlling the
harmonic contents of the supplied currents to the common AC bus [28]. The DG’s control

modes are usually implemented using the droop characteristic techniques [31].

. >
Micro / a ‘0
source T Vpc O—@ T g
PWM Vol %o
vo—vo+k(zref ) |
by ig 0
Calculator
'p

Figure 1-2 PQ Control Mode With Active and Reactive Power References [17]
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The droop control method has been referred to as the independent, autonomous, and
wireless control due to elimination of intercommunication links between the converters. The
conventional active power control (frequency droop characteristic) and reactive power control
(voltage droop characteristic), those illustrated in Figure 1-6, are used for voltage mode control.
Principles of the conventional droop methods can be explained by considering an equivalent
circuit of a VCVSI connected to an AC bus, as shown in Figure 1-7. If switching ripples and high
frequency harmonics are neglected, the VCVSI can be modeled as an AC source, with the

voltage of EZ¢ . In addition, assume that the common AC bus voltage is V,,,,Z0 and the

converter output impedance and the line impedance are lumped as a single effective line

impedance of ZZ 6 . The complex power delivered to the common AC bus is calculated as

_ 2
Sev, I~ VmeZw 5 meZLH’ (1.4)

from which, the real and reactive powers are achieved as

VeomE V2
P=-2""cos(0—35)——2cos(0),
VA VA

VcomE : Vc%)m :
=2 3gin(@ - o) — —"sin(H).
0 7 ( ) ~ @)

If the effective line impedance, Z~/ 8 , is assumed to be purely inductive, 6 = 90° , then (1,2)

can be reduced to

P= Veom sind,
(1,3)
0= VeomE coso — chom
- Z
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Figure 1-7 Simplified Diagram of a Converter Connected to the Microgrid

If the phase difference between the converter output voltage and the common AC bus,

0, is small enough, then, sind = and cosd ~ 1. Thus, one can apply the frequency and
voltage droop characteristics to fine-tune the voltage reference of the VCVSI [31], [38]-[43], as

shown in Figure 1-6 based on

k
wo=w —DpP,
. (1.4)
E=F —DQQ,
where the primary control references E* and a)* are the DG output voltage RMS value and
angular frequency at the no-load, respectively. The droop coefficients, Dpand Dy, can be
adjusted either heuristically or by tuning algorithms (e.g., particle swarm optimization [44]). In
the former approach, Drand D, are determined based on the converter power rating and the
maximum allowable voltage and frequency deviations. For instance, in a microgrid with N DGs,
corresponding Dpand D, should satisfy following constraints [45], [46]
Dp\ Py =DpyBy =...=Dpy Py = Aty (1.5)
DQIin = DQ2Qn2 == DQNQnN = AEmax’ ,
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Figure 1-8 Small Signal Model of the Conventional Active Power Control
where Aay,,x and AE,.. are the maximum allowable angular frequency and voltage deviations,
respectively. P,; and Q,; are the nominal active and reactive power of the " DG.

During the grid-tied operation of microgrid, the DG voltage and angular frequency, E

and @, are enforced by the gird. The DG output active and reactive power references, P and
: . * *
0¥, can hence be adjusted through £ and @ [17] as

pref @ -0
DP
E -E
Dy

(1,6)
me _

Dynamics response of the conventional primary control, on the simplified system of
Figure 1-7, can be studied by linearizing (1,3) and (1,4). For instance, the linearized active

power equation in (1,3) and frequency droop characteristic in (1,4) are

AP = GAS,
* (1,7)
Aw=Aw —DpAP.
where at the operating point of V., Eo, and &
G:Mcosﬁo, (1.8)
and
AS = J’ Aaxit. (1,9)

Therefore, the small signal model for the active power control in (1,4) is



G *
AP(s)=———Aw ().
VoY (1.10)

A similar procedure can be adopted to extract the small signal model of the reactive power
control.

The block diagram of the small signal model for the active power control of (1,4) is
demonstrated in Figure 1-8. As seen in (1,10), time constant of the closed loop control can only
be adjusted by tuning Dp. On the other hand, as seen in (1,4), Dpalso affects the DG frequency.
Thus, a basic tradeoff exists between the time constant of the control system and the frequency
regulation.

As opposed to the active load sharing technique, the conventional droop method can be
implemented with no communication links, and therefore, is more reliable. However, it has some
drawbacks as listed below:

¢ Since there is only one control variable for each droop characteristic, e.g., Dpfor
frequency droop characteristic, it is impossible to satisfy more than one control objective.
As an example, a design tradeoff needs to be considered between the time constant of the
control system and the voltage and frequency regulation [47]-[48].

¢ The conventional droop method is developed assuming highly inductive effective
impedance between the VCVSI and the AC bus. However, this assumption is challenged
in microgrid applications since low-voltage transmission lines are mainly resistive. Thus,
(1,3) is not valid for microgrid applications [12], [45].

e As opposed to the frequency, the voltage is not a global quantity in the microgrid. Thus,
the reactive power control in (1,4) may adversely affect the voltage regulation for critical
loads [45].

¢ In case of nonlinear loads, the conventional droop method is unable to distinguish the

load current harmonics from the circulating current. Moreover, the current harmonics



distorts the DG output voltage. The conventional droop method can be modified to reduce

the total harmonic distortion (THD) of the output voltages [49]-[52].
These potential drawbacks have been widely discussed in the literature. Proposed solutions are
discussed here.
Adjustable Load Sharing Method

In this technique, the time constant of the proposed active and reactive power

controllers can be adjusted without causing any impact on the DG voltage and frequency [47].
The proposed active power controller uses the conventional controller in (1,4); however, the
phase angle of the VCVSI, & , in Figure 1-7 is determined by

§=K,[wdt, (1,11)

where K, is an integral gain. Given (1,11), the small signal model of the proposed controller can

be derived as

K ,G .
AP(s) =—L2—Aw (), (1,12)
S+KpDPG

where G is defined in (1,8). Block diagram of this model is illustrated in Figure 1-9. The

eigenvalue of the linearized control system of (1,12) is

A=—K,DpG . (1,13)

Equation (1,13) shows this eigenvalue depends on the integral gain, K,,, and the droop
coefficient, D,. Therefore, the closed loop time constant can be directly adjusted by tuning X,.
Since D, is remained intact, the resulting frequency of the active power control in (1,4) will no
longer be affected by the controller time constant adjustment.

Similarly, at the operating point of V.,,.0, Ey, and &, the small signal control for the

reactive power control in (1,4) can be found by perturbing (1,3) and (1,4)

AQ(s) = AE” (),

1+DQH (1.14)

where
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As seenin (1,14), AQ is a linear function of a reference signal, AE" . Since H is a function of
dy , line impedance, and the operating point, performance of the conventional reactive power
control in (1,4) tightly depends on the microgrid operational parameters. In the adjustable
reactive power sharing method, an integral controller is used that regulates the common bus
voltage in Figure 1-7, V,,, to match a reference voltage, V,./[47]

E =Ky [V ~Veom)dt (1,16)
where K, is the integral gain and

Vier =E" = DpQ .. (1,17)

In steady state, V.,»and V,,are equal. Moreover, the steady state reactive power can

be calculated as

Ad

Q
S

Dp

A

Figure 1-9 The Small Signal Model of the Adjustable Active Power Control [47]

AI/CO}’}’I

Figure 1-10 The Small Signal Model of the Adjustable Reactive Power Control [47]
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Figure 1-11 Droop/boost characteristics for low-voltage microgrids: (a) voltage-active power

droop characteristic, (b) frequency-reactive power boost characteristic.
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Thus, as opposed to (1,14) and (1,15), microgrid operational parameters will no longer affect
the reactive power control. Additionally, voltage regulation of the common bus is guaranteed.
The small signal model for the proposed reactive power control is shown in Figure 1-10 and is

expressed by

80) = — gt -y (1,19)
S_s+quQH y s+kyDoH com \3) - ’

The closed loop transfer function of (1,19) is a function of both k,and Dy. Therefore, the
dynamic response of the proposed reactive power control can be directly adjusted by £,. Since
D, is remained intact, the resulting voltage of the reactive power control in (1,4) will no longer
be affected by the controller time constant adjustment.

VPD/FQB Droop Method

Low voltage transmission lines are basically resistive. Thus, one can consider a

resistive effective line impedance, i.e.,#=0", and also can assume the § to be small enough

that sind ~ 6. Considering these assumptions, (1,2) can be simplified as

2
P~ VcomE B Vcom

VA (1,20)
VcomE
~ ——Com” 5
© Z
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Thus, the voltage-active power droop and frequency-reactive power boost (VPD/FQB)
characteristics are alternatively considered [40]

{E —E —DpP,

w=w +Dpy0Q, (1,21)

where E and " are the output voltage amplitude and angular frequency of the DG at no-load
condition, respectively. Dpand Dy are the droop and boost coefficients, respectively.

Droop and boost characteristics of VPD/FQB method are shown in Figure 1-11. This
approach offers an improved performance for controlling low-voltage microgrids with highly
resistive transmission lines. However, it strongly depends on system parameters and this
dependency confines its application. Additionally, the VPD/FQB technique may face a
malfunction in the presence of nonlinear loads and cannot guarantee the voltage regulation.
Similar to the adjustable load sharing method, the VPD/FQB technique can be modified to
adjust the controller time constant without causing voltage and frequency deviation [47]-[48]. In
the VPD control mode, the common bus voltage, V..., is controlled to follow a reference voltage,

me-
K
E=(Kp +%)(me ~Veom)- (1,22)
where

Vref:E —DPP, (1,23)
and Kp; and K;; are the proportional and integral gains of the active power controller,

respectively. In steady state,
Veom =Vyor =E —DpP. (1,24)

In the FQB control mode, & is determined by another proportional-integral (PI) controller as

K
§=(Kpp+—2)0, (1,25)
S
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where Kp, and K, are the proportional and integral gains of the reactive power controller,
respectively. In the modified VPD/FQB method, the time constants of the closed loop controllers
are directly adjusted by the proportional and integral gains, Kp;, K;;, Kp,, and Kj;.
Virtual Frame Transformation Method

An orthogonal linear transformation matrix, Ty, is used to transfer the active/reactive
powers to a new reference frame where the powers are independent of the effective line

impedance [53]-[55]. For the system shown in Figure 1-7, Tpyis defined as

P’ P sin@ —cos@ || P
{Q'}:TPQ {Q}:Losﬁ sin @ MQ} (1,26)

The transformed active and reactive powers, P'and Q' are then used in droop characteristics

in (1,4). The block diagram of this technique is shown in Figure 1-12.

Similarly, a virtual frequency/voltage frame transformation is defined as

o' o sin@d cosf || w
=T = 1,27
{E’} ok {E} {—cos& sin&ME} 420
Micro T 0_@ A ]_(ETj_ o (;;
source T . ﬁlterT g
ip Voli B
PWM
v; Multi loop
> voltage
control
' © o&E Pl T < £ Power
\2 Esin(o?) E droop 0 PQ 0 calculator
control <

Figure 1-12 Droop Method with Virtual Power Frame Transformation
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where E and o are calculated through the conventional droop equations in (1,4). The
transformed voltage and frequency, £’ and @', are then used as reference values for the

VCVSI voltage control loop [56]-[58]. The virtual frame transformation method decouples the
active and reactive power controls. However, the applied transformation requires a prior
knowledge of the effective line impedance. Moreover, the control method does not consider
possible negative impacts of nonlinear loads, does not ensure a regulated voltage, and
comprises a basic tradeoff between the control loop time constant adjustment and
voltage/frequency regulation.
Virtual Output Impedance

An intermediate control loop can be adopted to adjust the output impedance of the
VCVSis [12], [41], and [59]. In this control loop, as depicted in Figure 1-13, the VCVSI output

voltage reference, v,.;; is proportionally drooped with respect to the output current, i,, i.e.,
Vief = Vo =2y ()i (1,28)

where Zy(s) is the virtual output impedance, and v, is the output voltage reference that is
obtained by the conventional droop techniques in (1,4). If Z,(s)=sLyis considered, a virtual
output inductance is emulated for the VCVSI. In this case, the output voltage reference of the
VCVSI is drooped proportional to the Derivative of its output current. In the presence of

nonlinear loads, the harmonic currents can be properly shared by modifying (1,28) as

Vg =Vo =5 Lyl (1,29)
where 7, is the 4" current harmonic, and L, is the inductance associated with 7,. L;;, values need
to be precisely set to effectively share the current harmonics[38].

Since the output impedance of the VCVSI is frequency dependent, in the presence of
nonlinear loads, THD of the output voltage would be relatively high. This can be mitigated by

using a high-pass filter instead of sL,in (1,28)
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Vi =Vo — Ly i (1,30)

s+,
where @, is the cutoff frequency of the high-pass filter [41].

If the virtual impedance, Zy, is properly adjusted, it can prevent occurrence of current
spikes when the DG is initially connected to the microgrid. This soft starting can be facilitated by
considering a time-variant virtual output impedance as
(1,31)

Zy(W)=Z;—-(Zy ~Zpe "',

where Z; and Z; are the initial and final values of the virtual output impedance, respectively. T'is

the time constant of the start up process [31].

vV, — ¥ : *
? Power Con:i/:ci)tlonal Yo Vref ‘ 3
calculator | Q | techni P AR
i N » techniques ol |8

Zy(s)

Figure 1-13 Block Diagram of the Virtual Output Impedance Method [41]

Conventional v;
droop
techniques
+ +
X Pl o
v it
o 2 5/ Power N
PNSC ’0+ y|calculator o — A Vref O_@ %
i —) v -G z =2
o vf N e x_ io g
o

Zy(s)

Figure 1-14 Virtual Output Impedance with Voltage Unbalance Compensator
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Most recently, the virtual output impedance method has been modified for voltage
unbalance compensation, caused by the presence of unbalanced loads in the microgrid [60].
The block diagram of the modified virtual output impedance method is shown in Figure 1-14. As
can be seen, the measured DG output voltage and current are fed into the positive and negative
sequence calculator (PNSC). Outputs of the PNSC, i,", i,, v,", and v,’, are used to find the
positive and negative sequence of the DG active and reactive power. The negative sequence of

the reactive power, ¢, is multiplied by the v, and then a constant gain, G. The result is then
used to find the voltage reference. The constant gain G needs to be fine-tuned to minimize the
voltage unbalance without compromising the closed-loop stability.

The virtual output impedance method alleviates the dependency of the droop
techniques on system parameters. Additionally, this control method properly operates in the
presence of nonlinear loads. However, this method does not guarantee the voltage regulation,
and, adjusting the closed loop time constant may result in an undesired deviation in the DG
voltage and frequency.

Adaptive Voltage Droop Control

In this method, two terms are added to the conventional reactive power control in (1,4).
Additional terms are considered to compensate for the voltage drop across the transmission
lines that deliver power from the DG to critical loads. For a typical 2-DG system shown in Figure
1-15, the voltages at first and second buses are

Videy = EL6—(+ i) [i£~6), i=12, (1,32)
where 1,/—0: is the output current of the ;" DG. Using (1,4) one can write

v, =E; —Dg,0; —r;il;cosy; —x;l;siny;, (1,33)
where 7,=a,+0,. The bus voltage of the /" DG can also be formulated in terms of its active and

reactive powers, P;and Q,, as
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Figure 1-15 A Typical Two-DG System
V=B - Dy, -1 -5 (1,34)

i Ei

The terms rl»E/ElTk and ,Q), /E,* represent the voltage drop on the internal impedance r;+jx;.

These terms can be incorporated in the conventional reactive power control of (1,4) to
compensate for the voltage drops on the transmission lines as

E; :E:+(rlé—§+ xiQ*i)—DQin'- (1,35)

i i

Although, the reactive power control in (1,35) improves the voltage regulation of the
farther buses, it is still dependent on the active power control in (1,4). This problem is resolved
by adopting the voltage droop coefficient as a nonlinear function of active and reactive powers

[45]

E; :E;k+(ri1,? +Xigi)_Di(})isQi)Qi’
T E (1,36)

Dy(P,Q;) = Dg; + mp; 07 +mp; B,

where Dy, mg;, and mp;are droop coefficients. The terms mQ,-Q,-Z and mpP? mitigate the negative
impacts of the active power control and the microgrid parameters on the reactive power control.
The adaptive droop method is particularly desirable when the voltage regulation of
some buses is not feasible. The higher-order terms in (1,36) significantly improve the reactive
power sharing under heavy loading conditions. The potential disadvantage, however, is the
required prior knowledge of the transmission line parameters [45]. This control method is not

fully functional in the presence of nonlinear loads. Moreover, given the basics discussed for the
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adjustable load sharing method, adjusting the time constant may result in undesired deviations
in DG voltage and frequency.
Signal Injection Method

In this approach, each DG injects a small AC voltage signal to the microgrid. Frequency

of this control signal, @, , is determined by the output reactive power, Q, of the corresponding
DG as

wy = wu0 +Dp0, (1,37)
where «,( is the nominal angular frequency of injected voltage signals and Dy, is the boost
coefficient. The small real power transmitted through the signal injection is then calculated and
the RMS value of the output voltage of the DG, E, is accordingly adjusted as

k&
E=E —Dpp,, (1,38)

where E is the RMS value of the no-load voltage of the DG, and D5 is the droop coefficient.

This procedure is repeated until all VCVSIs produce the same frequency for the control signal.
Here, this technique is elaborated for a system of two DGs shown in Figure 1-15. It is

assumed that D, is the same for both DGs. Initially, first and second DGs inject low voltage

signals to the system with the following frequencies

{wa =y +Dp0, 1.39)
O =Wy +Dp 0.
Assuming 0,>0;

Aw=ay —ap =DQ(Q —QZ)=DQAQ. (1,40)
The phase difference between the two voltage signals can be obtained as

5 =JAwdt = Dy AQt . (1,41)
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Due to the phase difference between the DGs, a small amount of active power flows from one
to the other. Assuming inductive output impedances for DGs, the transmitted active power from

DG1 to DG2, p,1, is

- Va2
xl +X2 +X1 +X2

Pql sind, (1,42)

where V,; and V,, are the RMS values of the injected voltage signals. Moreover, the transmitted
active power in reverse direction, from DG2 to DG1, p,,, is
P2 =—Pgl - (1,43)

The DG voltages are adjusted as

{EI =E —Dppgi, (1,44)

*
Ey=E —Dppg-

0L ° > 2, &AE b —>AQ

Figure 1-16 Block Diagram of the Signal Injection Method for Reactive Power Sharing [61]
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Figure 1-17 Block Diagram of the Updated Signal Injection Method [61]
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Herein, it is assumed that D, is the same for both DGs. The difference between the DGs output
voltages is

AEZEl —Ez =—2Dppq1. (1 145)

Thus, one can write

AQ = AAE,
A=27, sin ¢ v, sin(@ + ) (1,46)
2] 2]

R+R +j(n+ X)) =n+Ry+ j(x, + Xy) =|Z| Lo,

where 7 is the load voltage. The block diagram of the proposed controller is shown in Figure 1-
16.

In the presence of nonlinear loads, parallel DGs can be controlled to participate in
supplying current harmonics by properly adjusting the voltage loop bandwidth [61]. For that,

first, frequency of the injected voltage is drooped based on the total distortion power, D

w; =w0;0—mD,
{d d0 (1,47)

P -P-&,

where @, is the nominal angular frequency of the injected voltage signals, m is the droop

coefficient, and S is DG nominal power. A procedure similar to (1,39) to (1,42) is adopted to
calculate the power transmitted by the injected signal, p,. The bandwidth of VCVSI voltage loop
is adjusted as

BW =BWy —Dy,,p (1,48)
where BW,is the nominal bandwidth of the voltage loop and D,,, is the droop coefficient. The
block diagram of the signal injection method is shown in Figure 1-17.

Signal injection method properly controls the reactive power sharing, and is not

sensitive to variations in the line impedances [61]-[62]. It also works for linear and nonlinear
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loads, and over various operating conditions. However, it does not guarantee the voltage
regulation.
Nonlinear Load Sharing

Some have challenged the functionality of droop techniques in the presence of
nonlinear loads [50]-[52]. Two approaches for resolving this issue are discussed here. In the
first approach [50], the DGs equally share the linear and nonlinear loads. For this purpose, each
harmonic of the load current, I,, is sensed to calculate the corresponding voltage droop

harmonic, V,, at the output terminal of the DG. The voltage harmonics are compensated by

adding 90o leading signals, corresponding to each current harmonic, to the DG voltage
reference. Therefore, the real and imaginary parts of the voltage droop associated with each

current harmonic are

{Re(l/},)z—kh Im(Zj,), (1,49)

Im(V),) = kj, Re(1,),
where k, is the droop coefficient for the 4" harmonic. As a result, the output voltage THD is
significantly improved.

In the second approach, the conventional droop method is modified to compensate for
the harmonics of the DG output voltage. These voltage harmonics are caused by the distorted
voltage drop across the VCVSI output impedance and are due to the distorted nature of the load
current [52]. As shown in Figure 1-18, first, the DG output voltage and current are used to
calculate the fundamental term and harmonics of the DG output active and reactive power,
(P,Q;) and (P,,Q,) respectively. It is noteworthy that distorted voltage and current usually do not
carry even harmonics, and thus, 4 is usually an odd number. P; and Q,, are fed to the
conventional droop characteristics in (1,4) to calculate the fundamental term, v,,*, of the VCVSI
voltage reference, v,... As shown in Figure 1-18, to cancel out the output voltage harmonics, a
set of droop characteristics are considered for each individual harmonic. Each set of droop

characteristics determines an additional term to be included in the VCVSI output voltage
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reference, v,.; to cancel the corresponding voltage harmonic. Each current harmonic, 1, is
considered as a constant current source, as shown in Figure 1-19. In this figure, £, 29,
denotes a phasor for the corresponding Voltage signal that is included in the voltage reference,
Vi £ £ 0}, represents the VCVSI output impedance associated with the 1™ current harmonic.
The active and reactive powers delivered to the harmonic current source, P,and Q,, are

{Ph = Byl 088, — Z,, 1 cos ), (1,50)

Qh :Ehlh siné'h _Zh[/% Sinﬁh.
When &, is small enough (i.e. sin(6;,)=7},), P, and Q, are roughly proportional to £, and 6, ,

respectively. Therefore, the following droop characteristics can be used to eliminate the 4" DG

output voltage harmonic

l E=E -D,0Q, |E *
I L B , Vot v
o, . DpP, EN \/EEsm((ot) —:@—) ref
+
P rd :
3 ~ E; 3" harmonic
i, :I_Q> E3y=-D3p P 0)—3) refernce
— 3 _ %
Power I SJw;=30" D3, 03— voltage Vﬁf?f
v calculator ! calculator
2 — ! ! :
| : !
I 1 \
1 1 \
: ! !
P h -
h _ Ej, | A" harmonic |
0 Ey=-Dyp Py, 0| refernce Vref
hy| @, =ho*- Dyo Oy ) voltage
calculator

Figure 1-18 Control Block Diagram for the Harmonic Cancellation Technique
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Figure 1-19 »”* Harmonic Equivalent Circuit of a DG
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o, =ho —D s
{ h 0 hel, (1.51)

Ey ==Dyphy,
where o is the rated fundamental frequency of the microgrid. D,,and D, are the droop
coefficients. As can be seen in Figure 1-18, the harmonic reference voltage, vfef, for eliminating

the 1" output voltage harmonic, can be formed with £, and the phase angle generated from the
integration of wy, .

Primary control techniques are application specific and bring specific features. The active
load sharing method provides tight current sharing and high power quality; however, it requires
communication links and high bandwidth control loops. On the other hand, the droop methods
provide local controls without any communication infrastructures. The potential advantages and
disadvantages of the conventional droop method and its modifications are outlined in Table 1.1,
based on which, following statements can be concluded:

e System identification is required to find the line parameters for some techniques, e.g.,

adaptive voltage droop or virtual frame transformation methods.

¢ Modified droop techniques, excluding the ones for low voltage microgrids, decouple the

active and reactive power controls.

o Adjustable load sharing and adaptive voltage droop methods are the only techniques

that offer voltage regulation.

¢ Nonlinear loads need to be accommodated with the complicated control techniques

such as the virtual impedance, the signal injection, or the nonlinear load sharing methods

to achieve a mitigated level of harmonics in the microgrid.
The adjustable load sharing is the only technique where the system time constant can be

independently adjusted without affecting the DG voltage and frequency.
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Table 1-1 The Potential Advantage and Disadvantages of the Discussed Droop Methods

Droop method

Potential advantages

Potential disadvantages

. Affected by the system parameters.
. Only functional for highly inductive
transmission lines.
Conventional droop . Simple implementation . Cannot handle nonlinear loads.

method [22], [43] P P ’ o Voltage regulation is not guaranteed.
. Adjusting the controller speed for the
active and reactive power controllers can
affect the voltage and frequency controls.

. Adjusting the controller speed

for the active and reactive power
controllers without compromising the

Ad'justable load voltage and frequency controls. . Cannot handle nonlinear loads.
sharing method [47]
. Robust to the system parameter
variations.
. Improved voltage regulation.
. Simple implementation.
. Adjusting the controller speed . Affected by the system parameters.
VPD/FQB droop for the active and reactive power . Only functional for highly resistive
method [48] controllers without compromising the transmission lines.
voltage and frequency controls. . Cannot handle nonlinear loads.
. Cannot handle nonlinear loads.
. The line impedances should be
Virtual frame . Simple implementation. known a priori.
transformation . Decoupled active and reactive . Adjusting the controller speed for the

method [53]-[58]

power controls.

active and reactive power controllers can
affect the voltage and frequency controls.

. Voltage regulation is not guaranteed.
. Simple implementation.
. Not affected by the system
parameters. P
VirtLéal out%uzt] . Functional for both linear and ; ctive Q\r(‘iéurs é:giilep%?grogg;sgﬁ:ifg;;he
impedance . nonIinea_r_Ioads. - . affect the voltage and frequency controls.
[31], [41], [59]-60] ;f e (I)\/Lljltt;guattscs)lttgtge:armonlc distortion . Voltage regulation is not guaranteed.
. Can compensate for the
unbalance of the DG output voltages.
. Cannot handle nonlinear loads.
. Adjusting the controller speed for the

Adaptive voltage
droop method [45]

. Improved voltage regulation.
. Not affected by the system
parameters.

active and reactive power controllers can
affect the voltage and frequency controls.

Signal injection
method [61]-[62]

. System parameters should be known
a priori.
. . . Complicated implementation.
¢ Functional for both linear and . Adjusting the controller speed for the

nonlinear loads.
. Not affected by the system
parameters.

active and reactive power controllers can
affect the voltage and frequency controls.

. Voltage regulation is not guaranteed.
. Affected by the system parameters.
Nonlinear load . P_roperly shares the current . Poor v_oltage regulatic_m for the case of
sharing techniques harmonics between the DGs, and precise rgact!ve power sharing.
consequently, cancels out the voltage . Adjusting the controller speed for the

[50], [52]

harmonics.

active and reactive power controllers can
affect the voltage and frequency controls.
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Secondary Control

Primary control, as discussed, may cause frequency and voltage deviation even in
steady state. Although the storage devices can compensate for this deviation, they are unable
to provide the power for load-frequency control in long terms due to their short energy capacity.
The secondary control, as a centralized controller, restores the microgrid voltage and frequency
and compensate for the deviations caused by the primary control. This control hierarchy is
designed to have slower dynamics response than that of the primary, which, justifies the
decoupled dynamics of the primary and the secondary control loops and facilitates their
individual designs [63].

Figure 1-20 represents the block diagram of the conventional secondary control with a
centralized control structure. As seen in this figure, frequency of the microgrid and the terminal

voltage of a given DG are compared with the corresponding reference values, @pgraNd V,r

respectively. Then, the error signals are processed by individual controllers as in (1,52); the
resulting signals (dw and JF ) are sent to the primary controller of the DG to compensate for

the frequency and voltage deviations [12]

00 = K po, (0o — @)+ K,wj (@yr —@)dt + Ay,

OF = KPE(vref _E)+KIEJ‘(vref —E)dl, (1 ’52)

where Kp,, K;,, Kpg,and K are the controllers parameters. An additional term, Aa,, is
considered in frequency controller in (1,52) to facilitate synchronization of the microgrid to the
main gird. In the islanded operating mode, this additional term is zero. However, during the
synchronization, a PLL module is required to measure Aw, [64]-[68]. During the grid-tied
operation, voltage and frequency of the main grid are considered as the references in (1,52).

Most recently, potential function-based optimization technique has been suggested for

the secondary control [13]. In this method, a potential function is considered for each DG. This
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function is a scalar cost function that carries all the information on the DG measurements,

constraints, and control objectives as
nu nC

0;(x) =Wy Pl +wS Y pf () +wE pd(x)), (1,53)
i=1 i=1

where ¢, is the potential function related to each DG, and x; comprises the measurements from

the DG unit (e.g., voltage, current, real and reactive power). p;* denotes the partial potential
functions that reflect the measurement information of the DG. p;° denotes the operation
constraints that ensure the stable operation of microgrid. p/#is used to mitigate the DG
measurements from the pre-defined set points. w", w°, and w* are the weighted factors for the
partial potential functions.

The block diagram of the potential function-based technique is shown in Figure 1-21. In
this technique, when the potential functions approach their minimum values, the microgrid is
about to operate at the desired states. Therefore, inside the optimizer in Figure 1-21, set points
of the DG are determined such that to minimize the potential functions, and thus, to meet the
microgrid control objectives.

The potential function-based technique requires bidirectional communication
infrastructure to facilitate data exchange from the DG to the optimizer (measurements) and vice
versa (calculated set points). The data transfer links add propagation delays to the control
signals. This propagation delay is tolerable, since the secondary controllers are slower than the
primary ones.

The secondary control can also be designed to satisfy the power quality requirements,
e.g., voltage balancing at critical buses [69]. Block diagram of the voltage unbalance
compensator is shown in Figure 1-22. First, the critical bus voltage is transformed to the dg
reference frame. Once the positive and negative sequence voltages for both 4 and ¢ axis are

calculated, one can find the voltage unbalance factor (VUF) as
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[ 2, -2
VUF :100M’ (1,54)
JOD2+ )

where v;} and v, are the positive and negative sequence voltages of the direct component,

and v; and v, are the positive and negative sequence voltages of the quadrature

component, respectively. As depicted in Figure 1-22, the calculated VUF is compared with the

reference value, VUF , and the difference is fed to a Pl controller. The controller output is

multiplied by the negative sequence of the direct and quadrature voltage components, v; and

v, , and the results are added to the references of DG voltage controllers to compensate for the

voltage unbalance.

Measuring the voltage

and frequency
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Figure 1-20 Block diagram of the secondary and tertiary controls [12].

28



Measurements

Set points J
PO ) Nt DG

\ |[Low-pass > i’
7| filter |

! Central :

I controller !
« |Low-pass N :

filter Set points
» 1DG
Measurements

Figure 1-21 The Potential Function-Based Technique Block Diagram [13]

+
. Voltage Vg
_VUF| unbalance #f Vg e
factor Vg PNSC < dq

calculator H o
9
S
gL

[¢]
PI .

controller Main grid

Primary control
of Nt DG

Figure 1-22 Voltage Unbalance Compensation in the Secondary Control
Tertiary Control
Tertiary control is the last (and the slowest) control level that considers the economical
concerns in the optimal operation of the microgrid, and manages the power flow between
microgrid and main grid [12]. In the grid-tied mode, the power flow between microgrid and main
grid can be managed by adjusting the amplitude and frequency of DGs voltages. The block
diagram of this process is shown in Figure 1-20. First, active and reactive output powers of the

microgrid, Pgand Qg, are measured. These quantities are then compared with the
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corresponding reference values, P:¢ and Q¢ , to obtain the frequency and voltage references,

@,or and v,,r based on

Orer = Kpp(Ped — P+ Kpp I (P~ Py, .
v = Kpo(OF —0)+Kig [0 ~0¢)at,

where Kpp, Kjp, Kpg, and K,y are the controllers parameters [12]. Oref and Vs are further used

as the reference values to the secondary control, as in (1,52).

The tertiary control also provides an economically optimal operation, e.g., by using a
gossiping algorithm. Generally, the economically optimal operation is satisfied if all the DGs
operate at equal marginal costs (variation of the total cost with respect to the variation of the

generated power), C,,, [15], [70]-[75]. In the gossiping algorithm, initially, random output power
set points, F}O and P,0 are considered for the i/ DG and its random gossiping partner, j DG,

respectively. Then, considering the prior knowledge about the marginal cost curves of the DGs,
the optimal output power of the two DGs, Pl."p’ and P;’pt , are determined. At this time, each of

the two DGs changes its output power to generate at the optimal point. The aforementioned
procedure is illustrated in Figure 1-23. The same procedure is repeated for other pairs of DGs
until the whole DGs in the microgrid operate optimally. Additionally, evolutionary game theory-
based techniques are proposed to facilitate the power management by local information, and

thus, to simplify the required communication infrastructures [71].

Figure 1-23 Marginal Cost Function Matching Between Two DGs [70]
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Problem Definition

The traditional secondary control exploits a centralized control structure which is shown
in Figure 1-20 and Figure 1-24(a). Central controllers command globally on the gathered
system-wide information, and require a complex [12], [76] and in some cases two-way
communication network [13] that adversely affects system flexibility and configurability and
increases the reliability concerns by posing single point of failure. The single point of failure
means that by the failure of the central controller, the whole control system fails down. In this
dissertation, the distributed control structure, shown in Figure 1-24(b), is used to implement the
secondary control of microgrids. A microgrid can be considered as a multi-agent system where
its DGs are the energy nodes (agents). Figure 1-25 shows the multi-agent environment for a
microgrid system with DGs as agents. The distributed structure of the communication network
improves the system reliability. In this control structure, the control protocols are distributed on
all DGs. Therefore, the requirement for a central controller is obviated and the control system
does not fail down subsequent to outage of a single unit.

Over the last two decades, networked multi-agent systems have earned much attention
due to their flexibility and computational efficiency. These systems are inspired by the natural
phenomena such as swarming in insects, flocking in birds, thermodynamic laws, and
synchronization and phase transitions in physical and chemical systems. In these phenomena,
the coordination and synchronization process necessitates that each agent exchange
information with other agents according to some restricted communication protocols [77]-[81].

The distributed cooperative control of multi-agent systems can be used to implement
the secondary control of microgrids. The term “distributed” means that the controller requires a
communication network by which each agent only receives the information of its neighboring
agents. The term “cooperative” means that, in contrast to the competitive control, all agents act
as one group towards a common synchronization goal and follow cooperative decisions [78]-

[82]. Distributed cooperative control of multi-agent systems is mainly categorized into the
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regulator synchronization problem and the tracking synchronization problem. In regulator
synchronization problem, also called leaderless consensus, all agents synchronize to a
common value that is not prescribed or controllable. In tracking synchronization problem, all
agents synchronize to a leader node that acts as a command generator [83]-[85]. Neighboring

agents can communicate with each other. The leader is only connected to a small portion of the

agents [83].
Microgrid
Central controller
(a)
Microgrid
DG 1 DG2 DG 3 ee e | DGN-I DG N
(b) Seae’ *~.__,' el __,' Selae?

Figure 1-24 The Secondary Control Structures: (a) Centralized and (b) Distributed.
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Figure 1-25 Multi-Agent Environment for a Microgrid System with DGs as Agents

The secondary control of microgrids is similar to the tracking synchronization problem of
a multi-agent system where the DG voltages and frequencies are required to track their nominal
values. The dynamics of DGs in microgrids are nonlinear and non-identical. Therefore, input-
output feedback linearization is used to transform the nonlinear heterogeneous dynamics of
DGs to linear dynamics. Input-output feedback linearization transforms the secondary voltage
control to a second order tracking synchronization problem. The secondary frequency control is

transformed to a first order synchronization problem using input-output feedback linearization.
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Based on the transformed dynamics, fully distributed voltage and frequency control protocols
are derived for each DG. The proposed distributed controls are implemented through a sparse
communication network, with only one-way communication links, where each DG requires its
own information and the information of its neighbors.

The DGs can be of rotating machinery or voltage source inverter (VSI) based types.
The control structure of a VSI may vary based on the control objectives such as voltage and
frequency, or active and reactive power. VCVSIs have internal voltage and current controller
loops that facilitate the voltage and frequency control of DG. However, in some DGs, the sole
active and reactive power control may be of interest. This requirement can be satisfied through
the current controlled voltage source inverters (CCVSI). Up to this point, most of the presented
secondary control schemes have only covered the voltage and frequency control of VCVSis. In
this dissertation, a two-layer control framework is proposed to implement the secondary control
for an islanded microgrid containing both VCVSIs and CCVSils. The first control layer deals with
the voltage and frequency control of VCVSIs. Additionally, the active and reactive power of
VCVSis are allocated based on their active and reactive power ratings. The second control
layer objectives are to control the active and reactive power of CCVSlIs. Each control layer is
implemented through the distributed control of multi-agent systems.

The distributed secondary voltage control of microgrids can be made adaptive with
respect to the changes in the DG parameters and microgrid operating conditions. The term
adaptive refers to the following salient features of the proposed controller. The proposed
controller compensates for the nonlinear and uncertain dynamics of DGs and, hence, obviates
the control design challenges caused by the nonlinear dynamics of DGs. The controller is fully
independent of the DG parameters and the specification of the connector by which each DG is
connected to the microgrid. Therefore, the controller can be deployed on any DG regardless of
the DG parameters and the connector specifications and its performance does not deteriorate

by the change in DG parameters (e.g., due to aging and thermal effects). The proposed
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controller appropriately responds to the changes in the system operating condition, without any
manual intervention, and adjusts the control parameters in real time. Linear-in-parameter neural
networks (NN) can be used to design an adaptive and distributed secondary voltage control.
Neural networks are used to compensate for the uncertainties caused by the unknown
dynamics of DGs. The NN weights are the control parameters, and are calculated in realtime.
DGs are considered as agents that can communicate with each other through a communication
network.

Based on the above elaborated problems, the research objectives of this dissertation
are summarized as follows.

e To propose a distributed secondary voltage control based on the cooperative control of
multi-agent systems.

e To propose a distributed secondary frequency control based on the cooperative control
of multi-agent systems.

e To develop a two-layer multi-objective control frame work for microgrids containing both

VCVSiIs and CCVSis.

e To present an adaptive and distributed secondary voltage control that is adaptive with
respect to the changes in the DG parameters.
Dissertation Outline

The rest of the dissertation is organized as follows.

In Chapter 2, the distributed secondary voltage control of microgrids is discussed. The
Lyapunov technique is used to design a fully distributed voltage control. A microgrid test system
is used to verify the effectiveness of the proposed voltage control.

In Chapter 3, the distributed secondary frequency control of microgrids is proposed.
The distributed frequency control synchronizes the frequency of the microgrid to the nominal
frequency and shares the active power of DGs according to their active power ratings. The

effectiveness of the proposed frequency control is verified by simulating a microgrid test system.
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In chapter 4, a two-layer control framework is proposed to implement the secondary
control for an islanded microgrid containing both VCVSIs and CCVSls. The first control layer
deals with the voltage and frequency control of VCVSIs. Additionally, the active and reactive
power of VCVSIs should be allocated based on their active and reactive power ratings. The
second control layer objectives are to control the active and reactive power of CCVSls. Based
on the dynamical models of VCVSIs and CCVSis, distributed control protocols for VCVSIs and
CCVSis are designed. Finally, the proposed control framework is verified using a microgrid test
system and IEEE 34 bus test feeder.

Chapter 5 exploits neural networks to design an adaptive secondary voltage control
based on the distributed cooperative control. The proposed control is adaptive with respect to
the changes in the microgrid parameters and operating conditions. The proposed control is
verified using a microgrid test system.

Chapter 6 summarizes and concludes the paper and recommends the future research

works that extend the proposed materials in this dissertation.
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Chapter 2
Distributed Secondary Voltage Control of Microgrids
Introduction

The secondary voltage control restores the microgrid operating voltage to the nominal
voltage subsequent to disturbances such as islanding process. The dynamics of DGs in a
microgrid are nonlinear and may be non-identical. The secondary voltage control resembles the
tracking synchronization problem of a multi-agent system with nonlinear and non-identical
dynamics. Therefore, to design a distributed secondary voltage control, the tracking
synchronization problem for a nonlinear and non-identical multi-agent system must be solved
[86]. Distributed cooperative control for multi-agent systems with nonlinear or non-identical
dynamics has been recently introduced in the literature [87]-[89]. In this chapter, input-output
feedback linearization is used to solve this problem. Input-output feedback linearization
transforms the nonlinear and heterogeneous dynamics of DGs to linear dynamics. Thus, the
secondary voltage control is transformed to a second-order tracking synchronization problem
[90]. The Lyapunov technique is then adopted to derive fully distributed control protocols for
each DG.

This chapter is organized as follows. First, the dynamical model of inverter-based DGs
is presented. Then, input-output feedback linearization is adopted to design a secondary
voltage control based on distributed cooperative control. Finally, the proposed secondary
control is verified using a microgrid test system.

Large Signal Dynamical Model of an Inverter-based Distributed Generator

The proposed secondary voltage control is designed based on the large-signal
nonlinear dynamical model of the DG. The block diagram of an inverter-based DG is shown in
Figure 2-1. It contains an inverter bridge, connected to a primary dc power source (e.g.,
photovoltaic panels or fuel cells). The control loops, including the power, voltage, and current

controllers, adjust the output voltage and frequency of the inverter bridge [91]-[93]. Given the
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relatively high switching frequency of the inverter bridge, the switching artifacts can be safely
neglected via average-value modeling. As stated in [91], dc-bus dynamics can be safely
neglected, assuming an ideal source from the DG side.

It should be noted that the nonlinear dynamics of each DG are formulated in its own d-¢q
(direct-quadrature) reference frame. It is assumed that the reference frame of the i" DG is

rotating at the frequency of @, . The reference frame of one DG is considered as the common
reference frame with the rotating frequency of w,,,, . The angle of the i" DG reference frame,

with respect to the common reference frame, is denoted as J; and satisfies the following

differential equation

5 =0~ @ - (2,1)
The power controller block, shown in Figure 2-2, contains the droop technique in (1,4),

and provides the voltage references v',4and v*oq,- for the voltage controller, as well as the

operating frequency w; for the inverter bridge. Two low-pass filters with the cut-off frequency of

w,; are used to extract the fundamental component of the output active and reactive powers,

denoted as P; and Q,, respectively. The differential equations of the power controller can be

written as
Pi = _a)ciPi + a)ci(vodiiodi + voq[ioq[) ’ (2’2)
Qi = _wciQi + (voqiiodi - vodiioqi) ) (2’3)

wWhere v,a, Vog, lai, @aNnd i,,; are the direct and quadrature components of v,; and i,;in Figure 2-1.
As seen in Figure 2-2, the primary voltage control strategy for each DG aligns the output voltage
magnitude on the d-axis of the corresponding reference frame. Therefore

Vodi = Ei =DgiG;

%
VOqi =0.

(2.4)

The block diagram of the voltage controller is shown in Figure 2-3 [92]-[93]. The differential

algebraic equations of the voltage controller are written as
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*

Pii =Vodi —Vodi> (2,5)

*

¢qi =VYogi ~Vogi> (2,6)
-* . *
i = Fiodi = OC Voqi + Kpyi OVodi —Vodi) + Kvidii» (2,7)
o* . *
Ugi = Eloqi + a)bcﬁvodi + KPVi (Voqi ~Vogi )+ KIVi¢qi > (2,8)

where ¢, and ¢, are the auxiliary state variables defined for PI controllers in Figure 2-3, wis

the nominal angular frequency. Other parameters are shown in Figures 2-1 and 2-3.
The block diagram of the current controller is shown in Figure 2-4 [92]-[93]. The

differential algebraic equations of the current controller are written as

Vi = i —ai» (2,9)

Fai = itgi ~iigi (2,10)
Vidi = —pL iy + Kpi (i =) + Ko i (2,11)
qui = apL gty + Kpc (i;kqi — i) + K gis (2,12)

where y,;and y,;are the auxiliary state variables defined for the PI controllers in Figure 2-4. i,
and i, are the direct and quadrature components of i;; in Figure 2-1. Other parameters are
shown in Figures 2-1 and 2-4.

The differential equations for the output LC filter and output connector are as follows.

Ry 1 1

: fi . .

Ugi =———lgi T Olypi *——Vigi = Vodi>» (2,13)
i Lﬁ i qi Lﬁ idi Lﬁ odi

. R 1 1

: fi . .

bii ===l — Odpgi +——Vigi —— Vi 2,14

lgi Lﬁ lqi 1'ldi Lﬁ iqi Lﬁ oqi ( )

i 1. 1.

Vodi = OVoqi + Cﬁ Hai — Cﬁ lodi» (2,15)
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Figure 2-1 The Block Diagram of an Inverter-Based DG
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Figure 2-4 The Block Diagram of the Current Controller

Equations (2,1)-(2,18) form the large-signal dynamical model of the /" DG. The large-

signal dynamical model can be written in a compact form as

{x,. =f.(x;)+k, (x;)D; +g,(x)u;,

Vi =hi(x,),

where the state vector is

41
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X = [51 Pl Q[ ¢di ¢qi Vi yqi ildi ilqi Vodi Voqi iodi ioqi ]T . (2’20)
The term D=[wcom Viai qu,-]T is considered as a known disturbance. The detailed expressions for

fi(x;), g(x,), and ki(x;) can be extracted from (2,1) to (2,18).

The secondary voltage control selects E,*

in (1,4) such that the terminal voltage
amplitude of each DG approaches its reference value, i.e. v, =V, If v,/ is set to the nominal
voltage of microgrid v,,...ai the output voltage magnitude of VCVSIs synchronize to the nominal

voltage of microgrid. However, v,.,can be chosen such that the voltage magnitude of a critical

bus of microgrid synchronizes to v,,uua- In this case, v, is defined by

Vref = kpc (Vnominal - vc,mag) + kic J. (Vnominal ~Ve,mag )dt, (2,21)

where v, ... is the critical bus voltage magnitude and k,. and k. are the control gains.

Since the amplitude of the DG output voltage is

Voai +Vogi » (2,22)

Vo,magi =
and v,,; is set to zero by the primary control as stated in (2,4), the synchronization of the voltage

amplitude can be achieved by choosing the control input E; such that v,;—v,.. Therefore, for

the secondary voltage control, the output and control input are set to y,=v,,and u; = El* ,

respectively.
Secondary Voltage Control Based on Distributed Cooperative Control
A microgrid resembles a nonlinear and heterogeneous multi-agent system, where each
DG is an agent. The secondary control of microgrids is a tracking synchronization problem,
where all DGs try to synchronize their terminal voltage amplitude to pre-specified reference
values. For this purpose, each DG only needs to communicate with its neighbors on the
communication network. The required communication network can be modeled by a

communication graph.
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In this section, first, a preliminary on the graph theory is presented. Then, the
secondary voltage control is implemented through input-output feedback linearization and
distributed cooperative control of multi-agent systems. Finally, the communication network
requirements for the proposed secondary voltage control are discussed.

Preliminary of Graph Theory

The communication network of a multi-agent cooperative system can be modeled by a
directed graph (digraph). A digraph is usually expressed as Gr=(Vg EgAg) with a nonempty
finite set of N nodes Vs={v,,v,,...,vx}, @ set of edges or arcs E;c V;xVg, and the associated
adjacency matrix 4¢=[a;] e RV, In a microgrid, DGs are considered as the nodes of the
communication digraph. The edges of the corresponding digraph of the communication network
denote the communication links.

An edge from node j to node i is denoted by (v,,v;), which means that node i receives
the information from node ;. a;is the weight of edge (v;,v,), and ;>0 if (v;,v;) € Eg, otherwise a,~0.
Node i is called a neighbor of node j if (v;,v;) € E¢. The set of neighbors of node j is denoted as
N={i | (viv)) € Eg}. For a digraph, if node i is a neighbor of node j, then node j can get

information from node i, but not necessarily vice versa. The in-degree matrix is defined as
D=diag{d;} € R"*"with d, = Z/eN, a; . The Laplacian matrix is defined as L=D-A4. A direct path

from node i to node j is a sequence of edges, expressed as {(v;,vy),(Vi,V)),--.,(vw,V)}. A digraph is
said to have a spanning tree, if there is a root node with a direct path from that node to every
other node in the graph [82].

Cooperative Secondary Voltage Control Based on Feedback Linearization and Tracking
Synchronization Problem

As previously discussed, the secondary voltage control chooses appropriate control

inputs E;

;in (1,4) to synchronize the voltage magnitudes of DGs v, ,...; t0 the reference voltage
Ve The synchronization of the voltage magnitudes of DGs v, .. is equivalent to synchronizing
the direct term of output voltages v,;. Therefore, the secondary voltage control should choose u;
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in (2,19) such that y,—y,, Vi , where y=v,..
Since the dynamics of DGs in a microgrid are nonlinear and might not be all identical,
input-output feedback linearization can be used to facilitate the secondary voltage control

design. In input-output feedback linearization, a direct relationship between the dynamics of the
output y; (or equivalently v,;) and the control input u; (or equivalently Ef) is generated by

repetitively differentiating y; with respect to time.
For the dynamics of the i DG in (2,19), the direct relationship between the y; and ; is

generated after the 2™ derivative of the output y;

i =Lg h+ Ly Ly hu,, (2,23)
where

F,(x;) =1£:(x;) +K;(x;)D;. (2,24)
Ly h; is the Lie Derivative [94] of /; with respect to F,;, and is defined by Lgh; =VhF, = 6(?) F.
Ly *h;is defined by Ly’h, = Ly (Lgh;) = a(gz_h") F.

An auxiliary control v;is defined as

v = Lg*hy + Ly Ly hyu,. (2,25)
Equations (2,23) and (2,25) result in the 2"order linear system

V,=v, Vi (2,26)
By choosing appropriate v;, the synchronization for y, is provided. The control input u; is
implemented by v; as

u; = (Ly L b)) (=Lg by +v)). (2,27)

In the following, the procedure for designing appropriate v; is elaborated. First, equation

(2,26) and the first derivative of y;are written as
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{y PE iy, (2,28)

)>i,1 =V
or equivalently

y; =Ay,; +Bv, Vi. (2,29)

0 1
where y; =[y; y,;l]T, B=[0 l]T, and A:{O 0}.
Using input-output feedback linearization, the nonlinear dynamics of each DG in (2,19)
are transformed to (2,29) and a set of internal dynamics. The commensurate reformulated

dynamics of the reference generator can be expressed as

Yo = Ay, (2,30)
wherey, =[y, j/O]T - It should be noted that since y, =v,,, is constant, y, =0.

It is assumed that DGs can communicate with each other through a communication
network described by the digraph Gr. Based on the digraph Gr, the i DG may need to transmit
y;in (2,29) through the communication network. It is assumed that only one DG has the access
to the reference y, in (2,30) by a weight factor known as the pinning gain b;. The secondary
voltage control problem is to find a distributed v;in (2,27) such that y; —y,, Vi . To solve this
problem, the cooperative team objectives are expressed in terms of the local neighborhood

tracking error

€ = zag/(yi_Yj)+bi(yi_yO)a (2,31)

JeN,
where a;denotes the elements of the communication digraph adjacency matrix. The pinning
gain b;is nonzero for one DG.
For a microgrid including N DGs, the global error vector for graph Gr is written from
(2,31) as [82]

e=((L+B)®L)(Y-Y,)=((L+B)®1)3, (2,32)

where Y=[yTy? ..y%1", e=[eTe] ...ek]", Yo=1,y, (1y is the vector of ones with the length of N.),
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B=diag{b;}, I, is the identity matrix with two rows and two columns, and d is the global
disagreement vector. The Kronecker product is shown as ® [95].Y can be written as

Y=(y®A)Y+(Iy ®B)v, (2,33)
where v=[v,v, ... vy]" is the global auxiliary control vector. Y, can be written as

Y, =(Iy ® A)Y,. (2,34)

The following definitions and lemmas are required for designing the auxiliary controls v..
Definition 1.1 [96]. (A,B) are stabilizable if there exists a matrix S such that all eigenvalues of
A-BS have a strictly negative real part.

Definition 1.2 [96]. A matrix is Hurwitz if all of its eigenvalues have a strictly-negative real part.
Definition 1.3 [96]. A symmetric matrix P is positive definite if x’Px is positive for all non-zero
column vector x, and x"Px is zero only for x=0.

Lemma 1.1 [80], [97]. Let (A,B) be stabilizable. Let the digraph Gr have a spanning tree and
b#0 for one DG placed on a root node of the digraph Gr. Let 4, (i€{1,2,...,N}) be the
eigenvalues of L+B. The matrix

H=1,®A—-c(L+B)®BK, (2,35)
with ce R and Ke R'*, is Hurwitz if and only if all the matrices A-cA,BK, Vi e {1,2,...,N} are
Hurwitz.

Lemma 1.2 [97]. Let (A,B) be stabilizable and matrices 0=0" and R=R’ be positive definite. Let
feedback gain K be chosen as

K=R'B'P (2,36)
where P, is the unique positive definite solution of the control algebraic Riccati equation (ARE)
[96]

A’P+PA+Q-PBR'B'P, =0. (2,37)

where

Then, all the matrices A-cABK, Vie {1,2,....N} are Hurwitz if ¢ > 3 !

min

bl
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Amin = min;_ s Re(4;) (Re(4;) denotes the real part of 4)).
Theorem 2.1 Let the digraph Gr have a spanning tree and b0 for one DG placed on a root
node of the digraph Gr. It is assumed that the internal dynamics of each DG are asymptotically
stable. Let the auxiliary control v;in (2,27) be

v; =—cKe;, (2,38)
where ce R is the coupling gain, and K< R"*“ is the feedback control vector. Then, all y;in (2,29)
synchronize to y,in (2,30) and, hence, the direct term of DG output voltages v, synchronizes to

Vieps If K is chosen as in (2,36) and

c> 7 (2,39)
where A, =min,_, Re(4;) .
Proof: Consider the Lyapunov function candidate

V= %6TP26, P, =PR", P, >0, (2,40)
where § is the global disagreement vector in (2,32). Then

V=6"P6=58"P, (Y -Y, ) =3P, ((Iy ®A)S+(Iy ®B)V). (2,41)
The global auxiliary control v can be written as

v=—c(Iy®K)((L+B)®1I,)s. (2,42)
Placing (2,42) into (2,41) yields

V=8"P(Iy®A-c(L+B)®BK)d=38"P,HS. (2,43)

From Lemma 1.1 and Lemma 1.2, H is Hurwitz. Therefore, given any positive real number g,

the positive definite matrix P,can be chosen such that the following Lyapunov equation holds,
PH+H'P, =-p1,,, (2,44)

Placing (2,44) in (2,43) yields
V:STPQHS:%ST(PZH+HTPZ)6:—§6T12N6. (2,45)
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Equation (2,45) shows that V <0 . Therefore, the global disagreement vector 8, (2,26),
and (2,38) are asymptotically stable and all y;in (2,29) synchronize to y, in (2,30). Hence the
direct term of DG output voltages v, synchronizes to v, If the internal dynamics are
asymptotically stable, then they are all bounded. This completes the proof. o

The block diagram of secondary voltage control based on distributed cooperative
control is shown in Figure 2-5. As seen, the control input El* is implemented using (2,27). Each
DG has a v,; calculator block based on (2,15).

Choosing the coupling gain ¢ and the feedback control vector Kbased on (2,36) and
(2,39) ensures the asymptotic stability of the controller. Moreover, these controller parameters
can adjust the response speed of the secondary voltage control. Appendix A will discuss the

effects of ARE parameters on the synchronization speed of the proposed voltage control.
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Figure 2-5 The Block Diagram of the Proposed Secondary Voltage Control
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The Required Sparse Communication Topology for Secondary Control

The proposed secondary voltage control must be supported by a local communication
network. The communication networks can be implemented by the TCP/IP communication
protocol with optical fiber links [85]. For the microgrids with a small geographical span, the
communication network can also be implemented by CAN Bus, PROFIBUS, and SERCOS
communication protocols [13], [98]. The settling time of the secondary control can be up to one
minute [13]. Therefore, the communication network operates much faster than the secondary
control. The sampling time of the secondary control can be chosen much larger than the
sampling time of the communication network. It should be noted that communication links
contain an intrinsic delay. Since the time scale of the secondary control is large enough, the
communication link delays can safely assumed zero [13]. The proposed secondary voltage
control can admit both time invariant and time variant communication networks.

In the case of time invariant communication networks, the adjacency matrix 4; is fixed.
According to the results of the Theorem 2.1, the communication topology should be a graph
containing a spanning tree in which the secondary control of each DG only requires information
about that DG and its immediate neighbors in the communication graph. Therefore, the
communication requirements for implementing the proposed control with a time invariant
communication network are rather mild. However, the implemented secondary control may not
be robust against communication link failures or data loss. Given the physical structure of the
microgrid, it is not difficult to select a graph with a spanning tree that connects all the DGs in an
optimal fashion. Such optimal connecting graphs can be designed using operations research or
assignment problem solutions [99]-[100]. The optimization criteria can include minimal lengths
of the communication links, maximal use of existing communication links, minimal number of
links, and etc.

Alternatively, time variant communication structure can be exploited to increase the
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secondary control reliability. In this communication structure, each DG can send its own
information to the neighboring DGs intermittently. The communication network is piecewise
constant (i.e. the adjacency matrix 45 changes intermittently at pre-specified time instants.).
Therefore, the secondary control is robust against data loss and communication link failures
[77]. According to [77], a time variant communication network can provide the synchronization if
the sequential completeness condition is satisfied. The sequential completeness condition
means that, with the infinite sequence of finite intervals, the resulting graph over each finite
interval must contain a spanning tree.
Simulation Results for the Distributed Secondary Voltage Control

The effectiveness of the proposed secondary voltage control is verified by simulating an
islanded microgrid in Matlab. Figure 2-6 illustrates the single line diagram of the microgrid test
system. This microgrid consists of four DGs. The lines between buses are modeled as series
RL branches. The specifications of the DGs, lines, and loads are summarized in Appendix B.

It is assumed that DGs communicate with each other through the communication
digraph depicted in Figure 2-7. This communication topology is chosen based on the

geographical location of DGs. The associated adjacency matrix of the digraph in Figure 2-7 is

Ag = (2,46)

—_ o = o
o = o o
o o o o
o o o ©

DG 1 is the only DG that is connected to the leader node with the pinning gain 5,=1. In the
following, first, the effectiveness of the proposed secondary voltage control is shown for three
different reference voltage values. Then, the effects of the algebraic Riccati equation
parameters on the transient response of the controller are studied. Finally, the effectiveness of

the proposed voltage control is verified when a time-varying communication network is used.
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Figure 2-7 Topology of the Communication Digraph

Simulation Results for Different Reference Voltage Values
In this section, the coupling gain in (2,38) is <=4 which satisfies (2,39). The solution of

the algebraic Riccati equation in (2,37) is used to calculate the feedback control vector K in

. o . . 50000 O
(2,38). The algebraic Riccati equation parameters are chosen as Q ={ 0 J and R=0.01.

The resulting feedback control vector is K=[2236 67.6]. It is assumed that the microgrid is

islanded from the main grid at =0, and the secondary control is applied at {=0.6 s. It should be
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noted that the secondary control level always exists as a supervisory control level and take
actions in the event of disturbances. However, to highlight the effectiveness of the proposed
secondary control, it is assumed that the secondary control is applied with a delay. Figures 2-
8(a), 2-8(b), and 2-8(c) show the simulation results when the reference voltage value is set to 1
pu, 0.95 pu, and 1.05 pu, respectively. As seen in Figure 2-8, while the primary control keeps
the voltage amplitudes stable, the secondary control returns all terminal voltage amplitudes to
the pre-specified reference values in 0.2 seconds.

The secondary voltage control can also be defined to control the voltage magnitude of
the critical bus shown in Figure 2-6. In this case, v,.,is chosen according to (2,21), where v, .,
in (2,21) denotes the voltage magnitude of the critical bus. v, in (2,21) is set to 1 pu. k,. and
k. in (2,21) are set to 4 and 100, respectively. As seen in Figure 2-9, the secondary control is

applied at =0.6 s, and returns the voltage magnitude of critical bus to v,,,i.. in less than 0.3 s.
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The Effect of Algebraic Riccati Equation (ARE) Parameters on the Transient Response
To show the effect of the ARE parameters on the response speed of the secondary
voltage control (Appendix A), two different cases are considered. The reference value for the

terminal voltage of DGs is set to 1 pu. In the first case, ARE parameters are set as

1000 0
o ={ 0 J and R =0.01. Compared with the case studied in Figure 2-8(a), the element in

the first row and column of matrix O, which directly affects the control of v, is smaller. Figure 2-
10(a) shows the DG output voltage magnitudes before and after applying the secondary control.
As seen, the terminal voltage amplitudes synchronize to 1 pu after 0.3 s. Therefore, with a

smaller Q, the secondary voltage control is slower than the case studied in Figure 2-8(a).

50000 0
In the second case, the ARE parameters are setas Q :{ 0 J and R=5.

Compared with the case studied in Figure 2-8(a), R is larger. Figure 2-10(b) shows the DG
output voltage magnitudes before and after applying the secondary control. As seen, the
terminal voltage amplitudes converge to 1 pu after 0.5 s. Therefore, with a larger R, the

secondary voltage control is slower than the case studied in Figure 2-8(a).
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The Effect of Time-varying Communication Networks on the Performance of the Distributed
Secondary Voltage Control

In this section, it is assumed that the microgrid is islanded from the main grid at =0, and
the voltage control is applied at {=0.6 s. However, the distributed voltage control is associated
with time-varying communication networks. The reference voltage is set to v,,,=1 pu. Figure 2-11
shows the three communication network structures that are used in simulation. Each structure is
adopted at a specific time interval. The communication digraph in Figure 2-11(a) models the
communication network at the time interval [(0.6+0.15%) s, (0.6+0.15k)+0.05 s], for k&=0,1,... The
communication digraph in Figure 2-11(b) models the communication network at the time interval
[(0.65+0.15k) s, (0.65+0.15k)+0.05 s], for k=0,1,... The communication digraph in Figure 2-11(c)
models the communication network at the time interval [(0.7+0.15%) s, (0.7+0.15k)+0.05 s], for
k=0,1,... It is seen that over the each 0.15 s period, the sequential completeness condition is
satisfied. As seen in Figure 2-12, while the primary control keeps the voltage amplitudes stable,
the secondary control returns all terminal voltage amplitudes to v,... This simulation result
verifies the effectiveness of the proposed voltage control in the case of time-varying

communication networks and communication link failures.

DG1 DG 4 DG1 DG4

Reference O Reference____@ Q
value value

O—0)

DG 2 DG 3 DG 2 DG3
@ ®)

DG1 DG4

©

Figure 2-11 Topologies of the Time-Varying Communication Network
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Conclusion

In this chapter, the concept of distributed cooperative control of multi-agent systems is
adopted to implement the secondary voltage control of microgrids. Input-output feedback
linearization is used to transform the nonlinear dynamics of DGs to linear dynamics. Feedback
linearization converts the secondary voltage control to a second-order tracking synchronization
problem. The controller for each DG is fully distributed. Each DG only requires its own
information and the information of some neighbors. The proposed microgrid secondary control
requires a sparse communication network with one-way communication links and is more
reliable than centralized secondary controls. It is shown that the proposed voltage control
effectively works in the case of time-varying communication networks, and the controller

parameters can effectively tune the controller synchronization speed.
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Chapter 3
Distributed Secondary Frequency Control of Microgrids
Introduction

In this chapter, the distributed cooperative control of multi-agent systems is used to
design the secondary frequency control of microgrids. Input-output feedback linearization can
be used to transform the nonlinear heterogeneous dynamics of DGs to linear dynamics. Once
input-output feedback linearization is applied, the secondary frequency control leads to a first-
order synchronization problem. Fully distributed frequency control protocols are derived for each
DG that synchronize the DG frequencies to the nominal value and allocate the active power of
DGs based on their active power ratings [101]. The proposed secondary frequency control is
implemented through a sparse communication network. The communication network is modeled
by a digraph. Each DG requires its own information and the information of its neighbors on the
digraph. The sparse communication structure requires one-way communication links and is
more reliable than centralized secondary frequency controls.

The rest of this chapter is organized as follows. First, the secondary frequency control
objectives are discussed. Then, the secondary frequency control is proposed. Finally, a
microgrid test system is used to verify the effectiveness of the proposed secondary frequency
control.

Secondary Frequency Control Objectives

The primary frequency control is considered,

sk

. = Q. _DPi‘P" (3s1)
1 1 1

where a)l* is the primary frequency control reference and Dp; is the frequency-active power

droop coefficient. The secondary frequency control chooses a)l>l< such that the angular

frequency of each DG synchronizes to nominal angular frequency, i.e. @; = @..f , where
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Opef = 27Tfref - Jrer 1s the nominal frequency of the microgrid, and can be equal to 50 Hz or

60 Hz. It should be noted that once the secondary frequency control is applied, the DG output
powers are allocated according to the same pattern used for primary control [102]. After
applying the primary control, the DG output powers satisfy the following equality

Dp R =:+-=Dpyby. (3.2)
Since the active power droop coefficients Dp; are chosen based on the active power rating of
DGs, P, (3,2) is equivalent to

A Py
—= . 3,3
P (3,3)

max N

P

max 1

Therefore, the secondary frequency control must also satisfy (3,2) or (3,3). For the secondary

frequency control, the outputs and inputs of the dynamical model of DG in (2,19) are y; = @,

and u; = @, , respectively.

In the next section, the distributed cooperative control of multi-agent systems will be
adopted to develop the secondary frequency control with a distributed structure. The proposed
secondary frequency control exploits the following relationship between the output active power
of each DG and its angular frequency. Assuming small R; in Figure 2-1, the output active power

of each DG can be written as [103]

p= |V0i||vbi|
i X .

cl

sin(o;) = h; sin(6;), (3,4)

where ¢, is the angle of the DG reference frame with respect to the common reference frame.
Voi» Vii»and X, = oL, are shown in Figure 2-1. The term #; can be assumed to be constant
since the amplitude of v,; and v,; change slightly around the nominal voltage [103]. Since X,

is typically small, J; is small, and hence, sin(J;) is approximately equal to o; [103].

Considering these assumptions and differentiating (3,4) yields
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Pi zhi(a)i_a)com)ﬂ (315)
Equation (3,5) provides a direct relationship between the differentiated output power of DGs and

their angular frequency with respect to the angular frequency of microgrid. The global form of

(3,5) can be written as

P=h0-a,,), (3.6)
where i = diag{h;} and @, =1y ®a,,, -
Secondary Frequency Control Based on Distributed Cooperative Control

The distributed cooperative frequency control is designed to synchronize the frequency

of DGs, w;in (3,1), to the reference frequency, ,,, , while sharing the active power among

DGs based on their power ratings as stated in (3,2).
Applying input-output feedback linearization by differentiating the frequency-droop

characteristic in (3,1) yields

@ = +Dpb =1, (3.7)
where u; is an auxiliary control to be designed. Equation (3,7) is a dynamic system for
computing the control input wf from u; (See Figure 3-1). The auxiliary control should be
designed such that DG frequencies synchronize to the reference frequency ,,, , and (3,2) is

satisfied. According to (3,7), the secondary frequency control of a microgrid including N DGs is

transformed to a synchronization problem for a first-order and linear multi-agent system

@ +Dp A =uy,
O2+ Praly =t (38)

CbN +DPNPN =up-
To achieve synchronization, it is assumed that DGs can communicate with each other

through the prescribed communication digraph Gr in Chapter 2. The auxiliary controls u; are
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chosen based on each DG’s own information, and the information of its neighbors in the

communication digraph as

w==c; (Y ay(@;-0,)+ b(@,~ w,)+ ) a;(DpP = Dp;P))), (3,9)
JeN; JeN;

where ¢, € R is the coupling gain. It is assumed that the pinning gain 5; >0 is nonzero for only
one DG that has the reference frequency o, .

The global control input « is written as

u=—c;((L+B)@—,,)+LDpP), (3,10)
where o=[o, @, - a)N]T , 0,0 =1y ®a,,, With 1, the vector of ones with the length of N,

Dp =diag{Dp;},and P=[R P, - Py] . The Kronecker productis ®. B e R"*" is a diagonal
matrix with diagonal entries equal to the pinning gains b,. The global form of dynamics in (3,8)
can be written as

&+ DpP =—c((L+B)(@— @y )+ LDpP). (3,11)

The term (L+ B)(w—-w,.r) is defined as the global neighborhood tracking error e. The

term w-a,,; is defined as the global disagreement vector, .

Lemma 2.1 [83]. Zero is a simple eigenvalue of L if and only if the directed graph has a
spanning tree. Moreover, L1, =0, with 1, being the vector of ones with the length of N .
Lemma 2.2 [104]. Let the digraph Gr have a spanning tree and b, #0 for at least one root node.

Then, L+B is a nonsingular M-matrix. Additionally
|61 <[e]/ Guin (L+B), (3,12)

where o, (L+ B) is the minimum singular value of L+B,and e=0 ifandonlyif 6 =0.
In the following, it is assumed that the DG for which b, #0 is labeled as DG 1. Theorem

3.1 is the main result.
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Theorem 3.1 Let the digraph Gr have a spanning tree and 5, = 0 for only one DG placed as a
root node of digraph Gr. Let the auxiliary control u; be chosen as in (3,9). Then, the DG
frequencies «; in (3,1) synchronize to @, , and the active power among DGs is shared based

on their power ratings satisfying (3,3).
Proof: In the steady state, the left sides of (3,11) and (3,6) are equal to zero. Setting the left side
of (3,6) equal to zero yields

O= Do (3,13)
Equation (3,13) shows that all the DG frequencies synchronize to the microgrid frequency in
steady state. Therefore, according to Lemma 2.1

Lo=0. (3,14)
Setting the left side of (3,11) equal to zero, and considering (3,14) yields

LDpP+ B(@—@,5) = 0. (3,15)

The commensurate form of (3,15) can be written as

Z aq; —a12 o TaN
i=1:N
! Z DPlPl bl (a}l _wref)
—ay @ 0 TN Do P-
f=nt Gl M (3,16)
Dpy Py 0
—Aan1 —anz2 Z anj
B Jj=LN
that equivalently yields (3,17) and (3,18).
a2(Dp R = Dpy o) +++-+ a1y (Dp B = Dpy Py) + by (@ = @) =0, (3,17)
DpyBs | | DpiR
— — | DpyB Dp B
@L+By| 7 |- T D=0, (3,18)

DpyPy | | DpiA

where
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Z @ —ax3 vt TN
j=LN
_ —as; Z as; - TA3ny
L= Jj=LN , (3,19)
—an2 —ans z an;j
B Jj=LN
—ajn 0 0
— 0 - 0
B 1 (3,20)
0 0 e —aNl

Equation (3,18) shows that the set {D,R,DpyP,....DpyPy} can be considered on a
communication digraph with D, P as the leader node. All nodes have access to the leader DR,
through the matrix B in (3,20). Since the original digraph Gr has a spanning tree with D7 as

the root node, at least one of the diagonal terms in B is non-zero. Therefore, exploiting Lemma

2.2 shows that all Dp;P; synchronize to a common value in the steady state which satisfies (3,2)
, or, equivalently, (3,3). Additionally, according to (3,17), having all Dp;P. synchronized to a
common value shows that @; synchronizes to @, and hence, according to (3,13), all DG
frequencies synchronize to @, . This completes the proof. i

The block diagram of the secondary frequency control based on the distributed
cooperative control is shown in Figure 3-1. As seen in this figure, the control input a)f is written
as

o = _[ wt. (3,21)

The coupling gain ¢, has a direct impact on the convergence speed of the proposed frequency
control. Appendix C discusses the impact of the controller gain on the synchronization speed a
tracking synchronization problem the controller.

The proposed secondary frequency control can admit both time invariant and time
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variant communication networks. In the case of time invariant communication networks,
according to the results of the Theorem 3.1, the communication topology should be a graph
containing a spanning tree in which the secondary control of each DG only requires information
about that DG and its immediate neighbors in the communication graph. Therefore, the
communication requirements for implementing the proposed control with a time invariant
communication network are rather mild.

In the case of time variant communication structure, the communication network is
piecewise constant (i.e. the adjacency matrix 4A; changes intermittently at pre-specified time
instants.). Therefore, the secondary frequency control is robust against data loss and
communication link failures [77]. According to [77], a time variant communication network can
provide the synchronization if the sequential completeness condition is satisfied. The sequential
completeness condition means that, with the infinite sequence of finite intervals, the resulting

graph over each finite interval must contain a spanning tree.
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Figure 3-1 The Block Diagram of the Distributed Secondary Frequency Control
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Simulation Results for the Distributed Secondary Frequency Control
The microgrid shown in Figure 2-6 is used to verify the effectiveness of the proposed
secondary control. The specifications of the DGs, lines, and loads are summarized in Appendix
B. The simulation results are extracted by modeling the dynamical equations of microgrid in
Matlab.
It is assumed that DGs communicate with each other through the communication
digraph depicted in Figure 2-7. This communication topology is chosen based on the

geographical location of DGs. DG 1 is the only DG connected to the leader node with the

pinning gain of H =1. The reference value for the microgrid frequency Jrer = w”-%ﬂ is set as

50 Hz. The coupling gain cris set to 400.

It is assumed that the microgrid is islanded form the main grid at =0 and the secondary
frequency control is applied at t=0.6 s. Figure 3-2 shows frequencies and output powers of DGs
before and after applying the secondary frequency control. As seen in Figure 3-2(a), once the
primary control is applied, DG operating frequencies all go to a common value that is the
operating frequency of microgrid. However, the secondary frequency control returns the
operating frequency of microgrid to its nominal value after 0.3 s. Figure 3-2(b) shows that the

DG output powers all satisfy (3,2) and (3,3), and are set according to the power rating of DGs.
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The coupling gain ¢/has a direct impact on the synchronization speed of the secondary
frequency control. To show this impact, the coupling gain is decreased from 400 to 40 in the
following case study. Figure 3-3 shows the simulation results when the coupling gain c/is set to
40. It is assumed that the microgrid is islanded from the main gird at =0, and the secondary
frequency control is applied at =0.6 s. Compared with the simulation results in Figure 3-2,

smaller value of the coupling gain ¢, decreases the frequency control synchronization speed.
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Figure 3-3 The Secondary Frequency Control with ¢= 40 and f,..,= 50 Hz: (a) DG Frequencies

and (b) DG Active Power Ratios
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To show the effectiveness of the proposed distributed frequency control, another round
of simulations are performed using a time-varying communication network, shown in Figure 2-
11. The communication digraph in Figure 2-11(a) models the communication network at the
time interval [(0.6+0.15k) s, (0.6+0.154)+0.05 s], for k=0,1,... The communication digraph in
Figure 2-11(b) models the communication network at the time interval [(0.65+0.15k) s,
(0.65+0.15k)+0.05 s], for k=0,1,... The communication digraph in Figure 2-11(c) models the
communication network at the time interval [(0.7+0.15%) s, (0.7+0.15k)+0.05 s], for £=0,1,... Itis
seen that over the each 0.15 s period, the sequential completeness condition is satisfied. As
seen in Figure 3-4(a), once the primary control is applied, DG operating frequencies all go to a
common value that is the operating frequency of microgrid. However, the secondary frequency
control returns the operating frequency of microgrid to its nominal value. Figure 3-4(b) shows
that the DG output powers all satisfy (3,2) and (3,3), and are set according to the power rating
of DGs. These results verify the effectiveness of the proposed secondary frequency control
when a time-varying communication network is used.

Conclusion

The secondary frequency control of microgrids is designed based on the distributed
cooperative control of multi-agent systems. Input-output feedback linearization is used to
transform the nonlinear dynamics of DG to linear dynamics. Feedback linearization converts the
secondary frequency control to the first-order tracking synchronization problem. The control
inputs are designed to restore the frequency of microgrid and allocate the active power of DGs
based on their active power ratings. The proposed secondary frequency control requires a
sparse communication structure with one-way communication links and is more reliable than

centralized secondary controls.
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Chapter 4
Two-Layer Multi-Objective Control Framework for Microgrids
Introduction

A microgrid as a small-scale power system facilitates the reliable and effective
integration of DGs. Although DGs can be of rotating machinery type, more recently,
electronically-interfaced DGs through voltage source inverters (VSI) became prevalent to
integrate micro-turbines and renewable energy resources such as fuel-cells, solar energy, and
wind energy. As discussed in Chapter 1, the control structure of a VS| may vary based on the
control objectives such as voltage and frequency, or active and reactive power. In Chapters 2
and 3, distributed control structures for islanded microgrids with voltage controlled voltage
source inverters (VCVSI) were proposed. VCVSIs have internal voltage and current controller
loops that facilitate the voltage and frequency control of DG. However, in some DGs, the sole
active and reactive power control may be of interest. This requirement can be satisfied through
the current controlled voltage source inverters (CCVSI). CCVSls possess an internal current
controller that controls the direct and quadrature components of the VSI output current which in
turn facilitates the active and reactive power control of DG [105]-[110]. Micro-turbines and fuel-
cells are dispatchable power sources, and their associated voltage source inverter can operate
as a CCVSI to adjust their generated power by the microgrid operator. Solar panels and wind
turbine generators are intermittent power sources. The uncertainty and intermittency in the
generated power is a big hassle to exploit wind and solar power sources as dispatchable DGs.
Energy storage systems (e.g., batteries) can be exploited to compensate for the intermittency in
the generated power of wind and solar power sources. Doing so, solar panels and wind turbine
generators can also be exploited as dispatchable power sources [106].

A microgrid is able to operate in both grid-connected and islanded modes. In the grid-
connected mode, the main grid dictates the microgrid voltage and frequency. In this mode, the

DG control objectives are defined as active and reactive power, and hence they can be
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exploited as CCVSls. The microgrid can switch to the islanded mode due to the preplanned
scheduling or unplanned disturbances. Subsequent to the islanding process, microgrid loses the
voltage and frequency support by the main gird as well as the active and reactive power
balance between the total power generation and consumption. Therefore, some DGs are
required to switch to the VCVSI structure to provide a fast voltage and frequency support and
compensate for the mismatch between the power generation and consumption. In this chapter,
it is assumed that some DGs remain in the CCVSI mode subsequent to islanding process.

As discussed in Chapter 1, the VCVSI are equipped with the primary control to maintain
the voltage and frequency stability of the microgrid. The primary control provides a fast voltage
and frequency support, however, it might not return the microgrid to the normal operating
conditions and an additional control level is required to restore the voltage and frequency. This
functionality is provided by the secondary control, which compensates for the voltage and
frequency deviations caused by the primary control [76]. In the previous chapters, the studied
mcirogirds were assumed to be equipped with only VCVSIs. Therefore, the secondary control
only dealt with the voltage and frequency control of VCVSIs. In this chapter, it is assumed that
some DGs are exploited in the CCVSI mode. Therefore, the secondary control is designed to
adjust the control inputs of VCVSIs and CCVSis.

In this chapter, a two-layer control framework is proposed to implement the secondary
control for an islanded microgrid containing both VCVSIs and CCVSls. The first control layer
deals with the voltage and frequency control of VCVSIs. Additionally, the active and reactive
power of VCVSIs should be allocated based on their active and reactive power ratings. The
second control layer objectives are to control the active and reactive power of CCVSls. Each
control layer is implemented through the distributed control of multi-agent systems. The control
layers require a rather mild communication network with one-way communication links, and are
fully distributed such that each DG only requires its own information and the information of its

neighbors on the communication network graph. The distributed structure of the communication
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network obviates the requirements for a central controller and improves the system reliability.
The salient features of the proposed methodology are:

o A two-layer and distributed control framework is proposed that simultaneously controls the
VCVSI and CCVSI control objectives.

e The proposed control framework controls microgrids containing both VCVSIs and CCVSils,
synchronizes the voltage and frequency of the microgrid to the nominal values, and
allocates the active and reactive power of VCVSIs and CCVSls based on the inverter’s
power ratings.

e The availability of the active and reactive power capacity in VCVSIs is of particular
importance to provide fast voltage/frequency support. The proposed control framework
exploits a portion of CCVSIs’ active and reactive power capacity for the voltage/frequency
restoration and, hence, the availability of the VCVSIs’ active and reactive power for future
disturbances is increased.

This chapter is organized as follows. First, the two-layer and multi-objective control
framework of microgrids is introduced. Then, a dynamical model for CCVSls is proposed. Based
on the dynamical models of VCVSIs and CCVSils, distributed control protocols for VCVSIs and
CCVSis are designed. Finally, the proposed control framework is verified using a microgrid test
system and IEEE 34 bus test feeder.

Two-Layer Multi-Objective Control Framework for Microgrids

Inverter based DGs can be of VCVSI or CCVSI type. In VCVSiIs, internal voltage and
current controller loops control the voltage and frequency of DG. CCVSIs possess an internal
current controller that controls the direct and quadrature components of the VSI output current
which in turn facilitates the active and reactive power control of DG. When a microgrid is
connected to the main grid, its voltage and frequency are dictated by the main grid. In this
mode, the DG control objectives are active and reactive power, and hence, all DGs can be

exploited as CCVSls. Subsequent to the islanding process, the microgrid loses its voltage and
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frequency support by the main gird as well as the active and reactive balance between the total
power generation and consumption. Therefore, some DGs are required to switch to the VCVSI
structure to provide the voltage and frequency support and compensate for the mismatch
between the power generation and consumption [76].

The VCVSiIs are equipped with the primary control [76] to maintain the voltage and
frequency stability of the microgrid. As discussed in Chapter 1, primary control avoids voltage
and frequency instability by keeping these values in pre-specified ranges. Coordinated control
of the primary local controllers can be achieved by the active and reactive-power droop

techniques as

®; =@; = Dp,F, (3,22)
* *
vo,magi =Ei _DQ"Qi'

v*o,,,zagiis the reference value for the output voltage magnitude that is provided for the internal
voltage control loop of VCVSI. w, is the angular frequency of the VCVSI dictated by the primary

control. P; and Q; are the measured active and reactive power at the DG’s terminal. Dp; and Dy,

are the droop coefficients. Ez* and a)l* are the primary control references [76]. The droop

coefficients are selected based on the active and reactive power ratings of each VCVSI.

The primary control provides a fast voltage and frequency support for the microgrid,
however, it might not return the microgrid to the normal operating conditions and an additional
control is required to restore the voltage and frequency. This functionality is provided by the
secondary control, which compensates for the voltage and frequency deviations caused by the
primary control. The secondary control operates with a longer time frame than primary control
and adjusts the control inputs of VCVSIs and CCVSls to restore the voltage and frequency of
microgrid to their nominal values.

In this chapter, a two-layer control framework is presented to implement the secondary

control for an islanded microgrid with both VCVSIs and CCVSis. The first layer, namely, control
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layer 1, controls the VCVSIs. The second layer, namely, control layer 2, controls CCVSls. The
distributed control of multi-agent systems is used to implement each control layer. Each control
layer is associated with a limited and sparse communication network. Figure 4-1 illustrates the
two-layer microgrid control framework along with the communication networks. The
communication topology for each layer should be a graph containing a spanning tree in which
the implemented controller at each DG only requires information about that DG and its direct
neighbors in the communication graph. Given the physical structure of the microgrid, it is not
difficult to select a graph with a spanning tree that connects all DGs in an optimal fashion. Such
optimal connecting graphs can be designed using operations research or assignment problem
solutions. The optimization criteria can include minimal lengths of the communication links,

maximal use of existing communication links, minimal number of links, and so on.

Control layer 2 Control layer 1

Communication

I
|
I

ccvs
itz
evsn)

CCVSI3 VCVSI3

Figure 4-1 The Comprehensive Distributed Control of Microgrids with Two Control Layers
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The control layer 1 provides a framework to control VCVSiIs in a distributed manner.

This control layer has two main control parts, namely, frequency control and voltage control.

Frequency control chooses “’z* such that the angular frequency of each VCVSI synchronizes to

its nominal value, i.e. @; — @,,r . Additionally, it allocates the VCVSI output active powers
according to

R __ M
Ba— (3,23)

max Ny,

P

max 1
where Ny is the number of VCVSis in the islanded microgrid. P,,,; denotes the active power

rating of i VCVSI. Since the active droop coefficients Dj; are chosen based on the active power
ratings of VCVSis,(3,23) is equivalent to

DP1P1 :"':DPNVPNV. (3,24)
The voltage control selects El* in (3,22) such that the output voltage amplitudes of

VCVSIs v, .4 return to the reference voltage, i.e. v, mee—Vrer If vior is set to the nominal voltage
of microgrid v,..i.ai, the output voltage magnitude of VCVSIs synchronize to the nominal voltage
of microgrid. However, v,.,,can be chosen such that the voltage magnitude of a critical bus of
microgrid synchronizes to v, IN this case, v,.sis defined by (2,21).

The other objective of the voltage control can be defined as allocating the VCVSI output

reactive powers according to

where Ny is the number of VCVSis in the islanded microgrid. O,,..; denotes the reactive power

rating of i VCVSI. Since the reactive droop coefficients D, are chosen based on the reactive

power ratings of VCVSiIs, (3,25) is equivalent to

D@ == Dgn, Oy, - (3,26)

75



The voltage droop characteristic in (3,22) is designed assuming a fully inductive microgrid.
Therefore, (3,25) and (3,26) can be exactly satisfied in fully inductive microgrids, and hence
small amount of mismatches among reactive power ratios can be observed in non inductive
micrgrids.

While the control layer 1 is active to control the voltage and frequency of microgrid by
tuning VCVSiIs, the control layer 2 objectives for CCVSIs are to control the active and reactive
powers of CCVSls. The CCVSiIs should provide active and reactive power supports for VCVSIs
by compensating a portion of the consumed active and reactive power in the microgrid. Doing
so, the VCVSIs can generate less active and reactive power, and save their active and reactive
power capacities to provide a fast voltage and frequency control for future disturbances. The
control layer 2 sets the control inputs of CCVSls such that their output active and reactive

powers of satisfy

B B
L .= _Ne _q, (3.27)
Pmaxl Pmach
9 ONe
== =g, (3,28)
Qmaxl QmaxNC ©

where N¢ is the number of CCVSls in the islanded microgrid. B,.,; and O,..; denote the
active and reactive power ratings of i CCVSls. ap and qp are pre-specified active and

reactive power ratio references. Equations (3,27) and (3,28) show that the active and reactive
power of CCVSls must be allocated based on their active and reactive power ratings.
Dynamical Model of CCVSls
The block diagram of a CCVSI based DG is shown in Figure 4-2. It contains an inverter
bridge, connected to a primary dc power source. The current controller adjusts the direct and
quadrature terms of output current i,;. As seen in Figure 4-3, a control block is used to calculate

the angle of the /" CCVSI reference frame with respect to the common reference frame «; such
that the quadrature term of output voltage v,,; becomes zero [111]. This control block is named
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as ¢, calculator.

The block diagram of the current controller is shown in Figure 4-4. The differential

algebraic equations of the current controller are written as

7}di =idreﬁ ~lodi> (3,29)
Vai =lgrefi ~logis (3,30)
Vidi = Vodi ~ DL filogi + KpciGgrefi —lodi) + Kici¥dis (3,31)
Vigi = Voqi + a)bL filodi + KPCi (lqrcfﬁ “logi )+ K]Ci Vqis (3,32)

i

arefl Current

—) controller

tdr efi N A

v
Vodi* Yogi| logp logi

abc/dq

Figure 4-2 The Block Diagram of a CCVSI

Vi abe/dq [ .. V,;

Figure 4-3 The Block Diagram of «; Calculator
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Figure. 4-4 The Block Diagram of the Current Controller for a CCVSI

where y,;and y,; are the auxiliary state variables defined for the PI controllers in Figure 4-4. i,
and i,,; are the direct and quadrature components of output current i,; in Figure 4-2. Other
parameters are shown in Figure 4-2 and 4.4. Assuming that the inverter bridge produces the

*
idi

demanded voltage, i.e. v;; =v;; and v;-kq,- =V, » the dynamics of output RL filter can be written

as

. R 1 1

: G .

lodi = _L_l odi T Ocomlogi +L_Vidi _L_Vodi’ (3,33)
fi fi fi

. R 1 1

. ' .

logi = _lloqi ~ Ocomlodi ¥ 7 Vigi — 7 Vogi: (3,34)
£ Lp = Lp

Equations (3,29)-(3,34) form the large-signal dynamical model of the i CCVSI. The large-

signal dynamical model can be written in a compact form as

{xca =fcci(xcei) +Keei (Xcei)Peci + 8o (Xeci eci (3,35)
Yeei =heci(Xeei) +deciticc
where the state vector is

Yeoi =Wa Vo oar ioqi]T' (3,36)
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The term Dec=[weomvoai]” is considered as a known disturbance. The detailed expressions for
feci(xcci), 8ccilxcc), and Keei(xcc) can be extracted from (3,29) to (3,34).
The active and reactive power of CCVSI can be written as

Pi = Vodilodi +Voqiloqi ’

(3,37)

Qi = voqiiodi _vodiioqi . (3138)
Since the «o; of each CCVSl is chosen such that v,,; becomes zero, the output active and

reactive powers P; and Q; in (3,37) and (3,38) can be written as

B =Voditodi (3,39)

Qi = _Vodiioqi . (3140)

Therefore, % and Q/ can be tuned by controlling i,,; and i,,. Since i, is controlled
max i Qmaxi

. . P. .
by i4.s, the output and control input in (3,35) are set to y.; = —— and ucc;=iy.; for the active
max i

power control. Since i, is controlled by i, the output and control input in (3,35) are set to

i

Yeoi = and ucc=i,.; for the reactive power control.

max i
Controller Design for Each Layer of the Proposed Control Framework

In this section, the control design procedure for VCVSIs and CCVSls are elaborated.

Control Layer 1: Frequency and Voltage Control of VCVSIs

Frequency Control of VCVSIs

The distributed frequency control is to synchronize all of VCVSI frequencies to the
nominal frequency. Additionally, it should allocate the output active power of VCVSIs based on
their active power ratings, i.e. it should satisfy (3,23) and (3,24). In Chapter 3, the design
procedure of the frequency control was elaborated. The distributed frequency control block
diagram is shown in Figure 3-1.

Voltage Control of VCVSIs
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In Chapter 2, the sole voltage control of VCVSI was discussed. In this chapter, the

voltage and reactive power control of VCVSIs is considered. Therefore, the goal of voltage
control is to choose appropriate control inputs E:< in (3,22) to synchronize the voltage

magnitudes of VCVSiIs v, ... to the reference voltage v,.;, and allocate the output reactive power
of VCVSIs based on their reactive power ratings, i.e. it satisfying (3,25) and (3,26). It should be
noted that the voltage-droop characteristic in (3,22) is designed assuming a microgrid with
inductive transmission lines. Therefore, small mismatches among reactive power ratios and
voltage magnitudes can be observed in micrgrids where the transmission lines are not fully
inductive.

According to (2,4), the synchronization of the voltage magnitudes of VCVSISs, v, g, is
equivalent to synchronizing the direct term of output voltages v,,;. To facilitate the simaltnous
control of VCVSIs’ voltage and reactive power, the fast dynamics of internal voltage and current
controller in Figure 2-1 are neglected. Doing so, one can write v*(,_mag,:vadi. Considering this fact,
the differentiated voltage-droop characteristic in (3,22) is
E; =Voq + Do =y, (3:41)
where v,; is an auxiliary control to be designed. Equation (3,41) is a dynamic system for

computing the control input Ez* from v,;. The auxiliary control should be designed such that

VCVSI voltage magnitudes synchronize to the reference voltage v, , and (3,25) is satisfied.

According to (3,41), the voltage control of a microgrid including N, VCVSIs is transformed to a

synchronization problem for a first-order and linear multi-agent system

Vod1 + D101 = vy,

Voan, T Pon, On, =V, -
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To achieve synchronization, it is assumed that VCVSIs can communicate with each
other through the prescribed communication digraph Gr. The auxiliary controls v,; are chosen

based on each VCVSI's own information, and the information of its neighbors in the

communication digraph as

Vi ==, (D @y Oty = Vo) )+ b,V =V )+ Y (D0, = D, 0, ), (3:43)

JEN; JEN;
where ¢, € R is the coupling gain. It is assumed that the pinning gain b, > 0 is nonzero for one

VCVSI that has the reference voltage v, information. Theorem 3.1 can be used to show that

the auxiliary control in (3,43) synchronizes all VCVSI voltage amplitudes to v,.,and shares the
output reactive power of VCVSIs based on their reactive power ratings. The reference voltage
verCan be set to the nominal voltage of the microgrid to synchronize the VCVSI voltage
magnitudes to the nominal voltage, or can be chosen according to (2,21) to control the voltage
magnitude of a critical bus of microgrid.

The block diagram of the proposed voltage control is shown in Figure 4-5. As seen in

this figure, the control input El* is written as

*
E: = j vt (3,44)
vref
ai; ( Y .-, - o (v Ppny)
- g ij (Vodi ~Vod )t8i Wodi ref)
i
. oy — E* vOdi
JEN; 1|5 >
—~ [ VCVSLi| i

5o’ > aij (DgiQi-Dg;0Q;)
o [
JEN; 1

Figure 4-5 The Block Diagram of the Voltage Control in the Control Layer 1
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Control Layer 2: Active and Reactive Power Control of CCVSls
Active Power Control of CCVSls

Subsequent to the islanding process, the active power of CCVSls are required to be
allocated based on their active power ratings which satisfies (3,27). Since the angle of the ;"
CCVSil reference frame with respect to the common reference frame ¢, is chosen such that the
quadrature term of output voltage v,,; becomes zero, the output active power P;can be tuned by

controlling the direct term of output current i,,; in Figure 4-2. Since i, is controlled by iy, the

output and control input in (3,35) are setto y¢; = i and ucci=iq4.; for the active power
maxi

control.
Input-output feedback linearization is used to generate a direct relationship between the

output ycc; and input uc¢;. According to (3,39), the derivative of P; can be written as
P = ‘.)odiiodi +Vodil:0di . (3’45)

4

Replacing iodl- by (3,33) and dividing both sides of (3,45) by P,.; Yields

. Vodilodi - Voai . Rii . . 1 1
Yeci :M+o—m(__llodi +a)comloqi Vi __vodi) - (3146)
Pmaxi Pmaxi Lﬁ 'fi 'fi

Replacing v;; by (3,31) yields
Yeei = Mpi(Xeei) + Np (X e s (3,47)

where

Voar .+ Rii . . 1
MPi (XCCi) =% (__lodi + Ocomlogi — vodi)

Praxi fi Ly o 5.48)
Vodi Vol o
04y o Lai . —Kopd g+ Ko A+0d10dz’
Pmax[Lﬁ ( odi b fitoqi PCi*odi ]Clydl) Pmaxi
and
Vv Ko
Npi(Xcei) = —odi_PCL (3,49)
PmaxiLﬁ
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An auxiliary control vpis defined as

Vpi = M pi (X)) + Npi (X (3,50)
Therefore, (3,47) and (3,50) result in a 1%-order regulator synchronization problem with the
following linear system dynamics

Yeci = Vpi» Vi. (3,51)
By choosing appropriate vp;, the synchronization for y.; is provided. The control input ucc; is
implemented by vp; as

e = (N (Xee)™ (=M p (Xep) +vpy)- (3,52)

The auxiliary controls vp; are chosen based on each CCVSI’'s own information, and the

information of its neighbors in the communication digraph as

P. P, P
v ==ep (Y ay (ot =) b (), (3,53)

JjeN; max i max j maxi
where ¢, € R is the coupling gain. It is assumed that the pinning gain 4, = 0 is nonzero for one
CCVSI that has the reference active power ratio «, . The block diagram of the proposed active

power control is shown in Figure 4-6. In the following, the Lyapunov technique is used to show

the effectiveness of the proposed active power control protocol in (3,53). The global active

power neighborhood tracking error is defined as ¢, = [e,,l epy v epy, ]T =(L+G)(P-ap), Where
T
Pl P2 PN(? _ . -
P= and g, =1, ®a,. The global active power auxiliary control
Pmaxl PmaxZ Pmax N¢ i
. T . .
input vp :[vP1 Vpy e "PNCJ is defined as

T
VP:|:VP1 Vp2 VPNC:| =—Cpeép- (3,54)

Consider the Lyapunov function candidate

1
14 ZEe}T,PeP, (3,55)
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l

where P =diag {%V} , w:are the elements of a vector w that satisfies (L+G)w=1 . Since the

digraph G has a spanning tree and &; #0 for at least one root node, L+G is nonsingular and a

unique solution exists for w [82].

Differentiating (3,55) yields
V =ehbP(L+G)vp. (3,56)

Defining 4= L+ G, and placing (3,54) into (3,56) yields

Vv :%eg(PA+ATP)eP. (3,57)
From [82], O = PA+ A" P is positive definite. Therefore, %Pe;QeP > %Pamm (O)]ep|*, and hence

L er0ep <= oy @er (3,58)
According to (3,58)
V< %g(g)”ep I’ <o. (3,59)

Equation proves that the global neighborhood tracking error asymptotically goes to zero, and

hence, according to Lemma 2.2, the distributed control protocols in (3,53) synchronize all

Iy
to ap.
Pmaxi r

Mp; P.

o v i !

P - '

P P, P - Vpi Larefi
G sG] e (D) ey —{cevst
i U r 1

T>JEZN, ’ Broxi B Prnaxi + Wed

J

J EN;

Figure 4-6 The Block Diagram of the Active Power Control in the Control Layer 2
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Reactive Power Control of CCVSls

Subsequent to the islanding process, the reactive power of CCVSls should be shared
based on their reactive power ratings satisfying (3,28). Since the angle of the i/ CCVSI
reference frame with respect to the common reference frame ¢; is chosen such that the
quadrature term of output voltage v,,; becomes zero, the output reactive power Q;can be tuned

by controlling the quadrature term of output current i,,; in Figure 4-2. Since i, is controlled by

igres, the output and control input in (3,35) are setto yq¢; = O ' and ucci=ig.; for the reactive
maxi

power control.
Input-output feedback linearization is used to generate a direct relationship between the

output ycc; and input ucc;. According to (3,40), the derivative of Q; can be written as

Qi = _"}odiioqi _vodiioqi : (3’60)
Replacing ioqi by (3,34) and dividing both sides of (3,60) by O,,.x; Yields
. ‘./odiioqi Vodi Rﬁ . . 1 1
= (== — W g F Vi =V, i) . 3,61
Yeci Qmam Qmaxi Lﬁ oqi com‘odi Lﬁ iqi Lﬁ oqt) ( )

Replacing times by (3,32) yields

Yeai =Moi(Xeei) + Noi (X uee s (3,62)
where
l.’Yndiio i Vodi Rﬁ . . 1
MQi (XCCi) = _#_# _Tloqi = Oeomlodi _L_Voqi)
max i max i fi 'fi (3,63)
Vodi . .
=5 ogt T+ DL gl = Kpcilogi + Kici? gi)»
Qmaxi 'fi
and
VvV Ko
Ngi(Xegy) = =24 (3,64)

QmaxiLﬁ .

An auxiliary control vy;is defined as
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Voi =M i (Xcei) + Noi (X e (3,65)

Therefore, (3,62) and (3,65) result in a 1%-order regulator synchronization problem with the

following linear system dynamics
Yea =Voi» Vi. (3,66)

By choosing appropriate vy;, the synchronization for yc; is provided. The control input ucc; is

implemented by vy; as
uce; = (Noi(Xeg B (=M i (Xcei) +V;)- (3,67)
The auxiliary controls vy, are chosen based on each CCVSI's own information, and the

information of its neighbors in the communication digraph as

o =<0 X a2+ 2y, 369)

JEN; max i Qmax J Qmaxi
where ¢, € R is the coupling gain. It is assumed that the pinning gain 5; >0 is nonzero for one
CCVSiI that has the reference reactive power ratio «, . The block diagram of the proposed

reactive power control is shown in Figure 4-7. The same procedure explained for active power

control of CCVSls can be used to show that all of & synchronize to a o and (3,28) is
satisfied.
Mn:
o Y fl Ql
—>Q [ Voi Lrefi
a;( Qi _=j )+g'( Qz _a )—_)C Qi N-'l qret\ .
_>]EZM ! Qmaxi max j l Qmaxi 2 Y +< ) ( Ql) »CCVSI i
9
JEN;

Figure 4-7 The Block Diagram of the Reactive Power Control in the Control Layer 2
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Simulation Results for the Two-layer Multi-objective Control Framework

Simulation Results for the Microgrid Test System in Figure 4-8

The effectiveness of the proposed control schemes is verified by simulating an islanded
microgrid in Matlab. Figure 4-8 illustrates the single line diagram of the microgrid test system.
This microgrid consists of seven DGs including three VCVSIs (DGs 1, 5, 7) and four CCVSls
(DGs 2, 3, 4, 6). The lines between buses are modeled as series RL branches. The
specifications of the DGs, lines, and loads are summarized in Appendix D. k,; and k; in Figure 4-
3 are set to 285 and 142500, respectively. The nominal line to line voltage and frequency of the
microgrid are 380 V and 50 Hz, respectively. In the following, the simulation results are provided
for three different cases, namely Case 1, Case 2, and Case 3. In Cases 1 and 2, a fixed
communication network is exploited. In Case 3, the two-layer control framework is implemented

through a time-varying communication network.

DG 1 DG 7

L

. line7 Rline7
R,.
line6 1 Load 4

line6

linel “linel

DG2

?i

DG 5

\%
c
Rline3 Lline3 L

‘ line5 Rline5

L MM __om—— |
Load 2 { Rline4 Lline4 1 Load 3

Figure 4-8 Single Line Diagram of the Microgrid Test System
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Figure 4-9 Topology of the Communication Digraph for (a) Control Layer 1 and (b) Control
Layer 2
It is assumed that VCVSIs and CCVSIs communicate with each other through the
communication digraphs depicted in Figures 4-9(a) and 4-9(b), respectively. These
communication topologies are chosen based on the geographical location of DGs. The

associated adjacency matrix of the digraphs in Figures 4-9(a) and 4-9(b), namely A4;, and 4;,,

are
000
Ao =1 0 0, (3,69)
100
and
0000
1000
= , 3,70
AGzlooo (3,70)
1000

respectively. DG 1 is the only VCVSI that knows the voltage and frequency reference values
and is connected to the leader node with the pinning gain 5,=1. DG 4 is the only CCVSI that

knows the reference value of active and reactive power ratios a, and a, with the pinning gain

b,;=1. The coupling gains c,and ¢, in (3,9) and (3,43)are set to 30. The coupling gains ¢, and ¢y

in (3,53) and (3,68) are set to 30.
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In the first case, namely Case 1, the reference frequency and voltage f,., = wre%ﬁ and

v.rare setto 50 Hz and 1 pu, respectively. The reference active and reactive power ratios are

setto a, = 0.4 and a, = 0.3, respectively. It should be noted that the proposed control

framework always exists as a supervisory control level and take actions in the event of
disturbances. However, to highlight the effectiveness of the proposed controls, it is assumed
that the microgrid is islanded from the main grid at t=0, and the secondary control is applied at
t=0.7 s. Figure 4-10(a) shows the VCVSIs frequencies. As seen in this figure, the frequency
control of control layer 1 returns all VCVSIs frequencies to 50 Hz. Figure 4-10(b) shows the ratio
of the active powers of VCVSIs with respect to their active power ratings, or equivalently Dp;P..
As seen in this figure, the proposed frequency control satisfies (3,24). Figure 4-11(a) shows the
VCVSiIs terminal voltage amplitudes. As seen in this figure, the voltage control of control layer 1
returns all VCVSiIs terminal voltage amplitudes to a close vicinity of 1 pu. Figure 4-11(b) shows
the ratio of the reactive powers of VCVSIs with respect to their reactive power ratings, or
equivalently Dy,Q;. Since the microgrid test bed is not fully inductive, small mismatches among
the DG reactive power ratios is observable. Figure 4-12(a) shows the ratio of the active powers
of CCVSls with respect to their active power ratings. As seen in this figure, the control layer 2
returns all of the active power ratios to the reference ratio and satisfies (3,27). Figure 4-12(b)
shows the ratio of the reactive powers of CCVSls with respect to their reactive power ratings. As
seen in this figure, the control layer 2 returns all of the reactive power ratios to the reference
ratio and satisfies (3,28). As seen in Figure 4-12, CCVSils provide active and reactive power
supports for VCVSIs by compensating a portion of the active and reactive power required for
voltage and frequency restoration. Therefore, once the secondary control is applied, VCVSIs

generate less active and reactive powers, as seen in Figures 4-10(b) and 4-11(b).
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Figure 4-12 Active and Reactive Power Control of Control Layer 2 in Case 1: (a) CCVSI Active

Power Ratios P;/P,..; and (b) CCVSI Reactive Power Ratios 0/0Q,..i

In the second case, namely Case 2, it is assumed that the reference frequency f,,~=50

Hz and the reference active and reactive power ratios are setto «, = 0.6 and «, = 0.6,

respectively. However, the aim of the voltage control of control layer 1 is to control the voltage
of the critical bus, shown in Figure 4-8. Therefore, v,/ is implemented by (2,21) with k,.=4,
k=40, and v,,.ina=1 pu. The microgrid gets islanded from the main grid at =0, and the
secondary control is applied at =0.7 s. Figure 4-13(a) shows the VCVSIs frequencies. As seen
in this figure, the frequency control of control layer 1 returns all VCVSiIs frequencies to 50 Hz.
Figure 4-13(b) shows the ratio of the active powers of VCVSIs with respect to their active power

ratings. As seen in this figure, the proposed frequency control satisfies (3,3). Figure 4-14(a)
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shows the critical bus voltage amplitude. As seen in this figure, the voltage control of control
layer 1 returns the critical bus voltage amplitude to 1 pu. Figure 4-14(b) shows the ratio of the
reactive powers of VCVSIs with respect to their reactive power ratings. As seen in this figure,
the proposed voltage control satisfies (3,25). Figure 4-15(a) shows the ratio of the active powers
of CCVSls with respect to their active power ratings. As seen in this figure, control layer 2
returns all of the active power ratios to the reference ratio and satisfies (3,27). Figure 4-15(b)
shows the ratio of the reactive powers of CCVSls with respect to their reactive power ratings. As
seen in this figure, the control layer 2 returns all of the reactive power ratios to the reference

ratio and satisfies (3,28). Compared to Case 1, greater «, and «, are chosen for control layer

2 and, hence, VCVSIs generate less active and reactive powers, as seen in Figures 4-13(b) and

4-14(b).
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Figure 4-13 Frequency Control of Control Layer 1 in Case 2: (a) VCVSI Frequencies and (b)

VCVSI Active Power Ratios Dp.P;
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In Case 3, it is assumed that the microgrid is islanded from the main grid at =0, and the

frequency control is applied at t=0.7 s. However, as opposed to Case 1, the distributed control
framework is associated by time-varying communication networks. Figure 4-16 shows the three
communication network structures that are used in simulation. Each structure is adopted at a
specific time interval. The communication digraph in Figure 4-16(a) models the communication
network at the time interval [(0.7+0.15k) s, (0.7+0.15k)+0.05 s], for k=0,1,... The communication
digraph in Figure 4-16(b) models the communication network at the time interval [(0.75+0.15k)
s, (0.75+0.15k)+0.05 s], for £=0,1,... The communication digraph in Figure 4-16(c) models the
communication network at the time interval [(0.8+0.15k) s, (0.8+0.15k)+0.05 s], for £=0,1,... Itis
seen that over the each 0.15 s period, the sequential completeness condition is satisfied. As

seen in Figure 4-17(a), the control layer 1 returns all VCVSI frequencies to 50 Hz. Figure 4-
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17(b) shows the active powers multiplied by the active power droop coefficients, i.e., Dp;P;, for
VCVSis. As seen, the frequency control satisfies the equality in (3,25). Figure 4-18(a) shows the
terminal voltage amplitude of VCVSIs, where they are all returned to 1 pu. Figure 4-18(b) shows
the reactive powers of VCVSIs multiplied by the reactive power droop coefficients, i.e., Dy,Q;. As
seen, the voltage control satisfies the equality in (3,27). Figures 4-19(a) and 4-19(b) show the
ratio of the active and reactive powers of CCVSls with respect to their rated active and reactive
powers. The control layer 2 returns all active and reactive power ratios to the reference ratios
and satisfies (3,27) and (3,28). These simulation results verify the effectiveness of the proposed
control framework in the case of time-varying communication networks and communication link
failures.
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Figure 4-16 Communication Digraphs for the Time-Varying Communication Network in Case 3
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Simulation Results for the IEEE 34 Bus Test Feeder

Figure 4-20 illustrates the single-line diagram of the modified IEEE 34 bus test feeder.

Six DGs including three VCVSIs (DGs 1, 2, 3) and three CCVSils (DGs 4, 5, 6) are connected to
the test feeder. This feeder is converted to a balanced feeder by averaging the line parameters.
The specification of lines is provided in [112]. The specifications of the DGs and loads are

summarized in Appendix E. The control coefficients k,; and k; in Figure 4-3 are set to 285 and

142500, respectively. The nominal frequency and line-to-line voltage are set to 60 Hz and 24.9
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kV, respectively. DGs are connected to the feeder through six Y-Y, 480 V/24.9 kV, 400 kVA

transformers with the series impedance of 0.03+j0.12 pu. It is assumed that VCVSIs and



CCVSIs communicate through the communication digraphs depicted in Figures 4-21(a) and 4-
21(b), respectively. DG 1 is the only VCVSI that knows the voltage and frequency reference
values and is connected to the leader node with the pinning gain 5,=1. DG 4 is the only CCVSI

that knows the reference value of active and reactive power ratios a, and a, with the pinning

gain b,=1. The control gains ¢, c,, cp, and ¢, are all set to 30.
The reference frequency and voltage f..,and v,rare set to 60 Hz and 1 pu, respectively.

The reference active and reactive power ratios are setto a, = 0.7 and o, = 0.6 . The test

feeder is connected to the main grid at bus 800, shown in Figure 4-20. The test feeder is
islanded from the main grid at {=0, resembling an islanded microgrid. The secondary control is
applied at t=0.7 s. As seen in Figure 4-22(a), the control layer 1 returns all VCVSI frequencies
to 60 Hz. Figure 4-22(b) shows the active powers multiplied by the active power droop
coefficients, i.e., Dp;P;, for VCVSIs. As seen, the frequency control satisfies the equality in (3,25)
. Figure 4-23(a) shows the terminal voltage amplitude of VCVSIs, where they are all returned to
1 pu. Figure 4-23(b) shows the reactive powers of VCVSIs multiplied by the reactive power
droop coefficients, i.e., Dy,0;. As seen, the voltage control tries to share the reactive power
among VCVSiIs based on their reactive power ratings, however, since the transmission lines are
not purely inductive, small mismatches among the DG reactive power ratios is observed. Figure
4-24(a) shows the ratio of the active powers of CCVSlIs with respect to their rated active
powers. The control layer 2 returns all active power ratios to the reference ratio and satisfies
(3,27). Figure 4-24(b) shows the ratio of the reactive powers of CCVSlIs with respect to their
reactive power ratings. As seen, the control layer 2 returns the reactive power ratios to the

reference ratio and satisfies (3,28).
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Figure 4-20 Single Line Diagram of Modified IEEE 34 Bus Test Feeder
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Figure 4-21 Communication Digraphs for IEEE 34 Bus test Feeder: (a) VCVSIs and (b) CCVSls
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Figure 4-22 Frequency Control for IEEE 34 Bus Test Feeder: (a) VCVSI Frequencies and (b)

VCVSI Active Power Ratios Dp,P;
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Figure 4-24 Active and Reactive Power Control for IEEE 34 Bus Test Feeder: (a) CCVSI Active
Power Ratios P/P,,.; and (b) CCVSI Reactive Power Ratios O,/Q i
Conclusion
A two-layer multi-objective control framework for microgrids is introduced. The

proposed control framework facilitates the decoupled control of VCVSIs and CCVSls with two
main layers. The first layer deals with the voltage and frequency control of VCVSIs. The second
layer is to control the active and reactive power of CCVSls and provide active and reactive
power support for VCVSIs. The proposed controllers are implemented through a communication
network with one-way communication links, and are fully distributed such that each DG only
requires its own information and the information of its neighbors on the communication network

graph.
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Chapter 5
Adaptive and Distributed Secondary Voltage Control of Microgrids
Introduction
In Chapter 2, the distributed secondary voltage control of microgrids was proposed.
This chapter extends the distributed secondary voltage control proposed in Chapter 2, and
proposes an adaptive and distributed secondary voltage control for microgrids with inverter-
based DGs. The term adaptive [113]-[116] refers to the following salient features of the
proposed controller:
e The proposed controller compensates for the nonlinear and uncertain dynamics of DGs
and, hence, obviates the control design challenges caused by the nonlinear dynamics of
DGs.

e The controller is fully independent of the DG parameters and the specification of the

connector by which each DG is connected to the microgrid. Therefore, the controller can be

deployed on any DG regardless of the DG parameters and the connector specifications and

its performance does not deteriorate by the change in DG parameters (e.g., due to aging

and thermal effects).
e The proposed controller appropriately responds to the changes in the system operating

condition, without any manual intervention, and adjusts the control parameters in real time.

Linear-in-parameter neural networks (NN) are used to design an adaptive and

distributed secondary voltage control. Neural networks are used to compensate for the
uncertainties caused by the unknown dynamics of DGs [117]-[121]. The NN weights are the
control parameters and are calculated in realtime. DGs are considered as agents that can
communicate with each other through a communication network. This communication network
is modeled by a directed graph (digraph). It is assumed that the DG nonlinear dynamical model
and parameters are unknown. The Lyapunov technique is adopted to derive fully distributed

control protocols for each DG.
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The rest of this chapter is organized as follows. First, neural networks are adopted to
design an adaptive secondary voltage control based on the distributed cooperative control.
Then, the proposed control is verified using a microgrid test system.

Adaptive and Distributed Secondary Voltage Control

As discussed in Chapter 2, a microgrid resembles a nonlinear and heterogeneous multi-
agent system, where each DG is an agent. The secondary control is similar to the tracking
synchronization problem of multi-agent systems. It is assumed that all DGs can communicate
with each other through a nested communication network. The communication network is
modeled by the digraph Gr. 4=[a;] € R"*" denotes the adjacency matrix of digraph Gr. In
tracking synchronization problem, all agents synchronize to a leader node that acts as a
command generator. The secondary voltage control chooses appropriate control inputs E,* in
(2,4) to synchronize the voltage magnitudes of DGs v, . to the reference voltage v,.,.
Synchronizing the voltage magnitudes v, ... is equivalent to synchronizing the direct term of
output voltages v,,;. Therefore, the secondary voltage control is a tracking synchronization
problem in which u; in (2,19) is chosen such that y,—yy, Vi, where the reference y~v,.is
considered as the leader node output.

The dynamics of inverter-based DGs in (2,19) are nonlinear. In this chapter, input-
output feedback linearization and neural networks are used to compensate for the nonlinear
dynamics of DGs. As discussed in Chapter 2, in input-output feedback linearization, a direct

relationship between the dynamics of the output y; (or equivalently v,,) and the control input u;
(or equivalently E:) is generated by repetitively differentiating y; with respect to time. For the

dynamics of the i" DG in (2,19), the direct relationship between the y, and u; is generated after
the 2™ derivative of the output y;. This direct relationship is shown in (2,23). The commensurate

reformulated dynamics of each DG in (2,23) can be written as

J>;,1 =i Vi
)>i,2 = fi(x) + g (x)u;, ’
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where v, =1, fi(x)=Lg h and g,(x,) =Ly Lgh; .

Remark 5.1. The function g;(x;) is equal to

. Therefore, a positive constant g; exists
fi“fi

such that < g -

d 1
E(/gi(xi))

Using the input-output feedback linearization, each agent dynamics is decomposed into

the 2"-order dynamical system in (4,1) and a set of internal dynamics. It should be noted that
: . . ) T T T
since ) =V, is constant, 3, =0. Define =[y,»,1 yi’zj and ¥ =[y051 y052] =[vmf 0] .

The secondary voltage control is solved if a distributed w; in (4,1) is found such that ¥, > ¥, Vi.
To design a controller independent of DG parameters, it is assumed that the nonlinear
dynamics of DGs and, hence, functions f;(x;) and g;(x;) are unknown. Therefore, NNs should
be exploited to design an adaptive control that compensates for the nonlinear and uncertain
functions f;(x;) and g;(x;).

In this section, first, the sliding mode error is introduced. Then, the sliding mode errors
are used to design adaptive and distributed secondary controls for each DG using the Lyapunov
function technique.

Sliding Mode Error

For each DG, the cooperative team objective is expressed in terms of the local

neighborhood tracking error

Cim = Z aij(yi,m _yj,m)+bi(yi,m ~Yo,m )’ (4’2)

JEN;
where a; is the weight of the edge by which the j/ DG is connected to the i DG, and &, is the
pinning gain by which the i DG is connected to the leader node. For the secondary voltage

control, the leader node contains the information of the voltage reference, i.e.

T T
A Z[J’o,l J’o,z] =[v,,ef OJ . It should be noted that only a small portion of DGs need to be

107



T
pinned to the leader node. Define ¢ =[e,-’1 em] v Oin = Yim = Yom» 0 =Y, =Yy (5, is called the
local disagreement vector, and ¥ is considered as the leader node dynamics.),

e=[e, ¢, - ey] ,and 8=[5, &, - &y] . The global neighborhood tracking error e

can be written as

e=(L+B)d, 4,3)
where B =diag{b,}.

The sliding mode error 7 for each DG is defined as

r=Ae )+ e, (4.4)
The parameters 4, are chosen such that the polynomial 4, + A,s is Hurwitz. Therefore, on the
sliding surface 7, =0, ¢; exponentially goes to zero. The derivative of the sliding mode error

can be written as

i= ket Y ag(fi+ g = f; =g u)+ b+ gu,). (4.5)

JEN;

Defining d, = z a; , (4,5) can be reformulated as

JeN,
F= e, +(d; +B)(fi + ) = D ay (f; +gu). (4,6)
jeN;
Define
L 2[31‘,1 ei,2:| =/, (4,7)
A { 0 1 } @)
A A
then,
Ey=E N 1, (4,9)
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Note that A is Hurwitz. Therefore, given any symmetric and positive definite matrix £, a

positive real number g, exists such that

A'P+PA=-B1, (4,10)

where [ is the identity matrix.

The Adaptive and Distributed Controller Design

The energy function

172
V,=——+— 411
=y @11)

is considered [121]. This function is later used to design the adaptive control input «;. The
energy function V,; will be used to develop a Lyapunov function. The developed Lyapunov
function will be exploited to prove that the designed control input synchronizes the output
voltage magnitudes of DGs. The adaptive control input «; should be chosen such that the

derivative of the developed Lyapunov function be locally negative definite.

Differentiating ¥,; and replacing 7; from (4,6) yields

rn

| —g. _
Vi =5 g+ =307 +rg (< ay(fy + g )+
8i je, (4,12)

- i8io’i
i (e +(dy + )i + g + =200,
or equivalently

o1 4, _—
Vi 25(_&'0 +_g2,)}?2 +1; f; + 1.8 +1(d; +b)u;, (4,13)
i
where

he o, +(d; +b) f; 4 8ioi
8i 2

fi= (4,14)

is a function of the local information available at the /" DG, and
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2 (S +gu))
g =-L% . (4,15)

is a function of the state variables of the i" DG and the state variables of its neighboring DGs on
the communication digraph.

To facilitate the adaptive control design, NNs are used to compensate for the nonlinear
dynamics of f, and g; in (4,14) and (4,15) instead of the functions f; and g; in (4,1). The
unknown nonlinear function ]_”, is approximated on a prescribed compact set Q.? by the linear-
in-parameter NN [122]

[i=Widr(e.enx)+er, (4,16)

where the NN weight vector is W e RY , &7

7 is the NN estimation error, and ¢; € R'" consists of

a set of /7 basis functions. The NN structure is shown in Figure 5-1(a). As seen in this figure,

€1, €,,and x; are the NN inputs and Vf/f(/ﬁ/; is the NN output. The estimations of weight

vectors are denoted as Vf/f . The error of the NN weights is defined as Vf/; = VIA//;T —W%. The

unknown nonlinear function g; is approximated by linear-in-parameter NNs
g =W g, (xior W7 Wy Vg, (4,17)

where the NN weight vector is 7 e R , €z is the NN estimation error, and ¢, € R consists

of a set of /. basis functions. The NN structure is shown in Figure 5-1(b). As seen in this figure,

A

W

X fi

X, T, X, and Vf/gﬂ are the NN inputs and Wéqﬁgt_ is the NN output. The estimations of

weight vectors are denoted as Wg. The terms r;, x_;, Wj, and Wg,i are the sliding mode

error, states, and the NN estimated weight vectors of the neighbors of i DG on the

communication digraph, respectively. The error of the NN weights is defined as Vf/g =Wg —Wg.
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Remark 5.2. Considering Stone-Weierstrass approximation theorem [123], positive numbers

W7M 5%4 we',and g2 exist such that ‘W;‘SW;W ‘gﬁ‘gg%l, ‘Wg‘g%M , and ‘géf‘ggg .
Inputs

Inputs X; —»
€1 ri—»

er,—» Pr x> P >
Xi —¥) Wj;i_»
Wg—i_»

(a) ®

Figure 5-1 NN Structure for Estimating (a) £, and (b) g;
Definition 5.1. The Y; are cooperative uniformly ultimately-bounded (UUB) with respect to Y, if
there exists a compact set QR such that V(¥;(#))—Y, (%)) € there exists a bound B and a

time ¢/ (B,(¥;(ty)~Yp(t))) , both independent of £, where|[¥;(tg)—Yo(to)|| < B, Vi >ty +1; [120].
Theorem 5.1. The commensurate reformulated dynamics of DGs in (4,1) are considered. Let
the digraph Gr contain a spanning tree and b, #0 for at least one root node. It is assumed that

the internal dynamics are asymptotically stable. Supposed that the control inputs are chosen as

o
Wit Wats

W==Gh ———— > 4,18
d,+b, d +b, (4,18)
where ¢; is the coupling gain, and the tuning laws are chosen as
Wy = Exdgri =i b5 (4,19)
We = Fadeli — K5 Fe M. (4,20)

1= %I+ ]
where the arbitrary positive definite matrices Ff eR’" /i and Fg, e R and the coefficients

K7 and x >0 are design parameters. Then, Y; is cooperative UUB with respect to ¥ and,
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hence, the direct term of DG output voltages v, Synchronizes to v, if ¢; is chosen as

|

R +b) @21

where 6(F) denotes the maximum singular value of P, in (4,10), and S, is calculated from
(4,10).
Proof: The Lyapunov function candidate for each agent is considered as

2
%;_ %W;FTIW +;WTF W + ;E”PiEﬁ (4,22)

Vi

The derivative of V; is written as

-1 —0. -
4 ZE(_giO +—g21)i;~2 +rf,+rg +r(d; +b)y;
; N ; (4,23)
7T =11y =T 117, : T
+VVZ FZ WZ +VV§:‘%1 ng' +E}1Pl'Ei1'

Placing (4,18), (4,19), (4,20), and(4,9)into (4,23) yields

0. - ~ 12
L g+ 2B — e (d by e T i ‘W—‘
2 ! 2 t L L S g VA
&i (4,24)
iy W Wy, =1 P, ‘ +E N BE," +1RE, +o7 +25.

Placing (4,10) into (4,24) yields
. —0. 2
z:%(—g,.o+—g2’)r —,(d; + B~ K WIW, - f‘ ‘
8i (4,25)

=T
Kz We Wz, g‘ z

=2 B T T
74 ‘ S EnE +RE +e +eg.

According to the Remarks 5.1 and 5.2
V<—c(d, +b)r? +x ‘ ‘W ~x; ‘Wzrmgi‘vﬁgf WM

L] <ol v

(4,26)

~ 12
—Kg, |Wg | -

Equation (4,26) can be written as
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V<-H'SH+G'H, (4,27)

where
AN AT (4,28)
&y o 9B
2 2
0 x 0 0
S= , (4,29)
0 0 x 0
T o 0 aw+h)
L 2 ]
G=|0 W WM oT
=V KR K, : (4,30)

If the following conditions hold,

1) S is positive definite, and

then?, < 0.

According to Sylvester’s criterion, S is positive-definite if

()

T+ *.31)

Since ||G||1 > ||G||2 >..-2|G]|, , the second condition holds if

|E. |>H
1 a(s)’

1ld,

‘ ff‘ a(S)’

|, (4:32)
os)’

‘VVEA‘>
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where o(S) is the minimum singular value of S.

Therefore, the sliding-mode error and the NN weights approximation errors are

G
ultimately bounded by M . Since the sliding-mode errors are ultimately bounded, the local

a(S)

neighborhood tracking errors in (4,2) are also bounded [120]. According to Lemma 2.2, ¢; are

also ultimately bounded and, hence, all ¥; are cooperative UUB with respect to Y, and, hence,

the direct term of DG output voltages v,,; synchronizes to v,.. This completes the proof.
Remark 5.3. The coupling gain affects the controller speed; the greater value of ¢; increases the
controller synchronization speed. Additionally, the synchronization speed is affected by 4, and
A, in (4,4). Greater value of 4, with respect to 4, forces the local neighborhood tracking error
e;n in (2,31) to converge to zero faster, and, hence, increases the synchronization speed. The
neural network weight estimations, Wf, and fog , are the adaptive weights in the control law in
(4,18). They are tuned adaptively online in real-time, without manual intervention, using the
tuning laws in (4,19) and (4,20). By contrast, F; < R Fy e R K7, and &3 inthe
tuning laws in (4,19) and (4,20) are the fixed design constants that are selected by the designer

to obtain suitable convergence properties of the adaptive tuning laws. The design constants
Ff;- e R , Fg e R , K75 and x; are kept fixed through all the contingencies. By

contrast, the adaptive weights, namely the tunable weights W/; and W@ , are automatically

adapted online in real time using tuning laws in (4,19) and (4,20), without manual intervention,

in response to changes in system operating conditions.
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Figure 5-2 The Block Diagram of the Adaptive and Distributed Secondary Control

Remark 5.4. As seen in (4,18), the secondary control of a DG is a function of r;, 7 and ¢; .

r;, the sliding mode error defined in (4,4), is a function of the output voltage magnitude of each
DG and the output voltage magnitude of its neighbors on the communication digraph, and their

first derivatives. ¢/7 , the basis functions used to compensate for the nonlinearities in /7, in

(4,14), are functions of state variables of each DG. ¢; , the basis functions used to compensate
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for the nonlinearities in g; in (4,15), are functions of state variables of each DG and its

neighbors on the communication digraph.
The block diagram of the adaptive and distributed secondary voltage control is shown in

Figure 5-2. In this figure, ¢/; and ¢, are the NN basis functions introduced in (4,16) and (4,17).

The proposed control is fully independent of the DG parameters and the connector
specifications. Therefore, the performance of the secondary control does not deteriorate by the
change in DG parameters (e.g., due to aging or thermal effects.). Additionally, extensive studies
are not required to tune the control parameters.

Simulation Results for the Adaptive and Distributed Secondary Voltage Control

The islanded microgrid shown in Figure 2-6 is used to verify the effectiveness of the
proposed voltage control framework. The specifications of DGs, lines, and loads are
summarized in Appendix B. Due to the adaptive nature of the proposed methodology, the
specifications of DGs are not required for the controller implementation. However, these
specifications are required to model DGs in the simulations and are summarized in Appendix B.
In this Appendix, Kpy, Ky, Kpc, and K¢ are the voltage and current controller parameters based
on the detailed models discussed in Chapter 2. In the following, the simulation results are
presented for four different cases. In the first three cases, a fixed communication topology is
assumed, while the last case deals with a time-varying communication topology. In the first
case, namely Case 1, the proposed secondary voltage control restores the DG voltage
amplitude to the nominal voltage subsequent to the islanding process. In Case 2, the
effectiveness of the adaptive voltage control subsequent to the changes in DG parameters is
studied. Case 3 deals with the voltage restoration subsequent to sudden load changes. The last
case, namely Case 4, studies the proposed controller with a time-varying communication

topology. For all cases, the NN tuning parameters are set to Fr = 10x1? , Fg =10x13 (Iyis an

N x N identity matrix.), Ky =10, and Kg = 10.
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Case 1

In this case, it is assumed that the microgrid is islanded from the main grid at =0, and
the secondary control is applied at £=0.6 s. In practical applications, the voltage control should
be applied immediately after the disturbance occurs. However, in this case, the secondary
controller is intentionally delayed by 0.6 s to highlight its effectiveness. It is assumed that the
DGs communicate with each other through the communication links depicted in Figure 5-3. DGs
1 and 2 have two communication ports: input and output ports. The associated adjacency matrix
of the communication network in Figure 5-3 is

Ag = (4,33)

- o = O
S = O O
S O O O
S O o O

DG 1 is the only DG that is connected to the leader node with the pinning gain b;=1. The
coupling gain in (4,18) is ¢=4 which satisfies (4,21). 4 and 4, in (4,4) are chosen as 4, =10
and 4, =1.

Figure 5-4 shows the simulation results when the reference voltage value v,.is set to 1
pu. As seen in Figure 5-4, while the primary control keeps the voltage stable, the secondary
control returns all terminal voltage amplitudes to the pre-specified reference values in less than
0.6 seconds.

The secondary voltage control can be defined to control the voltage magnitude of the
critical bus shown in Figure 2-6. In this case, v,sis chosen according to (2,21), where v, 4, in
(2,21) denotes the voltage magnitude of the critical bus. v, in (2,21) is set to 1 pu. k,. and &;.
in (2,21) are set to 40 and 100, respectively. As seen in Figure 5-5, the secondary control
returns the voltage magnitude of critical bus to v,,,...; in less than 1 second.

According to Remark 5.2, the control parameters ¢;, 4, and 4,, have a direct impact

on the synchronization speed of the secondary voltage control. Figure 5-6 shows the simulation
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results when ¢; =40, 4, =100, and 4, =1. As seen in this figure, the secondary control is

applied at £=0.6 s, and returns all terminal voltage amplitudes to v,,, =1 pu in less than 0.05

seconds.

DG 1 DG 4
Reference

value

DG 2 DG 3

Figure 5-3 The Communication Digraph for Case 1, Case 2, and Case 3

1.05

P et
g
) — DG
.......... m =
----- DG3
D&4
09 | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
time (s)

Figure 5-4 DG Output Voltage Magnitudes for Case 7 when v,,=1 pu
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0.95
:

0.9}
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time (s)

Figure 5-5 The Voltage Magnitude of Critical Bus for Case 1

1.1

(pu)

0.9

Figure 5-6 DG Output Voltage Magnitudes for Case 7 when v,.,~1 pu, ¢=40, 4 =100, and 4, =1

Case 2

In this case, the performance of proposed distributed and adaptive voltage control is
verified subsequent to the changes in DG parameters. It is assumed that the secondary voltage
control is applied at £=0.6 s, and the resistance and inductance of the output connector of each
DG, r.and L., change from 0.03 Q and 0.35 mH to 0.06 Q and 0.7 mH at =1 s. As seen in

Figure 5-7, the performance of the adaptive voltage control does not deteriorate as a result of
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the changes in r, and L. and the DG voltage magnitudes restoration to the nominal voltage is

provided.
1.05
oS AR A 4
El
> / — DG
/ .......... D2 |
------------------ DG3
DG4
09 1 1 1 1 1
0 02 0.4 06 0.8 1 1.2
time (s)
Figure 5-7 DG Output Voltage Magnitudes for Case 2
Case 3

Figure 5-8 shows the simulation results considering the load changes in an islanded
microgrid. Initially, the secondary voltage control is applied at t=0.6 s. It is assumed that the
initial resistance of Load 1 and 2 are 5 Q, and the initial inductance of Load 1 and 2 are 16 mH.
At t=1 s, Load 1 resistance and inductance change from 5 Q and 16 mH to 3 Q and 6.4 mH,
respectively, and Load 2 resistance and inductance change from 5 Q and 16 mH to 2 Q and 3.2
mH, respectively. To show the effectiveness of the adaptive voltage control under load changes,
it is assumed that the secondary voltage control is halted for 0.2 s. As seen in Figure 5-8, once
the voltage control is stopped at =1 s, the voltage magnitudes drop due to the sudden load
changes. However, at t=1.2 s, the voltage control is applied again and returns the voltage
magnitude of DGs to 1 pu, as seen in Figure 5-8. Therefore, the performance of the adaptive
voltage control does not deteriorate as a result of the load changes and the adaptive voltage

control effectively restores the output voltage magnitude of the DGs to the nominal voltage.
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Figure 5-8 DG Output Voltage Magnitudes for Case 3

Case 4

In this case, it is assumed that the microgrid is islanded from the main grid at =0, and
the secondary control is applied at t=0.6 s (Similar to Case 1, the voltage control is applied after
0.6 s to highlight the effectiveness of the proposed voltage control.). However, as opposed to
Case 1, the voltage controller is implemented through a time-varying communication network.
Figure 5-9 shows the three communication network structures that are used in simulation. Each
structure is adopted at a specific time interval. The communication digraph in Figure 5-9(a)
models the communication network over the time interval [(0.6+0.15%) s, (0.6+0.15k)+0.05 s],
for £=0,1,... . The communication digraph in Figure 5-9(b) models the communication network
over the time interval [(0.65+0.15k) s, (0.65+0.15k)+0.05 s], for £=0,1,... The communication
digraph in Figure 5-9(c) models the communication network over the time interval [(0.7+0.15k)
s, (0.7+0.15k)+0.05 s], for k=0,1,...

DG 1 is the only DG that is connected to the leader node with the pinning gain 5,=1.
The coupling gain in (4,18) is ¢,=4 which satisfies (4,21). 4 and 4, in (4,4) are chosen as
4 =10 and 4, =1. Figure 5-10 shows the simulation results when the reference voltage value is

set to 1 pu. As seen in Figure 5-10, the secondary control returns all terminal voltage
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amplitudes to the pre-specified reference value in less than half a second. Compared with the

simulation results of Case 1, Figure 5-10 shows that the proposed secondary control

appropriately works with time varying communication networks.

DG 1 DG 4 DG 1 DG 4
Reference Reference O
value value
DG2 DG3 DG2 DG3
@ (b)
DG1 DG 4
Reference
value
DG 2 DG3

©

Figure 5-9 The Digraphs for Modeling the Time-Varying Communication Network of Case 4

1.05

Vo,ragPY)

09 1 1

time (s)

Figure 5-10 DG Output Voltage Magnitudes for Case 4
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Conclusion
An adaptive and distributed secondary voltage control framework is presented. The
proposed controller is independent of the DG parameters. Neural networks compensate for the
uncertain/unknown DG dynamics, and facilitate the adaptive feature of this control. The
Lyapunov technique is adopted to derive fully distributed control protocols for each DG. The
simulation results verified the effectiveness of the proposed controller for several cases,

including islanding, sudden load change, and variable communication network.
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Chapter 6
Conclusions and Future Works
Contributions and Conclusions
In this dissertation, distributed cooperative control of multi-agent systems is exploited to
design a distributed control structure for microgrid control. The main contributions of this
dissertation are as follows:

¢ A straightforward solution is proposed to solve the tracking synchronization problem for
nonlinear and heterogeneous multi-agent systems using input-output feedback
linearization. Using feedback linearization, the nonlinear and heterogeneous dynamics
of agents are transformed to identical linear dynamics and non-identical internal
dynamics.

e The proposed solution is used to design a distributed secondary control structure. Input-
output feedback linearization is used to transform the nonlinear dynamics of DGs to
linear dynamics. Feedback linearization converts the secondary voltage control to a
second-order tracker synchronization problem, and the secondary frequency control to
a first-order tracking synchronization problem. As opposed to the conventional
secondary controls with a centralized control structure, the distributed secondary control
obviates the requirement for a central controller and requires only a sparse
communication structure with one-way communication links which is cheaper and can
be more reliable.

e Based on the distributed control of multi-agent systems, a two-layer and multi-objective
control framework is proposed. The proposed control framework has two main layers.
The first layer deals with the voltage and frequency control of VCVSIs. The second

layer is to control the active and reactive power of CCVSls.
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Neural networks are exploited to design a distributed and adaptive voltage control for
microgrids. The proposed control is adaptive with respect to changes in the DG

parameters and microgrid operating conditions.
The main conclusions of this dissertation are as follows:

All of the proposed control schemes in this dissertation can accept both fixed and time-
varying communication topologies. In the case of fixed communication networks, the
communication topology must be a graph containing a spanning tree. In the case of
time-varying communication networks, the communication topology must satisfy the
sequential completeness condition. Optimal communication networks can be designed
using operations research or assignment problem solutions. The optimization criteria
can include minimal lengths of the communication links, maximal use of existing
communication links, minimal number of links, and etc.

The main drawback of conventional secondary control schemes with centralized
structure is the single point of failure. The single point of failure means that the whole
secondary control fails by the failure of the central control. The distributed control
structure obviates this drawback and improves the reliability of the microgrid secondary
control.

Since the distributed control structure can be associated by time varying communication
networks, they are more robust against communication link failures. If a communication
link fails, the synchronization for all DGs is still provided if the sequential completeness
condition is satisfied. However, in the centralized control structure, the failure of a
communication link results in the loss of control system support for one DG.

Voltage source inverters should be accommodated with a micro-processor to implement
internal voltage and current control loops. This micro-processor is an inherent part of
the voltage source inverter. The distributed control protocols on each DG do not require

any additional micro-processor. They can be simply implemented on the pre-existing
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micro-processor of each voltage source inverter. The distributed control protocols
embedded on each DG would not require dedicated signal processing units and do not
impose heavy processing burden on the existing micro-processor. They can be
deployed on the existing processors, with a slight software update to pre-existing
codes.

The proposed control laws in this dissertation are associated with adjustable control
parameters that can be used to tune the transient response of the secondary control. In
Chapter 2, the ARE parameters in (2,37) can be changed appropriately to tune the
transient response of the secondary voltage control. In Chapters 3 and 4, the coupling

gains can be used to adjust the convergence speed of the proposed controllers. In

Chapter 5, the coupling gain, 4 and 4, in (4,4), the adaptive weights, Vf/j; and Wg‘_ ,

. . [+ 1= _ xl- . .
and the fixed design constants, F; eR e, Fy e R K7,and g inthe tuning

laws in (4,19) and (4,20),adjust the transient response of the secondary voltage control.
Future Works

Compared with the conventional control structures of microgrids, a different control

structure was proposed in this dissertation. This structure exploits the distributed cooperative

control of multi-agent systems. Based on this emerging control structure, future research works

can focus on the following research trusts:

The concept of distributed control can be also exploited in large scale power systems.
Traditionally, these control levels are implemented through a centralized control
structure. In the centralized control structure, a central controller provides the primary
control references, solve optimal power flow, command globally on the gathered
system-wide information, and require a complex, wide-bandwidth, and two-way
communication network that adversely affect system flexibility, configurability, and

reliability. Alternatively, a distributed control structure can be used to implement the
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secondary and tertiary control levels. The distributed control structure can be
implemented through a sparse communication network and does not require a central
controller.

In addition to voltage and frequency control, other control objectives can be handled
through a distributed control structure. Mitigating the voltage unbalance in a microgrid is
one of these control objectives. Distributed control structures can be proposed to
control the voltage and frequency of microgrids and share the active and reactive power
among DGs in the presence of nonlinear loads.

Due to the presence of sensitive loads and high energy demand loads such as pulse
loads, the voltage and frequency control of shipboard power system is of particular
importance. Subsequent to the sudden load changes or faults, the voltage and
frequency may deviate from their nominal values. The electric ship contains some
critical loads that are required to work at the nominal voltage and frequency. Distributed
control schemes can be used to control the voltage of critical loads and restore the

frequency of the shipboard power system.
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Appendix A

The Effects of the Algebraic Riccati Equation Parameters on the Synchronization Speed of the
Secondary Voltage Control
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The Algebraic Riccati Equation (ARE) parameters have a direct impact on the transient
response of the proposed secondary voltage control. The ARE in (2,37) is extracted by

minimizing the following performance index for each DG [96]
J, = % [ (3708, +v] Rv,)at, (A1)
0

where the local disagreement vector is

3 =Y:~ Yo (A2)

The performance index J; can be interpreted as an energy function and the controller is
designed to make it as small as possible. The ARE parameters Q and R directly influence the
transient response of the controller. Generally speaking, a largermeans that §; is kept smaller by
the controller for keeping J; small. On the other hand, a larger R means that v;(¢) is kept smaller
by the controller for keeping J; small. Therefore, larger Q or smaller R generally result in the
poles of the closed-loop system matrix to move left in the s-plane so that the system response

speed increases.
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Appendix B

The Specifications of the Microgrid Test System in Figure 2-6
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The specifications of the DGs, lines, and loads are summarized in Table B-1.

Table B-1 Specifications of the Microgrid Test System in Figure 2-6

DG 1 & 2 (9 kVA rating) DG 3 & 4 (7 kVA rating)
mp 9.4x10” mp 12.5x10”
ng 1.3x10° ng 1.5x10°
. 0.03 Q . 0.03 Q
. 0.35mH . 0.35mH
DGs R, 0.1Q R, 0.1Q
L 1.35 mH L 1.35 mH
C 50 uF C 50 uF
Kpy 0.1 Kpy 0.05
Ky 420 Ky 390
Kpc 15 Kpc 10.5
Kic 20000 Kic 16000
Line 1 Line 2 Line 3
Lines Ry 023Q | R 0.35Q Rj; 023 Q
Ly 318uH | L, | 1847pH | Lj; 318 uH
Load 1 Load 2
R 30 R 2Q
Loads (per phase) (per phase)
X 20 X 10
(per phase) (per phase)
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Appendix C

The Effect of the Controller Gain on the Convergence Speed in a Tracking Synchronization
Problem
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Consider N nonlinear and heterogeneous systems or agents that are distributed on a

communication graph Gr with the node dynamics

{Xi =1, (x;)+g;(x;)u;, (C.1)

Vi =h(x;)+du;,
where x; () e R" is the state vector, u;(f) € R is the control input, y;(¢) € Ris the output of i
node, and f;, g;, and A, are smooth functions. It is assumed that f,(.): " — r" is locally
Lipschitzin R" and f,(0)=0. d, is the direct feed term in the output. The agent state dynamics

and state dimensions 7; do not need to be the same.
In the tracking synchronization problem, it is desired to design distributed control inputs
u;(¢) to synchronize the output of all nodes to the output of a leader node y,(?). The leader

node can be viewed as a command generator that generates the desired trajectory

{5‘0 =15 (xp) _ (C.2)
Yo = hy(xp) ’

The functions f, and /%, are assumed to be of class C”. Outputs y,(¢) are performance

outputs required to track the leader’s output. It is assumed that all of the agent states are

measurable. In general, observers can be added if output measurements are available.

As seen in (C,1), the output y;(?) is related to the input (¢) by the nonlinear function

hi(x;) and d,. The difficulties associated with the nonlinear nature of the dynamics can be

overcome by using the following procedure.

Differentiate the output of each agent in (C,1) to obtain

Vi =Lg b+ Ly hu; +d, (C,3)
where Lih = Z—hf(x) denotes Lie derivative. Define the auxiliary control v; as
X

V; =Ly + Ly By +diai; . (C4)
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Then, the control input u; satisfies the nonlinear state variable equation

dai; ==Ly hu; =Ly by +v; . (C,5)
Equation (C,5) allows direct computation of the control input u; in terms of v;. The auxiliary
control v; is specified in Theorem C.1. It is noted that the state-space equation (C,5) guarantees

that the control input u; is differentiable.

Equation (C,4) defines the input-output feedback linearization that results in the first-

order linear systems
V=V, Vi (C,6)
Using this input-output feedback linearization, the dynamics of each agent are decomposed into
the first order dynamical system in (C,6) and a set of internal dynamics
=Wy 1), Vi, (C,7)
where £ € R" represents the internal dynamics.

To solve the synchronization problem for the systems in (C,6), cooperative team

objectives can be expressed in terms of the local neighborhood tracking error

¢ = ay(yi=y)+b(yi =) (C8)

JjeN;
The pinning gain b, >0 is nonzero only for the nodes that are directly connected to the leader

node. It is assumed that 5, is nonzero for at least one node. The nodes for which b, #0 are

referred to as the pinned or controlled nodes.

From (C,8), the global neighborhood error vector for the graph Gr is written as
e=(L+B)(y-y,)=(L+B)s, (C,9)

where the global variables are defined as
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y:[yl Yy o yNTeRN,e:[el e - eNTeRN,andZOZIN@yO ERN,With 1N the vector of

ones with the length of N. B e R¥*" is a diagonal matrix with diagonal entries equal to the

pinning gains b,. The global disagreement vectoris & .
Assumption C.1. The vector 20 =1, ®}, is bounded so that ”Zo” <Y, , for some finite bound

Y, that is generally unknown.
Theorem C.1. Let the digraph Gr have a spanning tree and b, #0 for at least one root node.
Assume that the zero dynamics of each node . =W;(0, 1), Vi are asymptotically stable. Let
the auxiliary control v;in (C,5) be chosen as

v, =—ce, (C,10)
where the scalar ¢ >0 and ¢ is in (C,8). Then, the global neighborhood error ¢ in (C,9) is UUB
with the practical bound in (C,17). Moreover, the agent outputs y;(¢) are cooperative UUB with
respect to the leader node output y((?) in (C,2) and all nodes synchronize to y(?) .
Proof: From (C,10), the global input vector v is

v=[vl vy e vN]T=—ce. (C,11)
Consider the Lyapunov function candidate

V:%eTPe, where P:diag{%v_}, (C,12)

where w; are the elements of a vector w that satisfies (L+B)w=1, . Since the digraph Gr has a
spanning tree and k; #0for at least one root node, L+B is nonsingular and a unique solution

exists for w [82].

Differentiating (C,12) and using (C,9) yield

V:eTP(L+B)(jz—Z'0):eTP(L+B)(v—Z'O). (C,13)
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Defining 4= L + B, and placing (C,11) into (C,13) yields

I}=€§HXPA+ATPk—eTPAXU (C,14)
From [82] Q= PA+ A" P is positive definite. Therefore, %eTQe > %Q(Q) ||e||2 , and hence

—C —C
—'0e<—a(0)|d, (C,15)
2 2
where o(-) is the minimum singular value of a matrix. According to (C,15) and Assumption C.1
V<—ﬂ@m¢+Mhmwuww (C,16)
where & (") is the maximum singular value of a matrix. ¥ <0 if

e ||>—““’)"<A>YM A7)
fG(Q)

Equation (C,17) shows that the derivative of Lyapunov function in (C,16) is negative outside a

compact set around origin with the radius of E(P)E(A)YM/gg(Q) . This demonstrates that any

trajectory of e(f) beginning in this compact set evolves completely within this compact set.

Therefore, according to the standard Lyapunov theorem extension, e(¢) is UUB. According to

(C.9), if the graph has a spanning tree then L+B is nonsingular and 5] <|e|/ (L + B) .
Therefore the global disagreement vector & is UUB and, hence, y;(f) are cooperative UUB

with respect to y(?) . If the zero dynamics £ =W;(0, ), Vi are asymptotically stable, then
(C,6) and (C,10) are asymptotically stable. This completes the proof. O

Remark C.1. Supposed thatY;, =0, equation (C,16) yields

P <o @ <5 €DV =2, (C.18)

From (C,18), one can write
V(t)<e ™V (1,). (C,19)
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From (C,12) and (C,19)
ol <5 o™ o) (.20)

or equivalently

()] < /%e letty)]- (C.21)

Equation (C,21) shows that the global neighborhood error e(¢) goes to zero with the time

constant %{ . Since a = %c& , the synchronization speed of the system can be adjusted by
a(P)
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Appendix D

The Specifications of the Microgrid Test System in Figure 4-8
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The specifications of the DGs, lines, and loads are summarized in Tables D-1, D-2, and

Table D-1 Specifications of DGs for Microgrid Test System in Figure 4-8

DG1&3 DG 2
mp 18.8x107 mp 25x107
ng 2.6x107 ng 3x107
. 0.03 Q . 0.03 Q
. 0.35 mH L. 0.35 mH
— R, 0.1Q R, 0.1Q
Ly 1.35 mH L 1.35 mH
G 50 uF G 50 uF
Kpy 0.1 Kpy 0.05
Ky 420 Ky 390
Kpe 15 Kpc 10.5
Kic 20000 Kic 16000
DG4&5 DG6&7
R, 0.23Q R, 0.35Q
L 318 uH Ly 1847 uH
CCVSIs | Kpc 10.5 Kpc 10.5
Kic 16000 Kic 16000
P 1500 W Prax 2000 W
Onmax 1000 W Ohnax 1200 W
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Table D-2 Specifications of Lines for Microgrid Test System in Figure 4-8

Line1,3,5,7 Line2,4,6
Riine 023Q | Rine 035Q
Lline 318 MH Lline 1847 MH

Table D-3 Specifications of Loads for Microgrid Test System in Figure 4-8

Load 1 Load2 | Load 3 | Load 4
R 30Q 20 Q 25Q 25Q
(per phase)
X 15Q 10 Q 10 Q 15Q
(per phase)
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Appendix E

The Specifications of the IEEE 34 Bus Test Feeder
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Table E-1 Specifications of DGs for IEEE 34 Bus Test Feeder

The specifications of the DGs and loads are summarized in Tables E-1 and E-2.

DG1&2 DG 3
mp 5.64x10” mp 7.5%107
ng 5.2x10™ ng 6x10™
R. 0.03 Q R, 0.03 Q
. 0.35 mH . 0.35 mH
— Ry 0.1Q R, 0.1Q
Ly 1.35 mH L 1.35 mH
G 50 uF G 50 uF
Kpy 0.1 Kpy 0.05
Ky 420 Ky 390
Kpe 15 Kpc 10.5
Kic 20000 Kic 16000
DG4&5 DG 6
R, 02Q R, 0.35Q
L 340 uH Ly 1900 puH
CCVSIs | Kpc 11 Kpe 11
Kic 16000 Kic 16000
P 35 kW P 30 kW
Onmax 32 kVAr Ohnax 30 kVAr
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Table E-2 Specifications of Loads for IEEE 34 Bus Test Feeder

Load1 | Load2 | Load 3 | Load 4
R 30 Q 20 Q 25Q 25Q
(per phase)
X 15Q 10 Q 10 Q 15Q
(per phase)
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