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Section 1: Executive Summary

This report presents an object-oriented implementation of full state feedback control for virtual
power plants (VPP). The components of the VPP full state feedback control are (1) object-
oriented high-fidelity modeling for all devices in the VPP; (2) Distribution System Distributed
Quasi-Dynamic State Estimation (DS-DQSE) that enables full observability of the VPP by
augmenting actual measurements with virtual, derived and pseudo measurements and performing
the Quasi-Dynamic State Estimation (QSE) in a distributed manner, and (3) automated
formulation of the Optimal Power Flow (OPF) in real time using the output of the DS-DQSE,
and solving the distributed OPF to provide the optimal control commands to the DERs of the
VPP.

The infrastructure of this integrated system is the object-oriented high-fidelity device modeling
within the monitoring devices of the VPP. The modeling approach starts from physically based
models of power devices referred to as compact device models. Any existing model can be used
as a compact device model. The compact model should be mathematically correct, meaning that
the number of states and control variables should be consistent with the number of equations
describing the compact model and the controls should be realizable. A quadratization procedure
and the quadratic integration process are then applied to the compact device model, and the end
result is an object-oriented, in a standardized syntax, interoperable model which is referred to as
state and control algebraic quadratic companion form (SCAQCF). The DS-DQSE and OPF
solvers work directly with the SCAQCF models without any other input (autonomous operation).

The second component of the approach is the DS-DQSE, a critical component for full state
feedback control. The DS-DQSE provides in real-time the estimated states and validated models
by performing QSE. The DS-DQSE is implemented in a distributed architecture where a
distribution system (feeders) are partitioned into several sections. This partition is arbitrary with
each section containing an arbitrary number of loads and resources, controllable or not. The DS-
DQSE runs for each section. It requires that there is at least one local phasor measurement at
each section. Given the measurements and the device SCAQCF models in a distribution system
section, the DS-DQSE creates the measurement mathematical model at device-level. Then, with
the help of network formation techniques, the measurement mathematical model from device-
level are converted to network level measurement models. The state estimation algorithm works
directly with the measurement mathematical models at the network level. The DS-DQSE
provides a quantitative probabilistic consistency check between the network measurement model
and the network model. Specifically, the DS-DQSE provides the best estimate of the states, the
differences (residuals) between the measurements and the model predicted measurements as well
as the expected standard deviation of these quantities. The DS-DQSE it also determines whether
there are bad data and/or model discrepancies by the chi-square test. In case of such bad data, the
source is identified by hypothesis testing. The overall process provides the best estimate of the
state sand the validated model of the distribution section. Finally, the output of each DS-DQSE
for each section is send to the distribution management system where the state and model of the



entire distribution system is constructed from the states of each section at a specific time stamp.
We refer to it as the real time operating conditions and model.

The real time operating conditions and model (also in SCAQCF syntax) enables the optimal use
of distributed energy resources (DER) units and provision of ancillary services incorporating
operational constraints. This is achieved by automatically forming and solving an optimal power
flow with appropriate objective. In this report, the objective is the levelization of the voltage
profile along the distribution circuit. The formation of the OPF problem is automatic by simply
using the objects of the network (in SCAQCF syntax) and the operating constraints (also in
SCAQCEF syntax). The automatically formulated OPF problem is then solved to provide the best
settings of the various controls of the DERs as well as utility controls such as capacitor bank
switching, tap changes, etc. The optimal power flow solution algorithm of the OPF solver is an
iterative linear programming method. At each iteration, the OPF is linearized using the co-state
method. The resulting linear optimization problem is in terms of only the control variables. The
problem is converted to a linear program in standard form and solved to provide the optimal
settings of the control variables. The process is repeated to convergence. A couple of iterations
typically suffice. In the actual implementation, the computed optimal settings of the control
variables can be transferred to the hardware that control the corresponding devices.

This report is organized as follows. Section 3 introduces the object-oriented high-fidelity device
modeling approach. Section 4 illustrates the architecture and operation of DS-DQSE. Section 5
presents the definition and formation of the quadratized OPF problem. Section 6 presents the
solution algorithm of the OPF problem. Section 7 presents an example test data for one section in
the distribution system. Section 8 shows the example event data. Section 9 illustrates the
implementation of DS-DQSE in a specific distribution system section. And section 10
summarizes the whole report.



Section 2: Introduction

The concept of the Virtual Power Plant (VPP) is quite general referring to collection of resources
and power circuits that are under a coordinated control to make them behave as an entity which
can respond to commands and behave as a controllable and dispatchable resource. A VPP can be
a distribution system section with controllable loads and resources, a microgrid, etc. In this
report, we focus on a distribution system section with resources and we focus on making this
subsystem behave as a dispatchable plant by controlling the cluster of resources in this section.
The report presents an object-oriented implementation of full state feedback control for VPPs.
Figure 2.1 shows the integrated system of the VPP full state feedback control. An object-oriented
method is used to represent models. Then, the Distribution System Distributed Quasi-Dynamic
State Estimator (DS-DQSE) is applied to enable the extraction of the real time model and
operating conditions of the VPP by performing Quasi-Dynamic State Estimation (QSE).
Subsequently, an Optimal Power Flow is autonomously formulated and solved to provide the
optimal controls. The optimal controls are send to the appropriate devices.

Physical Plant

/—
/J\

—>
Control
Command
\ 4
OPF Solver DD SO Measurements
Models
Form Quadratized Network SCAQCF DEUIEE LT
OPF Problem Model Measurement
SCAQCF Models
Models & Operating
Condition
Network
DS-DQSE < Measurement

SCAQCF Model

Figure 2.1: Integrated and Autonomous System of VPP Full State Feedback Control

10



The infrastructure for the integrated system is based on object-oriented high-fidelity device
models for each device in the VPP. In this application, all device models are in quasi-dynamic
domain, which ignore fast electromagnetic transients but include differential terms for slow
dynamics such as those arising from electromechanical oscillations or the actions of a controller.
The modeling approach starts from physically based models of power devices, referred to it as
compact device models. Any existing model can be used as a compact device model, and these
models are in terms of states and control variables. A quadratization procedure is then applied to
the compact model if the compact model order is higher than two. This procedure consists of
introducing additional variables to reduce higher order terms to nonlinear terms of highest order
two. The result of this step is a quadratized device model in terms of state and control variables,
which is referred as state and control quadratized device model (SCQDM). The SCQDM is then
numerically integrated using the quadratic integration method for the purpose of converting it
into an algebraic model that is referred to as the state and control algebraic quadratic companion
form (SCAQCF). The syntax of the SCAQCF has been standardized and any power device can
be converted into this form. The SCAQCEF object is interoperable and usable by any application.
For example, the DS-DQSE as well as the OPF formulator and solver work directly on the
SCAQCF models without any other information.

The DS-DQSE requires measurements obtained on the system to perform the dynamic state
estimation. Any measurement, irrespectively of the source of them measurements, i.e. actual,
virtual, derived or pseudo, can be also expressed in the SCAQCF syntax. With increasing
deployment of smart meters and other grid sensors in distribution systems, the amount of
available measurements is growing. The measurements are expressed as functions of the state in
the SCAQCEF syntax and in this form are utilized by the DS-DQSE to perform a dynamic state
estimation. The process of creating the measurement models in SCAQCF syntax is automated.
Specifically, given the measurement set and all the SCAQCF device models, the measurement
models are first developed at the device level, i.e. they are expressed as functions of the state
variables of individual devices. Subsequently, the mapping between devoice states and system
states is developed and the measurement models are converted from device level to system level.
In this form the DS-DQSE performs a dynamic state estimation with the measurement models in
terms of system state variables. The process is outlined in Figure 2.2. The dynamic state
estimation includes an observability test, the actual state estimation and bad data detection and
identification. Specifically, once the network SCAQCF measurement model is created, the DS-
DQSE performs an observability test to determine that there are enough measurements to
observe/compute the state. Subsequently it performs the dynamic state estimation and the chi-
square test which checks the consistency between the estimated state and the network model. If
this test indicates the presence of bad measurements, the DS-DQSE initiates the bad data
identification and removes the bad data. The end result of the entire process is a validated model
and a validated operating condition which can now be used for a variety of applications. In this
report we will outline the application of optimizing the voltage profile of the feeder.
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Figure 2.2: Flow Chart of Network SCAQCF Measurement Model Creation

As shown in Figure 2.3, the DS-DQSE is implemented in a distributed architecture. This is a
novel approach compared to present available state estimation applications that are based on a
centralized architecture and are executed in the control center. The distribution system (feeders)
can be partitioned into several sections while each section containing some controllable loads
and resources (i.e., each section is a VPP). The DS-DQSE is executed at each section of the
feeder using local phasor measurements to perform DQSE for this local section. It is required
that there should be at least one GPS synchronized measurement so that the computed best
estimate of the state will have associated with it the time stamp for which this state estimate is
valid. This is a critical requirement as the Distribution Energy Management System (DEMS)
takes the state estimates for each distribution section with the exact time stamp and synthesizes
the state estimate for the entire distribution system.
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The advantages of the distributed architecture are numerous. First of all, the state estimation
algorithm is implemented using only local measurements to estimate the states in this local
distribution section. Thus, the large data traffic is confined within the section, and the state
estimator works on a small dimension subsystem compared to the one processed by a centralized
state estimator. Secondly, since the dimension of the problem solved by DS-DQSE is
significantly decreased, the execution time of the state estimator is fast (i.e. execution of once per
cycle has been achieved). Thirdly, the relatively small dimension of the system allows very
detailed power system models (three-phase dynamic models, instrumentation inclusive). The
three-phase, instrumentation channel inclusive model for the power system can eliminate the
estimation errors from the imbalanced operations and asymmetric models, as well as the
measurement errors introduced by the instrumentation channels. In addition, because of the
proposed measurement set, we increase the measurement redundancy of the distribution system
section, which leads to more accurate estimation results. Last but not least, only the states and
the validated model of each section are sent to the DEMS. This dramatically reduces the data
communications and makes the whole state estimation system more efficient.

The DS-DQSE works as follows. Firstly, a data concentrator collects all the data from all IEDs in
a specific section and converts and synchronizes these data into a C37.118 data stream. A local
DS-DQSE is installed in this section and uses only the measurements from this section for the
purpose of avoiding the requirement of obtaining and transmitting measurements via
communication channels from other sections. Note that for this approach, data from at least one
GPS-synchronized device is required in each section in order to synchronize all the data in the
system. After the state estimation, the estimated states, and validated models for each section are
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produced and sent to the Distribution Energy Management System (DEMS) where the system
wide state estimate and model is synthesized.

The system wide state estimate and model, validated with the DQSE, is used to formulate and
solve an Optimal Power Flow (OPF) to optimally control distributed energy resources (DER)
units and/or provide ancillary services incorporating local network constraints. The objective
function of the OPF can be user selected and the choices can be numerous. In this report, the
objective is to improve the voltage profile along the distribution feeder. After defining the
objective function, the formation of the OPF problem is automatic by simply using the object-
oriented SCAQCF network model. As a matter of fact, the power flow equations of the model
become the equality constraints of the OPF problem, and the operational constraints of the model
become the inequality constraints of the OPF problem. Since all the equality and inequality
constraints as well as the objective function is quadratic, the formulated OPF problem is a
quadratized OPF problem. The general expression of the quadratized OPF problem is:

Minimize: J = Yozixx + Yozjuu + XTFobjxxx + uTE)bqu + uTFobiuxx + Coe
M M M
subjectto: 0=Y, x+Y, u+4x’ <F;’qx>x +{u’ <F;W>u +{u’ <F;i,ux>x -B,, -1
M M M
where: B, =—N, x(t—h)—-N,u(t-h)-M, I(t—h)-K, (2.1)
M M M
Y;neqxx + Yiil(:'qllu + XT <F;Il18qx>x + uT <F:ilzequ > u + UT <F;;lequx > X + Cineqc S O
M M M

u inSuSumax

mj

The automatically formulated quadratized OPF problem is solved by the OPF solver. The
optimal power flow solution algorithm used in this report is briefly introduced as follows. The
algorithm first uses the co-state method to linearize the OPF problem so that the OPF problem is
converted into a linearized problem in terms of only control variables, i.e. the equality
constraints (power flow) are used to eliminate the state variables. Subsequently, the linearized
problem is converted into a linear program in standard form and it is solved with a simplex type
algorithm. The computed control variables are inserted to the equality constraints which are
solved to determine the new operating condition of the system. This is equivalent to a solution of
the power flow problem. If the updated operating point violates any new constraints, then the
violated constraint is added to the OPF problem and the process is repeated until convergence.
The end result of the OPF solver is the optimal controls which are send to the appropriate
devices.

The proposed OPF solution algorithm is robust and highly efficient. Robustness is achieved by
virtue of starting from a feasible but not optimal solution and at each iteration the solution moves
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the operating point in the feasible region while approaching the optimality. Therefore, at each
iteration of the algorithm the solution iterate represents a feasible solution. High efficiency
implies less runtime compared with traditional solution methods for the OPF problem. The
reasons are as follows. Firstly, the algorithm models the OPF problem as a quadratic problem for
fast convergence. Secondly, the algorithm identifies the active constraints gradually and adds
them to the modeled constraint set if needed. These features of the algorithm ensure that at each
iteration, the dimension of the problem is the smallest possible for the specific distribution
system.

15



Section 3: Object-Oriented Device Modeling

This section describes a high-fidelity standardized modeling approach for power devices that
enables object-oriented analysis in electric power systems.

As shown in Figure 3.1, the modeling approach starts from physical based models of power
devices referred as compact device models. Any existing model can be used as a compact device
model. In general, these models are in terms of states and control variables. A quadratization
procedure is then applied to the compact model. This procedure consists of introducing
additional variables to reduce higher order terms to nonlinear terms of highest order two. In case
the compact model is linear or quadratic, this procedure is not needed. The end result is a
quadratized device model which in general is also in terms of states and controls. The
quadratized device model is integrated for the purpose of converting it into an algebraic model.
We have selected the quadratic integration method for the integration. The reason for this
selection is that the quadratic integration method has better properties than the popular
trapezoidal integration method and it is also reasonably manageable (from the complexity point
of view). The integration process transforms the state and control quadratized device model
(SCQDM) into a state and control algebraic quadratic companion form (SCAQCF).

Compact Quadratized State and
Device Model Control
Model Algebraic

Quadratic
A Set of Quadratized Companion
Algebraic & » Equations & » Form
Differential Inequalities, the

Linear & Highest Order is (SCAQCF)

Nonlinear Second Order

Equations

&
Inequalities
Addition of State Quadratic
Variables Integration

Figure 3.1: Object-Oriented Modeling Approach

It is also important to note that the models are in quasi-dynamic domain, where the compact
models typically ignore fast electromagnetic transients but include differential terms for only
slow dynamics such as those arising from electromechanical oscillations or controller actions.
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This section is organized as follows: the quasi-dynamic domain SCQDM is described in Section
3.1, the quasi-dynamic domain SCAQCF device model is described in Section 3.2; and an
example to illustrate the object-oriented modeling is described in Section 3.3.

Section 3.1: Quasi-Dynamic Domain State and Control Quadratized
Device Model

The quasi-dynamic domain state and control quadratized device model (SCQDM) is used to
represent the physical model and it is a preliminary step to obtain the quasi-dynamic State and
Control Quadratic Companion Form (SCAQCF) device model. All the terms in SCQDM are at
most second order. The specific syntax of the model is provided below with the following
selections/requirements: (a) list all the linear equations for through variables first; (b) list all the
remaining linear equations; (c) all differential terms only appear in the linear equations; (d) list
all the remaining quadratic equations; (e) the equations containing through variables must be
listed first; (f) the highest order of the model is second order. The requirements are always easily
met by introduction of additional state variables. Note that the phasors are divided into real and
imaginary parts in quadratized device model and that all the elements in the matrices are real
values. The general expression for SCQDM is:

dax(t
I(t) = quxlx(t) + quulu(t) + Deqxdl # + Ceqcl
dx(t
0 = )quxZX(t) + )quuZH(t) + Deqxd2 # + Cech
M M M
0= Y, X(1)+ Y, su(t) + 1 X(O) (Fls ) X(0) {+0() (Fls YO 4+ 0 (Fly) X(0) £+ Cpps
M M M
M M M
h(x(0),u(t) = Y x() + Y, u(0) + 4 X(0)" Fpx(8) p+u(®)’ Fyu) o+ u@®) Fix(@)  +C,,
M M M

Connectivity: TerminalNodeName
Normalization Factors: StateNormFactor, ThroughNormFactor, ControlNormFactor

subject to: h_ .. <h(x,u)<h__

umin sus umax

where:
1(¢) : the through variables of the device model;

x(7) : external and internal state variables of the device model,
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u(t): control variables of the device model, i.e. transformer tap, etc.;
Y, - matrix defining the linear part for state variables in linear through variable equations;

Y, - matrix defining the linear part for control variables in linear through variable equations;

D, : matrices defining the differential part for state variables in linear through variable

equations;
C.,,., - constant vector of the device model in linear through variable equations;

o - Matrix defining the linear part for state variables in linear virtual equations;

Y, .- matrix defining the linear part for control variables in linear virtual equations;

: matrices defining the differential part for state variables in linear virtual equations;

Y, ., matrix defining the linear part for state variables in the remaining quadratic equations;
Y, matrix defining the linear part for control variables in the remaining quadratic equations;
C_ ., :constant vector of the device model in the remaining quadratic equations;

F,_: matrices defining the quadratic part for state variables in the remaining quadratic equations;

eqxx

: matrices defining the quadratic part for control variables in the remaining quadratic

equu *
equations;
F_ _: matrices defining the quadratic part for the product of state and control variables in the

equx
remaining quadratic equations;

TerminalNodeName : terminal names defining the connectivity of the device model;
StateNormFactor: Normalization Factors for the states;

ThroughNormFactor: Normalization Factors for the through and zero variables;
ControlNormFactor: Normalization Factors for the controls;

h . <h(x,u)<h__ : operating constraints;

u_..u_ :lower and upper bounds for the control variables;

max *

Y, : constraint matrix defining the linear part for state variables;

F.: constraint matrices defining the quadratic part for state variables;

Y,,: constraint matrix defining the linear part for control variables;

F,,: constraint matrices defining the quadratic part for control variables;

F,, : constraint matrices defining the quadratic part for the product of state and control variables;
C ., : constraint history dependent vector of the device model.

S

Section 3.2: Quasi-Dynamic State and Control Algebraic Quadratic
Companion Form

18



The next step is to integrate the quasi-dynamic domain SCQDM model to derive an algebraic
equivalent model. For this purpose the quadratic integration method is used. The end result is the
quasi-dynamic domain State and Control Algebraic Quadratic Companion Form (SCAQCEF).
Note that this modeling standard can be applied to any device in the power system. The
advantages of the SCAQCF device model are (a) it does not contain differential terms, it is
algebraic, the dynamics are expressed in terms of past history terms, (b) the highest order is
second order, and (c) it is easily cast into a standard syntax so that the utilization of the model

can be performed by object oriented algorithms. The final expression for the quasi-dynamic
domain SCAQCEF device model is:

I(r)
0 " y .
I((t)m) :quxx‘i'quuu'i' XT<Fqu>X + uT<F’B’;]u>u + uT<FC,;ux>X —Beq
M M M
0
0

B, =—N,x(t—h)—N,

eqx equ

u(t—h)-M I(t—h)-K,

M M M
h(x,u)=Y, x+Y, u+ XT<F;»€qx>X + uT<F;'équ>u + uT<F;equx>x +C,,
M M M

Connectivity: TerminalNodeName

subject to: h . <h(x,u)<h__

umin S u S umax

Normalization Factor: StateNormFactor, ThroughNormFactor, ControlNormFactor
where
1(t) and 1(t,): the through variables of the device model,;
x: external and internal state variables of the device model, x =[x(¢),x(¢, )] ;
control variables of the device model, u =[u(?),u(z,)];

u:
Y, : matrix defining the linear part for state variables;

F,,.: matrices defining the quadratic part for state variables;

Y, matrix defining the linear part for control variables;

F, ,: matrices defining the quadratic part for control variables;

F,,,.: matrices defining the quadratic part for the product of state and control variables;
B,

: history dependent vector of the device model;



N, : matrix defining the last integration step state variables part;
N,,, : matrix defining the last integration step control variables part;
M, : matrix defining the last integration step through variables part;
K., : constant vector of the device model;

TerminalNodeName : terminal names defining the connectivity of the device model;
StateNormFactor: Normalization Factors for the states;

ThroughNormFactor: Normalization Factors for the through and zero variables;
ControlNormFactor: Normalization Factors for the controls;

h . <h(x,u)<h_, : operating constraints;

u_.,u__:lower and upper bounds for the control variables;

max *

Y, . constraint matrix defining the linear part for state variables;
F,,.: constraint matrices defining the quadratic part for state variables;
Y,,. - constraint matrix defining the linear part for control variables;
F,,, : constraint matrices defining the quadratic part for control variables;
F,.: constraint matrices defining the quadratic part for the product of state and control
variables;
C,,, : constraint history dependent vector of the device model.
4 o -
Z egxd + quxl _ZDeqxdl
4 8
Z egxd 2 + )quXZ _Z egxd 2
Y _ qux3 O
eqx 1 2
EDeqxdl ZDeqxdl + ),eqxl
1 2
E eqxd?2 ZDeqxdl + Yvequ
L 0 qux3
Y, ] 0 0 ] 0 0 | F 0 0 |
g2 0 0 0 0 0 0
Y _ Yvequ3 F _ eqxx3 O F _ equu3 O — equx3 0
equ 0 Ye il eqgxx 0 0 equu O 0 equx 0 0
0 equ? 0 0 0 0 0 0
L 0 equ3 | L O eqxx3 | L O F'equu3 i L O }requx?s i
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4 _
_)/e'qxl + Z Deqxdl _quul O
4 —Y Ixize(i(t))
_y +2p equ?2 0 O
egx2 eqxd?2
h 0 C
0 eqe3
0 N, =|1 M
Neqx 1 5 equ E Yvequl ¢q _ l I Keq eqgel
- Y 7 D size(i(t))
2 egx1 2h egxd1 1 2
— 0
1 5 2 equ2 eqc2
_)feq,‘cZ __Deqde L 0 |
2 2h L 0 | Cech
0 L

Section 3.3: Object-Oriented Modeling Example

In this subsection, an IGBT-based converter average model with a P-Q controller is presented as
an example of object-oriented device modeling. The compact model of the physical circuit, the
quadratized model and the SCAQCF model are described respectively.

The diagram of the converter with a P-Q controller is demonstrated in Figure 3.2. The control
variables of the system are the desired output active and reactive power (£, and Q,, ) of the

converter. This can be achieved by controlling the modulation index of the converter and the
phase angle difference between internal voltage E’:O and terminal voltage IP{‘ The parameters of

the converter model are the resistance on the DC side and the inductance on the AC side.

P

[ Controller

—_—

Qref

VAD o_r o] ﬂ];l
DC-AC Converter ‘o) IJ}

Vp O————— oM

Figure 3.2: P-Q Control Converter
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DC =

Figure 3.3: Circuit Diagram of the DC-AC Converter

A summary of this model in the standard form is as follows. First, the states are listed below.

State Index Description of States States Units
0 Real part of I}Z% Vo, kV
1 Imaginary part of I}Z"D Vi kV
2 Real part of I%’D Venr kV
3 Imaginary part of I%}) Vips kV
4 Real part of I%‘ V., kV
5 Imaginary part of I?{‘ V., kV
6 Real part of Vob/‘ v, kV
7 Imaginary part of Vob/‘ V, kV
8 Real part of I?C/‘ v, kV
9 Imaginary part of I%/C V., kV
10 Real part of E{‘)’C E,. kV
11 Imaginary part of l%)’c E, kV
12 Real part of é}(/? E, kV
13 Imaginary part of l%/? E, kV
14 Real part of é;? E, kv
15 Imaginary part of E’;" E, kV
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16 Real part of Z%’ E, kv
17 Imaginary part of ﬁf’ E, kV
18 Real power output P, MW
19 Reactive power output ” MVAr
20 Modulation index m No unit
21 Voltage magnitude of I%‘ amag kV
” A.dditi0n.a1 Variable‘: (modulation mE, . KV
index times DC link voltage)
Additional variable (m£E, . over
23 mk, .OverV No unit
Vamag )
Additional variable (sine function
24 of the angle difference between é;" 5, No unit
and I}Z‘)
Additional variable (cosine
25 function of the angle difference s, No unit
between l%’ and I?f)
The control variables are:
Control Index Description of controls Controls Units
0 Reference real power for P-Q P, MW
controller
1 Reference reactive power for P-Q 0. MVAr
controller -
The parameters are:
P t o P t .
alrsii - Description of Parameters 32;2;? Default Setting
0 Convertejr equivalent . 0.03 ohm
resistance
1 Conv‘erter equivalent I 0.08 mH
inductance
Proportional coefficient of
2 PQ controller for real PK 1.0
power
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Integral coefficient of PQ

PK 200.0
controller for real power !

Proportional coefficient of
4 PQ controller for reactive 0K, 1.0
power
Integral coefficient of PQ
5 controller for reactive OK, 200.0
power

The final equations for the model are listed below. The detailed derivation of this model is
provided in Appendix A.

Equation Set 1 (linear through equations):

I, = Vaor =Vior —Epe, (3.1)
2r
IADz' — VADi — V;(Di — EDCi (3.2)
r
Vo tVip, T E
Lip, =—2 z’j” D (3.3)
—V iri ¥ Vi + Eppy
IKDi — ADi 212Dz DCi (34)
1
I =—V, —-FE. 3.5
ar a)LS ( ai m) ( )
1
I =—(V —-F 3.6
ai CULS ( ar W) ( )
1
1, =w—LS(Vbi ~E,) (3.7)
1
1y =—w—LS(Vbr ~E,) (3.8)
1
I, =——WV,-E, 3.9
cr G)Ls( ci Cl) ( )
1
l,=—(V, —-E 3.10
ci a)LS( cr cr) ( )

Equation Set 2 (linear internal equations):
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O0=—F +—F —-F 3.11
2 ar 2 ai br ( )
&) 1
O=———F —— E. . 3.12
2 ar 2 ai bi ( )
o= lp Bp g (3.13)
2 2
0=Bg lp 5 (3.14)
2 2
dar, ds
0=-K, —* dt +K, (£, ref F, 7; (3.15)
d dm
0=-K,, %1k, (0,-0. )2 (3.16)
t dt
Equation Set 3 (quadratic equations):
1
0= 5 (VADrEDCr xor-Eper — DCr ) (3.17)
0= EDCI. (3.18)
0 = LL( I/arEaz + I/atEar I/brE'bi + I/biEbr cr (,l + VLIELI" )+ (3'19)
a) S
O = % V2 I/arE;ar + V2 I/alE‘al + V2 I/brEbr + V;j - I/biEJbi + V2 VcrEcr + V2 Cl ci )+ Qac
a) S
(3.20)
O=m-E,.—mE,. (3.21)
0=V 4V =V (3.22)
0=mEp. —V, 0 - MEpOverV (3.23)
1
O=——mE, OverV-V. —FE -s,—FE s 3.24
2\/5 DC ar ar 2 ai 1 ( )
1
0=—F—=mE,.OverV-V —E -s,+E_ -s (3.25)
2\/5 DC 2 1
0=s;+s;,—1.0 (3.26)
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Operation Constraints:

1 1 1
_[DC,max < ;VADr _;VKDr _ZEDCr < ]DC,max (3'01)
0< ! V2 V2 E? ! E? 2 V E 2 VE <I? (3.c2)
- szi ar + 2 i ai + 2 i ar + a)zLi ai a)zLi ar™ar _Q)Z—Li ai*~ai — © AC,max -C
o<t gyt oy U 1 2 50 V. E <I’ (3.c3)
= a)zLi o T a)zLi w T zLi o T zLi bi a)sz br=br _a)z—Li bit=pi =1 4C,max €
0<—_p? v Pt p_2 yp VE <I’ 3.c4
a)ZLZv cr + 2 2 ci + 2 i cr + 2L§ i (()zLi crcer _a)z—Li ci~ci — 7 AC,max ( -C )
0.0<m<1.0 (3.c5)
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Section 4: Automated Construction of Measurement
Models

This section introduces the computational procedure which enables data from sensors to be
steamed and used by the distributed quasi-dynamic state estimation. With increasing deployment
of smart meters and other grid sensors in distribution systems, the amount of available
measurements is growing. These measurements as well as the other measurements proposed in
Section 4.1 form the DS-DQSE measurement set that enables the estimation of the distribution
system operating state. Given the measurement set and all the device models in a distribution
system section, the DS-DQSE creates the measurement models at device-level, i.e. the
measurements are expressed as a function of the device states. Then, a network formation
algorithm creates the mapping between the states of individual devices to the state of the network.
Using the mapping, each measurement model is transformed into a model in terms of the
network states. In this form, the measurements are used to perform a dynamic state estimation
and provide the best estimate of the network states. The dynamic state estimation basically
quantifies the consistency between the measurements and the network model. The estimated
states and the validated model for the whole distribution system section together with a
quantitative confidence level for the validity of the model and states is provided to the
distribution management system. This output information from the DS-DQSE can be used for
any application that requires the real time model and operating conditions of the VPP.

The organization of this section is as follows. Section 4.1 describes the measurement definition
set for DS-DQSE. Section 4.2 introduces an object-oriented way to create the device-level
measurement model. Section 4.3 describes the network-level measurement model creation. And
Section 4.4 illustrates the algorithm of distributed quasi-dynamic state estimation.

Section 4.1: Measurement Definitions

With increasing deployment of smart meters and other grid sensors in distribution systems, the
amount of available measurements is growing. These measurements enable implementation of
distribution system state estimators to provide real-time models and operating conditions of the
distribution network. To further increase redundancy and accuracy of the estimated states, we
propose the state estimator measurement definition set where the measurements are classified
into four types:

(a) actual measurements: measurements from actual measurement channels, i.e., any
measurements from any IEDs (relays, meters, FDR, PMUs, etc.);

(b) derived measurements: measurements derived from actual measurements based on topology.
Figure 4.1 shows an example of creating a derived measurement in a distribution system section.
In the figure, three-phase current measurements from B13 to B14 and three-phase current
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measurements of the capacitor bank at B25 are available. Thus, as shown in equation (4.1), the
three-phase current from B13 to B12 is computed by applying Kirchhoff’s current law (KCL),
which is treated as a derived measurement.

féolgBlz,abc == (féolzjm,abc + fé%S,abc ) 4.1)

Figure 4.1: Example of a Derived Measurement

(c) virtual measurements: mathematical quantities defined by physical laws, such as KCL,
model internal equations, etc. Figure 4.2 shows an example of creating a virtual measurement in
a distribution system section. In the figure, three-phase current measurements from B301 to
B300 and three-phase current measurements from B301 to B302 are available. According to
KCL, the sum of these two three-phase current measurements at B301 is zero, which is treated as
a virtual measurement as shown in equation (4.2).

S

B301_B300,abc B301_B302,abc

|IED_1 ?‘ IED_2
=P .
Bhe W
\._ . 4 rs
B300 :I: %301 _ TBEUE

Figure 4.2: Example of a Virtual Measurement

(4.2)

(d) pseudo measurements: not directly measured, represent quantities for which their values are
approximately known, such as missing phase measurements, neutral/shield voltage
measurements, neutral currents, etc.

28



Section 4.2: Construction of the Measurement Model at Device Level

The construction of the network measurement model consists of two steps. The first step is to use
the given device model file and the measurement definition file to create the SCAQCF
measurement models associated with each device. These device-level measurement models
contain device-level actual, derived, pseudo and virtual measurements. The second step is to
construct the network SCAQCF measurement model from device-level measurement models.
This step is achieved by first using the given device model file and the network interface node
name list to create the network SCAQCF model and the mapping lists. Then we create the
network measurement model from device-level measurement model via mapping lists while
adding additional virtual measurements (network KCL equations) from the network SCAQCF
model. The whole procedure is shown in Figure 2.2.

This subsection introduces the procedure to create the device-level SCAQCF measurement
models from measurement definitions as described in Section 4.1. The problem is stated as
follows. Given all the devices in the network and all the measurement definitions from each
device, construct the device measurement model in SCAQCF syntax. The construction must be
performed automatically. The construction of the device measurement model is illustrated below.

Actual Across Measurement:

An actual across measurement of one device is a linear combination of state variables of this
device, i.e.

z(t) = Ax(t)+177

where z(¢) is the measurement, 4 is the linear coefficient matrix, x(t) is the device state vector,

and 7 is the noise error provided by the meter.

Actual Through Measurement:

The actual through measurement equation is obtained from the device model. For instance, if
there is a current measurement at the jth terminal of a device, then the measurement model is the
equation corresponding to the jth terminal in this device model, i.e.

M M M

z@) =Y, x()+ Y, u(@)+{x F.x ¢+ u'Flup+u’F}

zZu ux

M M M

where z(¢) is the measurement, Y, is the linear coefficient matrix for state variables, Y, is the

X+ N x(t=h)+N u(t-h)+M_i(t-h)+K_+n

zZu

linear coefficient matrix for control variables, F is the quadratic part for state variables, F' is
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the quadratic part for control variables , F_ is the quadratic part for the product of state and

control variables , N

X

is the linear coefficient matrix for past history state variables, N_, is the
linear coefficient matrix for past history control variables, M is the linear coefficient matrix for

past history through variables, K_ is the constant value, and 7 is the noise error provided by the

meter.

Derived States Measurements:

A derived state measurement of one device is a linear combination of state variables of this
device, i.e.

2(t) = Ax(t) +17 »

where z(¢) is the measurement, 4 is the linear coefficient matrix, x(t) is the device state vector,

and 7 is the noise error provided by the meter.

Derived Functional Measurements:

The derived functional measurement equation is obtained from the device model. For instance, if
there is a derived current measurement at the jth terminal of a device, then the measurement
model is the equation corresponding to the jth terminal in this device model, i.e.

M M M

z() =Y, x()+ Y, u(@)+{x F.xp+u'Flup+u'F}

zZu ux

M M M

where z(¢) is the measurement, Y is the linear coefficient matrix for state variables, Y, is the

X+ N x(t=h)+N u(t-h)+M_i(t-h)+K_+n

zZu

linear coefficient matrix for control variables, F is the quadratic part for state variables, F' is
the quadratic part for control variables , £’ is the quadratic part for the product of state and

control variables , N

zx

is the linear coefficient matrix for past history state variables, N_, is the
linear coefficient matrix for past history control variables, M is the linear coefficient matrix for

past history through variables, K_ is the constant value, and 7 is the noise error provided by the

meter.

Virtual Measurements:

Virtual Measurements are those that express physical or mathematical laws such as Kirchhoff
Current Law. For instance, the zero sum of the currents at a common node is a virtual
measurement.
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M M M
0=Y.x(O)+Y u(@)+{x F xp+3u' Flup+iu'F xt+N_x(t—h)+N_u(t—h)+M_i(t—h)+K_+n

zu ZUux

M M M

where Y is the linear coefficient matrix for state variables, Y, is the linear coefficient matrix
for control variables, F is the quadratic part for state variables , F! is the quadratic part for
control variables , F is the quadratic part for the product of state and control variables , N is
the linear coefficient matrix for past history state variables, N_ 1is the linear coefficient matrix
for past history control variables, M is the linear coefficient matrix for past history through

variables, K_ is the constant value, and 7 is the noise error.

Pseudo State Measurements:

A pseudo state measurement of one device is a linear combination of state variables of this
device, i.e.

z(t)= Ax(t)+n

where z(f) is the measurement, A4 is the linear coefficient matrix, x(t) is the device state vector,
and 7 is the noise error of this pseudo measurement.

Pseudo Functional Measurements:

The pseudo functional measurement equation is obtained from the device model. For instance, if
there is a pseudo current measurement at the jth terminal of a device, then the measurement
model is the equation corresponding to the jth terminal in this device model, i.e.

M M M
z) =Y. x(@O)+Y u@)+ X Fixp+qu' F up+3u' F xt+N_x(t—h)+ N_u(t—h)+M_i(t—h)+K_+n
M M M

where z(¢) is the measurement, Y is the linear coefficient matrix for state variables, Y, is the
linear coefficient matrix for control variables, £ is the quadratic part for state variables , F is

the quadratic part for control variables , F'

ZUxX

is the quadratic part for the product of state and

control variables , N

zx

is the linear coefficient matrix for past history state variables, N_, is the
linear coefficient matrix for past history control variables, M is the linear coefficient matrix for

past history through variables, K_ is the constant value, and 7 is the noise error of this pseudo

measurement.

The measurement models at the device-level can be expressed as a vector function with the
following general expression. Note that the general expression below becomes a part of the
device object (the SCAQCEF object).
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M M M

Xt+4u' F.  us+<iu’ F!

z= }]devm,xx(t) + )]devm,uu(t) + XTE;evm,x devm u devm,uxx + Cdevm + n
M M M
Cdevm = Ndevm,xx(t - h) + Ndevm,uu(t - h) + Mdevmi(t - h) + Kdevm

Measurement noise error: dMeterScale, dMeterSigmaPU
where:
Z : measurement variables at both time ¢ and time ¢,,, z =[z(?), z(¢,)];
x: external and internal state variables of the measurement model, x =[x(¢),x(z,)];
u: control variables of the measurement model, i.e. transformer tap, etc. u=[u(?),u(?,)];
Y

devm,x

: matrix defining the linear part for state variables of the device-level measurement model;

F,... . matrices defining the quadratic part for state variables of the device-level measurement
model;
Y. - Matrix defining the linear part for control variables of the device-level measurement
model;
F,.... matrices defining the quadratic part for control variables of the device-level measurement
model;
F iy, - matrices defining the quadratic part for the product of state and control variables of the

device-level measurement model;
C ., : history dependent vector of the device-level measurement model;

devm

N, : matrix defining the last integration step state variables part of the device-level

devm,x *
measurement model;
N : matrix defining the last integration step control variables part of the device-level

devm,u
measurement model;

M, : matrix defining the last integration step through variables part of the device-level

measurement model;

K, :constant vector of the measurement model of the device-level measurement model;
dMeterScale : the scale that meters use (in metric units);

dMeterSigmaPU : the standard deviation for the measurements (in per. unit).

devm

Section 4.3: Construction of the Measurement Model at Network Level

This section introduces the procedure to create the network-level SCAQCF measurement model.
This task is achieved by two subtasks: (1) Create the network model of this distribution system
section and the mapping lists from devices to this network; (2) Use the mapping lists to create
the network-level SCAQCF measurement model from device-level SCAQCF measurement
models and add the network KCL equations as additional virtual measurements to the network
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measurement model. Figure 2.2 shows the flow chart of network-level SCAQCF measurement
model construction. And the general procedure is described here.

The first task is to form the network SCAQCF model. The purpose of the network formation is to
(1) provide the mapping lists (states, equations, controls, and constraints) from devices to the
network, and (2) provide the network KCL equations at the common nodes. Notice that the
formation procedure is object-oriented, in other words, given all the device SCAQCF models in
this network and the network interface node name list, the results are the automatically
constructed network SCAQCF model and the mapping lists. Appendix B illustrates the detailed
object-oriented algorithm for constructing the network SCAQCF model and its SCAQCF
expression.

The next step is to form the network SCAQCF measurement model. This task is achieved by
using the mapping information to transform the measurement model from device-level to
network-level. Specifically, given the network SCAQCF model and the mapping lists, the
network SCAQCF measurement model is automatically constructed. It is accomplished by the
following two subtasks: (1) Use the mapping lists (device states to network states, device
equations to network equations, and device controls to network controls), the states and controls
in the device-level measurement models are replaced with network-level states and controls; (2)
Add network KCL equations as additional virtual measurements to the network-level SCAQCF
measurement model. The detailed object-oriented algorithm for construction of network
SCAQCF measurement model appears in Appendix C.

Section 4.4: Distribution System Distributed Quasi-Dynamic State
Estimator (DS-DQSE)

This section introduces the architecture and the algorithm of DS-DQSE. As a distribution system
section with a cluster of controllable loads and resources, VPP acts as a critical role in the
distribution system operation and control. To optimal control the VPP, the accurate operating
condition and accurate distribution system model are required. And DS-DQSE is able to solve
this problem.

DS-DQSE has following characteristics to fit and support the VPP: (a) State estimation and data
validation: DS-DQSE provides real-time estimated states, validated measurements. and validated
models through distributed dynamic state estimation. Notice that in addition to the actual data
collected from IEDs, several other types of measurements are defined, resulting in high
measurement redundancy. Such high redundancy guarantees the accuracy of the estimated states
and the network model of VPP. (b) Anomalies detection and root cause identification: the hidden
failures such as blown fuses, cut wires, etc. or human errors such as incorrect entry of system
parameters such as CT and VT ratios, incorrect instrument transformer connection (delta/wye)
can be detected and identified. (c) Missing data creation: the missing data can be estimated and
created in case of temporary loss of data.
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As shown in Figure 4.4, the DS-DQSE is implemented in a distributed architecture. This is a
novel approach compared to present available state estimation applications that are based on a
centralized architecture and are executed in the control center. The distribution system (feeders)
can be partitioned into several sections while each section containing some controllable loads
and resources (i.e., each section is a VPP). Each section installs a DS-DQSE to perform Quasi-
Dynamic State Estimation (QSE) for this local section. QSE incorporates slow dynamics (e.g.,
electromechanical transients of rotating electrical machines, controls of power electronics, etc.)
while neglecting fast electromagnetic transients. The advantage of the distributed architecture is
numerous. First of all, the DS-DQSE is implemented using only local measurements to estimate
the states of the local distribution section. Thus, the data traffic is confined, and the state
estimator works on a small dimension of the system compared to the one processed by a
centralized state estimator. Secondly, since the dimensionally of the problem solved by DS-
DQSE is significantly decreased, the execution time of the state estimator is fast (i.e. at each
cycle). Thirdly, the relative small dimension of the system allows very detailed power system
models (three-phase dynamic models, instrumentation inclusive). The three-phase,
instrumentation channel inclusive model can eliminate the estimation errors from the imbalanced
operations and asymmetric system, as well as the measurement errors introduced by the
instrumentation channels. In addition, because of the proposed measurement set, we increase the
measurement redundancy of the distribution system section and therefore more accurate
estimation results. Last but not least, only the states and validated models of each section are sent
to the distribution energy management system (DEMS). This feature dramatically reduces the
data communications and makes the whole state estimation system more efficient.

( N

Distribution System
DIST Feeder A, Section 2

=
[

H o H

& -
L

Local DS-DQSE '
Distribution

Local DS-DQSE Local DS-DQSE N
Management System

= (DMS)

Local DS-DQSE Local DS-DQSE m
/ o

e

& J g v

//

Figure 4.4: DS-DOSE for a Distribution System
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The DS-DQSE works as follows. Firstly, a data concentrator collects all the data from all IEDs in
a specific section and converts and synchronizes these data into a C37.118 data stream. A local
DS-DQSE is installed in this section and only uses all the measurements from this section for the
purpose of avoiding the requirement of obtaining and transmitting measurements via
communication channels from other sections. Note that for this approach, data from at least one
GPS-synchronized device is required in each section in order to time tag the estimation results
with GPS accuracy. After the state estimation, the estimated states, validated measurements, and
validated models for each section are sent to the DMS where the system wide estimated states
and model are synthesized.

The estimator is defined in terms of models, states, measurement sets and estimation methods.
The quasi-dynamic state estimation algorithm is object-oriented, i.e. all the models in the system
are expressed in SCAQCF syntax (described in Section 3) and the DS-DQSE operates directly on
these object models. The local state estimator uses the generated network-level SCAQCF
measurement models (see previous section) to perform QSE and outputs the estimated states,
validated measurements, and validated models. This approach allows efficient bad data detection
and identification, alarm analysis and root cause identification. The advantage comes from the
fact that in each local section, the DS-DQSE has greater redundancy of data compared to a
typical centralized state estimator based on SCADA data alone.

4.4.1: DS-DQSE Algorithm

The DS-DQSE uses three different methods to estimate the states: (a) Unconstrained Least
Square Method, (b) Constrained Least Square Method, and (c) Extended Kalman Filtering
Method. The unconstrained weighted least square (UWLS) method is briefly presented below.

From section 4.3, we have the network measurement model:

M M M
u@)+{x'F. xe+Ju'F. ur+iu'F. x+C, . +7 4.3)

netm,x netm,u netm,ux netm

M M M
C =N_ x(t—h)+N, ut—h)+M,  i(t—h)+K

netm netm,x netm,u

z=Y  X(t)+7

netm,x netm,u

netm netm

For a given state estimation, it is assumed that the controls do not change during this short period
and therefore are treated as constants. Therefore the measurements z are expressed as functions
of the states:

M
z=Y XHX'F _xy-C_+qn=h(x)+
netm,x netm,x netm “ ( ) n (44)
M
Cnetm = Nnetm,xx(t - h) + Mnetmi(l - h) + Knetm

35



where Z is the measurement vector of the system, Y

netm,x

is the linear coefficient matrix regarding

to the state vector x, F. is the nonlinear (quadratic) coefficient matrix, C

netm,x netm

is the history

dependent vector, N, . is the linear coefficient matrix regarding to the last integration step

state variables, M, is the linear coefficient matrix regarding to the last integration step through,

netm

K. is the constant vector of the network measurement model, and n is the measurement error.

netm

The standard deviation (the measurement error) of each measurement is part of the measurement
data and depend on the IED from which the data have been obtained. The pseudo-measurements
are not associated with any physical IED and their standard deviations are set as a relatively high
value (e.g., 0.1 p.u.). Virtual measurements are measurements with zero standard deviation. To
avoid numerical problems, a relatively small standard deviation is used (e.g., 0.001 p.u.).

The UWLS method minimizes the sum of the weighted squares of the components of the
residual vector. Mathematically:

Minimize J =(z(t)-h(x)) W (z(t)-h(x)) (4.5)

where W is the weight matrix with the weights defined as the inverse of the squared standard

deviations: W = diag {1 /o’,1/0,’L ,1/0, }, and O; is the standard deviation corresponding to

each measurement z,.
Unknown state vector X is obtained by the optimal condition:
dJ/dx=0 (4.6)

To obtain the solution of the nonlinear optimization problem above, we linearize the nonlinear
equations (the highest order is the second order in the measurement model) at the point x" by
assuming that an initial guess x" is very close to the optimal solution:

r=h(x")+0h(x)/ ax\ o(xx)-z (4.7)
After we set
H =0h(x)/ x| _, , (4.8)
and
z'=-h(x")+Hx" +z, (4.9)
the equation becomes:
r=Hx-z'. (4.10)

And the optimization problem is now expressed as:
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Minimize J =(Hx-z') W(Hx-z'). (4.11)
The optimal condition is when
0=dJ/dx=2H"W (Hx-z'"). (4.12)
The solution is:
x=(H"WH) H'Wz'. 4.13)
Upon substitution of the z' vector, we generalize the solution as an iterative equation:
"= (H"WH) H'Wz'=x"-(H'WH) H'W (h(x )-z). (4.14)

After calculating the solution, we apply the chi-square test. The chi-square test provides a
mathematical method of evaluating whether the measurements fit the system model. The
procedure is as follows:

First, we compute the chi-square value as

g:Z(—hf(")_Zij . (4.15)

i O;

Then we apply the confidence level:
P=1-Pr(¢,v), (4.16)

where v is the degree of freedom, which is the difference between the number of measurements
and states. If the confidence level remains 100%, it turns out that the measurements match the
system model, and if it is 0, the system must contain bad data or hidden failures, and the bad data
identification procedure is initiated. The state estimator will identify the bad data and remove
them from the measurement set. At the end, the computed best estimate of the state of this
section will be best for the given measurements.

The computed best estimate of this section and the network model are utilized to compute the
best estimate of the bad data, if any, and the best estimate of missing data, if any:

M
Zbad = quz_badf‘ + f‘TF:qz_badﬁ - Beqz_bad + 'l (4 1 7)
M
M
Zmiss = quz_missi + &TFeiqz_missi - Beqz_miss + n (4 1 8)
M
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where the model equations for the bad data and missing data are denoted with the subscript
“bad” and “miss”, X is the best estimate of this network.

If the confidence level remains high, then the measurements are consistent with the network
model. In this case, the network model is validated, and the network model as well as the
estimated operating conditions are transmitted to the distribution management system (DMS) for
optimal control application.
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Section 5: Optimal Power Flow Formation

One of the applications of DS-DQSE output is the full state feedback control of the distribution
system. The DS-DQSE is able to continuously monitor the distribution network operating
condition, validate the models, and deliver the information to the controller in less than two
cycles. The accurate operating conditions as well as the validated models enable optimal use of
distributed energy resources (DER) to achieve an objective such as voltage control. For this
purpose on Optimal Power Flow is formulated using the validated model from the DS-DQSE as
well as the operating conditions from the DS-DQSE. Note that the equality and inequality
constraints of the OPF are constructed from the device-level and network-level models as
described in Appendix D. This section introduces the details of the definition and formation of
this OPF problem.

The OPF problem is formed using the quadratized model from DS-DQSE. By construction it is a
quadratized OPF problem of the following mathematical form:

Minimize: J =Y, x+Y, w+x'F, x+u'F, uw+u'F, x+C,.
M M M
subjectto: 0=Y, x+Y, u+ix’ <Fe;x>x +eu’ <F;qu>u +eu’ <E;M>X -B, -1
M M M
B, =-N, X(t—h)- N, u(t-h)-M,I(t—h)-K, .1)
M M M
Yiﬂ@q.xx + Yineqllu + XT <F;fl'l€qx > X + uT <F;::l€qu >u + uT <F:’l'l(.)qle > X + Cineqc S 0
M M M

u . <usu

min
In this report, the objective is to improve the voltage profile across the network.

The formation of the OPF problem is achieved automatically by simply using the object-oriented
SCAQCEF distribution network model. The problem is stated as follows. Given the network
model in SCAQCF syntax, define and form the various components in the OPF problem.
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Section 5.1: Definition/Formation of Equality Constraints

This section introduces the definition and formation of equality constraints in the quadratized
OPF problem. Since the equality constraints are obtained from the network model, they are also
in the SCAQCEF form and their general expression is:

M M M
0=g(x,u)=Y x+Y, u+ XT<Fe;x>X + uT<F’€iqu>u + uT<Fe;ux>X -B,, -1 (5.2)
M M M o

B =-N_x(t-h)-N

q - eqx equ

u(t-h)y-M,I(t-h)-K,
Connectivity: TerminalNodeName
Normalization Factor: StateNormFactor, ThroughNormFactor, ControlNormFactor
where
I : the through variables of the network model;

x: external and internal state variables of the network model, x =[x(?),x(¢,)] ;

control variables of the network model, u =[u(?),u(z,)];

matrix defining the linear part for state variables;

A9

u:
Y,
F,,.: matrices defining the quadratic part for state variables;

Y, matrix defining the linear part for control variables;

F,,,: matrices defining the quadratic part for control variables;

F,,,. - matrices defining the quadratic part for the product of state and control variables;
B,, : history dependent vector of the network model;

N,,, : matrix defining the last integration step state variables part;

N,,, : matrix defining the last integration step control variables part;

M, : matrix defining the last integration step through variables part;

K., : constant vector of the network model.

TerminalNodeName : terminal names defining the connectivity of the network model;
StateNormFactor: Normalization Factors for the states;

ThroughNormFactor: Normalization Factors for the through and zero variables;
ControlNormFactor: Normalization Factors for the controls;

As shown in Figure 5.1, three components in the network SCAQCF model construct the equality
constraints of the OPF problem. These three components are: (1) power flow equations, (2)
network node names, and (3) state, through and control variables normalization factors. Notice
that the formation procedure is object-oriented. In other words, given these three components as
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inputs, we construct the equality constraints of the quadratized OPF problem as the output. The
formation procedure first initializes the arrays defined for equality constraints, then copies the
corresponding arrays from the network model to the equality constraints. The detailed object-
oriented algorithm of equality constraints formation is illustrated in Appendix E.

r ___________________________________ -~
I I(r) |
I 0 '
|, - - - |
| — i i _

I I(T}H) - }: X + K}ef eqa.r“ X <‘F;)er =l >X +iu <‘F;rer equ > up+yu (‘F;)er eqwr> Bner._eq |
| |
| 0 '
| 0 :
|

l Bner &g = Nner e@\xx(aL h) Nner agu“(r h) ner qu(r - h) _Kner._eq 1 I
L__________________________________(l'

h (X.. ll) = Ymr:feqrx + }m‘ feqn lxr (P;J:er:feqr )X + lu d (E;r:feqn }ll + 'l“ d (F;iwr:feqm' )X + C}wr:feq
: Connectivity: TerminalNodeName Q) :
subject fo: h <h(x,u)<h__
U, su=su_.

min —

Note: All the above variables are in metric system.

Figure 5.1: Three Components in Network SCAQCF Model for Constructing Equality
Constraints

Section 5.2: Construction of Inequality Constraints at Network Level

This section introduces the definition and formation of inequality constraints in the quadratized
OPF problem. Since the inequality constraints are obtained from the network model, they are
also in the SCAQCEF syntax and their general expression is:

M M M
h(xw)=Y,, X+ ¥, 044 x (B xp+dul (Fl hu b+ du” (Bl )%+ G, <0, (5.3)
M M M

where
Y, _:constraint matrix defining the linear part for state variables;

ineqx

41



F,... - constraint matrices defining the quadratic part for state variables;

Y,,.,. - constraint matrix defining the linear part for control variables;

F,.,. . constraint matrices defining the quadratic part for control variables;

Fpeq - constraint matrices defining the quadratic part for the product of state and control
variables;

C,,.,. - history dependent vectors for the inequality constraints.

As shown in Figure 5.2, two components in the network SCAQCF model construct the inequality
constraints of the quadratized OPF problem. These two components are: (1) network functional
constraint equations, and (2) upper bound and lower bound vectors of these functional
constraints. Notice that the formation procedure is object-oriented. In other words, given these
two components as inputs, we construct the inequality constraints of the quadratized OPF
problem as the output. The formation procedure first initializes the arrays defined for inequality
constraints, then transform the bilateral inequalities in the network model to the unilateral
inequalities in the OPF problem. The detailed object-oriented algorithm of inequality constraints
formation is illustrated in Appendix F.

1(r)

=YX+, 0 xr<Fi }x + 11r<Fi >11 + ur(F" >x -B

net equ net egx net equ et g net eq

1@,,) _ _ _

B_ _=-N X(r—h)—NM__mu(r—h)— Mm__gql(r—h)—Km__gq

net.eq net.eqx

- . T ; T . r )
h (X.. ll) = }rrer:feq.rx + }rrﬂ:feqrru + 'lx (‘Fr:er Jfeqx }X + lu (E‘:er:ﬁ?qrr }ll + lu (ijrer:_,feqrﬁ }X + Crrer:feq |

Normalization Factor: StateNormFactor, ThroughNormFactor, ControlNormFactor

Note: All the above variables are in metric system.

Figure 5.2: Two Components in Network SCAQCF Model for Constructing Inequality
Constraints
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Section 5.3: Construction of Control Constraints at Network Level

This section introduces the definition and formation of control constraints in the quadratized
OPF problem. The control constraints in the OPF problem are directly obtained from the control
constraints in the network model, and their general expression is:

u, <usu

min

(5.4)

‘-
where

u_. : lower bound vector for the control variables;

u__: upper bound vector for the control variables.

The formation procedure is object-oriented, i.e., given the control constraints from the network
model as the input, we compute the control constraints of the quadratized OPF problem as the
output. The detailed object-oriented algorithm of control constraints formation is illustrated in
Appendix G.

Section 5.4: Construction of Objective Function at Network Level

This section introduces the definition and formation of the objective function in the quadratized
OPF problem. The objective function is defined as the minimization of the sum of the squares of
the difference between the voltage magnitudes at selected nodes and the targeted voltage values.
Since the voltage phasors are in Cartesian coordinates, the magnitude of a voltage phasor is not
quadratized, but in a square root form. To solve this problem, we create a voltage magnitude
model where the voltage magnitude is a state with “ MG” in its node name. Wherever it is
desirable to control the voltage, a voltage magnitude model is placed at that node. Notice that the
network model is formed by considering all the voltage magnitude models. Therefore, if a node
name with “ MG” occurs in the network node name list, it is detected and automatically
included. In this way, the objective function is expressed as:

2
LJ | 55

minimize: J =
ie{selected nodes/phases} a[ Vi,target

where ¥, . is a state of the network, which is the voltage magnitude of the selected nodes/phase
to neutral voltage, V.., is the corresponding targeted voltage value, and ¢; is a user defined
tolerance value (e.g., 4%). Note that V;  is identified by the corresponding node name with

“ MG”, while ¥

i,target

and «, are the parameters obtained from the corresponding voltage

magnitude model.
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The formation procedure is to expand the objective function and store the coefficients from
different parts into corresponding arrays. The general quadratized format of the objective
function is:

x+C

objc >

u+u'F (5.6)

objux

x+u'F

Minimize: J=Y. x+Y' u+x'F b

objx obju objxx

where

Y. . coefficients of the linear state variables in the objective function;

Y, - coefficients of the linear control variables in the objective function;

F,,.. - coefficients of quadratic state variables in the objective function;

F,,.. - coefficients of quadratic control variables in the objective function;

F,,. - coefficients of the production of state and control variables in the objective function;

C,,. : constant value in the objective function.

The objective function formation procedure is object-oriented, i.e., given the network node name
list and its network index from the network model as inputs, we construct the arrays defined for
the objective function as outputs. The detailed object-oriented algorithm is illustrated in
Appendix H.
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Section 6: Optimal Power Flow Solution Algorithm

This section introduces the optimal power flow solution algorithm after the OPF problem is
defined and formed in Section 5. Given the defined optimization problem and the current

operating point (x’,u’), the algorithm first applies the co-state method to linearize the OPF

problem so that the OPF problem becomes a linearized problem represented in terms of control
variables only. The number of linearized operational constraints is only the inequality constraints
that are close to their limits (modeled constraints). Operational constraints that are not near the
limits do not need to be part of the OPF solution (un-modeled constraints). The control
constraints are the physical upper and lower bounds of the control variables from those
controllable devices. Then the algorithm computes the optimal values of the control variables
using linear programming and solves the state variables by power flow equations. If the updated
operating point violates the original quadratic modeled constraints, then the OPF solver modifies
the b vector in the set of inequality constraints in linear programming, retrieves the operating
point from the last iteration, and resolves the linearized optimization problem. If the updated
operating point violates some of the un-modeled constraints, then the OPF solver adds these
constraints, retrieves the operating point from the last iteration, linearizes the new constraints,
and solves the linearized optimization problem again. The end result of the OPF solver is the
optimal control output, i.e. the optimal values of the control variables. Figure 6.1 shows the flow
chart of the algorithm.

Start

Given the Defined Y *

Optimization Problem &

Current Operating Point
o, u')

Check Violation for
Modeled Constraints

eck Violation for ATt
Constraints

Update the Operating
Point (x’, u®)

—

|

'

Form the Linearized
Optimization Problem

Compute State Variables x
Using Network Model

Update the LP Problem,
Compute the New b Vector
in LP
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A

Solve the Linearized
Optimization Problem;
Output: New Control
Values u

T

4—

)

Retrieve the Operating Point
from the Last Iteration (x",
0
u)

Constraints to the Model

l Add New Violated ]

l

Retrieve the Operating
Point from the Last
Iteration (xo, uo)

|

Linearize New Constraints

Point (xo, u") by (x, u)

Replace the Operating ]

{ Go to the Next Iteration ]

J

Figure 6.1: Flow Chart of the Algorithm



The proposed OPF solution algorithm is robust and highly efficient. The robustness means that
the algorithm starts from a feasible but not optimal solution and moves the operating point in the
feasible region while approaching the optimality. Therefore, the output of the algorithm is
always a feasible solution. High efficiency means - less runtime compared to traditional solution
methods for the OPF problem. The reasons are as follows: (1) The algorithm models the OPF
problem as a quadratic problem for fast convergence; (2) The algorithm identifies the active
constraints gradually and adds them to the modeled constraint set if needed. These features of the
algorithm ensure that at each iteration, the dimension of the problem is the smallest possible for
the specific distribution system section.

Section 6.1: Linearization

This subsection introduces the linearization of the quadratized OPF problem using the co-state
method. The reason of using linearization techniques is: (1) The quadratized OPF problem
consists of both state variables and control variables. To simplify the problem, we apply the co-
state method so that the OPF problem becomes a linearized problem represented by only control
variables; (2) After the linearization, the problem is transformed into a LP in standard form
which is solve with a linear programming solver. A brief introduction of the linearization
procedure is as follows. The detailed procedure is given in Appendix H.

Recall that the general expression of the OPF problem is:

Minimize: J(x,u)=Y, x+Y, u+x'F, x+u'F, u+u'F, x+C,.
M M M
subjectto: 0=g(x,u)=Y, x+Y u+ix’ <Fe’;]x>x +eu’ <Fe;u>u +eu’ <F;;ux>x -B, -1
M M M
B, =-N, X(t—h)— N, u(t—h)-M_I(t-h)-K,
M M M
h(6U) =Y, X+ Y, A X (F )X 430 (Fpy yup 40" (B )X+ Gy <O
M M M
u,<usu,
(6.1)

The formulated OPF problem is quadratic and in a standard format, so the linearization
procedure is implemented as an object oriented program. Note that the objective function,
inequality constraints, and control variables are the three components that will be linearized,
while the equality constraints are taken into consideration during the linearization procedure. The
algorithm is applied only to the modeled inequality constraints. Non-modeled inequality
constraints need not to be linearized.
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The final expression of the linearized objective function is:

J=c'Au+d,, (6.2)

where Au is the increment of the control variable u, Au=u—u’, x’ and u’ are the current
operating point, ¢ is the linear coefficient vector of Au,

dJ 0’ 0 aJ 0’ 0 a 0, 0
o (Zuu )_ (Zuu ) ¢ g(zu“ ) 63)

X, is the co-state vector regarding to the objective function,

Xj:

0 .0 0o oY)
_GJ();X,u ) ag();x’u ) , (64)

and d, is a constant value, d, = J(xo,uo )

The final expression of the linearized inequalities is:
aAu+d<0, (6.5)

Where a is the linear coefficient matrix of Au,

0 0 0 0 0 0
o dh(;u,u ): ah(zu,u )—fih og ()a(u,u )’ 6.6)

X, is the co-state vector regarding to the inequalities,

-1
& = ch (xo,uo) og (xo,uo) ’ 67)
ox ox

and d is the constant value vector, d =h (x°,u’ )

The constraints of the control variable are also changed to the constraint of the increment of
control variable in the following way:

Substitute u =u’ + Au into the control variable constraint u_, <u<u_, , we have:

— Tmax?

u, <u’+Au<u, . (6.8)

Thus, the constraint of increment of control variable is:

u, -u'<Au<u, -u’. (6.9)

m
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After the linearization of the quadratized OPF problem, we have the linearized problem with
respect to Au only, and its expression is:

Minimize: J=c'Au+d,
subject to: aAu+d <0 . (6.10)

0 0
u. —u <Au<u  -u

Section 6.2: Solution of the Linearized Problem

This subsection introduces the procedure to solve the linearized optimization problem defined by
equation set (6.10) by a standard linear programming (i.e., simplex method) solver. Recall that
the linearized problem consists of inequality constraints, and all its variables are free variables.
Simplex method solvers require that all variables be non-negative as shown in equation set (6.11).

Minimize: c¢'x
subjectto: Ax=B (6.11)
x>0

In order to (1) transform the inequality constraints in the linearized problem to the equality
constraints in the standard form, and (2) transform the free variables in the linearized problem to
the non-negative variables in the standard form, we need to introduce non-negative variables to
the linearized optimization problem.

First, we introduce non-negative variables s’ and s, into the objective function:
Vi, Au, =s; —s;, (6.12)

where 5" >0 and s; >0.

+ + 7 - - _F :
Denote s =[sl L s ] ,and s =[s1 L sn] , where n is the total number of the control

n

variables.

Then, the objective function is in the following form:
Minimize: J :[cT —cﬂ{s] (6.13)
s

The constraints are then changed into the standard form. For each inequality constraint
Au,+d, <0, a non-negative variable y, is introduced. And the inequality constraint is

airow

transformed into the equality constraint:

a, . (sl+ —s; )+ y,+d, =0, (6.14)
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where y, 0.

1 3 i i + - i i . .
For each control variable constraintu,, —uy <s —s, <u. —u,, non-negative variables p, and
g; are introduced, so that s —s; >u,, —u, is transformed to
+ - i i
s —s; —p,—u. +u,=0. (6.15)

And s7 —s; <u'_ —u] is transformed to

wul =0. (6.16)

max

.
s, —s;, +q,—u

Thus, the inequality constraints are changed to:

[a —a]s +y+d=0

S
I -1 -p-u,_ +u’=0
[ ] 87 p umm +u , (6,17)

[I —I]S +q-u,_ +u’'=0

s',s7,y.p.q=0
And the problem is now in the following standard form:

Minimize: J=C'z+d

subjectto: Az =B , (6.18)
z>0
e -
—c s~ a -—a [ 0 0 -d
where C=| 0 |, z=|y |, A=[] - 0 —I 0|,and B=|u,, —u’
0 p I -1 0 0 I u,, —u’
0] Lla]

The solution of the linearized optimization problem is obtained by a standard linear
programming solver (i.e., simplex method). The solution provides the variables s*,s™ and Au.
The updated optimal values of the control variables are: u=u’+Au .
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Section 6.3: Equality Equations Solution (Power Flow Problem)

Once the new control values are obtained, the network states need to be updated accordingly. As
the state and control variables obey the power flow equations g(x,u): 0, we use power flow

equations to solve for the updated states by substituting the new control values into the control
variables. The details are illustrated below.

Recall that the power flow equations g (x, u) =0 1is:

M M M

0=g(x,u)=0=Y x+Y _u+ XT<F;i]x>X + uT<Feiqu>u + uT<F;i1“">X _Beq_[,(6.19)
M M M

Beq = _Neqxx(t - h) _Nequu(t - h) _Meql(t _h) _Keq

The updated states are solved by the Newton-Raphson method. And the detailed procedure is as
follows.

(1) Let v=0 and x=x", where v is the iteration number to obtain the states X in the
Newton-Raphson method.

(2) Substitute x” and u into the power flow equation g(x”,u), and compute g(x”,u). If

Hg (xv,uj‘ <¢, x" is the solution and the procedure is terminated, where & is a user-
defined small value that is used to determine whether the solution is converged.

Otherwise, go to step (3).
og (xv , u)
ox

(3) Compute the Jacobian matrix: . The Jacobian matrix can be easily achieved as

illustrated in Section 6.1.

-1
(4) Compute x"*' =x" [%X’H)J g(xv,u),

(5) v=v+1.If v<v__, go to step (2); otherwise, return nonconvergence. (v,,, is the user-

max
defined maximum number of iterations allowed to compute the states x, and v, 1is set
to be 15 in this algorithm.)

The new operating point (x and u) is formed from the above computed values.
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Section 6.4: Iterative Linearization/Solution Method

Since the new operating point is computed from the linearized optimization problem, it may
overshoot and violate some of the original quadratic inequality constraints because of
linearization errors. Some of these modeled operational constraints may be out of their bounds,
especially for those constraints reaching upper bounds in the linearized optimization problem.
Therefore, we need to check whether the active constraints h(x,u)<0 still hold at the new

operating point.

If any modeled constraint is violated, the algorithm updates its corresponding constant item b in
the linearized optimization problem, retrieves the previous solution, and solves the updated
linearization problem and the power flow problem again.

o . . dn(x’,u’)
Note that for each linearized inequality constraint, we have: 4 (xo,u0 )+—Au <0, and

du
dh(x°,u
the constant item b is: (—)Au <-h (xo,u0 ): b.
du
The details of modifying the constant item b are as follows.

A h

—_—_— - ) —_—_—_ — = ] -—-—AK———— —i <—h(x,u)
C / Overshoot
0

oh (x°,u®
_T__ ______ %A B./__/_ _____ ib‘u/ h(xo,u°)+(};uu )Au

ﬁ <“«— —h(x,u) O
—h(x“,uo —h(x u)+h(x u )+ h( ) Au
l <« n(x°,u’
) )
— Au P

Figure 6.2: Linearization Update Method

As shown in Figure 6.2, the inequality constraint violation is caused by the linearization error of
the control variable u. Firstly, the LP result is Au, and point B is the operating point for the
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linearized problem and point A is the operating point for the nonlinear problem. Although point
B still does not violate the constraint, point A is above the upper bound. And the overshoot is

h(x,u)—0=h(x,u). To solve this problem, the overshoot % (x,u) is subtracted from the upper

bound. The solution of the linearized optimization problem moves from point B to point D in the
figure, and the solution point for the nonlinear problem moves from point A to point C. The
constraints will then be satisfied in most cases. However, in the situation as shown in Figure 6.2,

. L . on(x,u’)
the point C still violates the constraint. Therefore, —A (xo,uo )_8—Au shall also be
u

subtracted from the constant item b, and the new operating points move from square points to the
triangular points (point E and F). In this way, both the operating points of the linearized problem
and the nonlinear problem satisfy the constraints. Thus, the constant item b is modified as:

—h (x",u“ ), if 2(x,u)<0 is not violated or

ah O’ 0
—h(x,u)+ ();—H)Au ,if 2 (x,u)<0 is violated.
u

Section 6.5: Determining Convergence or Addition of New Constraints

Once the modeled constraints are all satisfied, the algorithm will check all the remaining un-
modeled constraints. Since the linearized problem does not include all the operating constraints,
the new operating point may not satisfy some of them.

If the updated operating point satisfies all the un-modeled constraints, the algorithm has
converged. The current iterate operating point (x and u) is the optimal operating point of the
system. Otherwise, i.e. if one or more un-modeled operating constraints is violated, the algorithm
stores the current operating point and proceeds to the next iteration.

In this case, the algorithm adds the un-modeled violated constraints into the OPF, linearizes the
newly added constraints, and solves the updated linearized optimization problem and power flow
equations. This is achieved by the following two steps.

Step 1: Check violations for all constraints and add new violated constraints to the linearized
optimization problem model.

This step checks all the operating constraints defined in the OPF problem. If any un-modeled
constraint is not satisfied, the algorithm adds this constraint and continues to check whether the
violation exists in the rest of the operating constraints.

Step 2: Linearize the new constraints and retrieve the previous operating point.

This step is to linearize the new constraints and add the new linearized constraints to the
linearized optimization problem. The OPF performs another iteration considering all the modeled
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constraints (including the newly added ones). The linearization technique is introduced in
Section 6.1. The procedure of solving the updated operating point is introduced from Section 6.2
to Section 6.4.
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Section 7: Description of Example System

This section describes the proposed distribution system. Figure 7.1 shows the proposed
distribution system consisting of three substations and two feeders. Feeder A contains three
sections while feeder B contains two sections. Each section has several IEDs and a DS-DQSE,
while a master state estimator monitors the whole system and processes the output data from the
local state estimator in each section. The details of each section are given in the following
paragraphs.

FEEDER A ‘;
Section 1 m

)
FEEDER A FEEDER A
Section 2 Section 3
- @ N i GER, b,
FEEDER B FEEDER B
Section 1 Section 2
@_ = GEN.

ey

Figure 7.1: Proposed Distribution System

Figure 7.2 shows the feeder A, section 1 that consists of four distribution lines (13.8kV), one
capacitor bank, one delta-wye transformer, and five loads. Four IEDs are installed in this section.
IED 1 monitors the three-phase voltage and current phasors at high voltage side of the
transformer (B12), IED 2 collects the data from the capacitor bank (B25), IED 3 and IED 4
measure the three-phase voltage and current phasors of the distribution lines (B13 and B16).
Besides, one local state estimator is installed to collect the data from all IEDs and performs
quasi-dynamic state estimation.
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Figure 7.2: Distribution Feeder A, Section 1

Figure 7.3 shows the distribution feeder A, section 2 containing two distribution lines (13.8) kV,
two reclosers, one capacitor bank, three single-phase lines, two single-phase transformers with
secondary center-tap, two loads (residential loads), one battery, one converter and one three-
phase transformer. Six IEDs are installed in this section: IED 1 and IED 3 monitor three-phase
voltage and current phasors at the breakers (B111 and B205); IED 2 collects the data at the
transformer (B200); IED 4 and IED 5 measure the single-phase voltage and current phasors at
B201 and B206. IED 6 collects the data from the capacitor bank (B205). Besides, there is one
local state estimator collecting the data from all IEDs and performing quasi-dynamic state
estimation in this section.
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DIST Feeder A, Section 2
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Figure 7.3: Distribution Feeder A, Section 2

Figure 7.4 shows the distribution feeder A, section 3 consisting of one distribution line (13.8kV),
one recloser, one capacitor bank, one single-phase line, one single-phase transformer with
secondary center-tap and one load (residential load). Three IEDs are installed in this section:
IED 1 monitors the three-phase voltage and current phasors at a breaker (Bus209), IED 2
collects the data from the capacitor bank (Bus210), and IED 3 measures the single-phase voltage
and current phasor at Bus211. As same as sections 1 and 2 of feeder A, there is one local state

estimator in charge of collecting the data from all IEDs and performing quasi-dynamic state
estimation in this section.
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DIST Feeder A, Section 3
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Figure 7.4: Distribution System, Feeder A, Section 3

Figure 7.5 shows the distribution feeder B, section 1 that contains three distribution lines
(13.8kV), two reclosers, one capacitor bank, one delta-wye transformer and one load (induction
motor, industrial load). Four IEDs are installed in this section: IED 1 and IED_3 monitor three-
phase voltage and current phasors at breakers (Bus301 and Bus305); IED 2 collects the data
from the capacitor bank (Bus302); IED 4 monitors three-phase voltage and current phasors at
Bus303. Besides, one local state estimator collects the data from all IEDs and performs quasi-
dynamic state estimation in this section.
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|
|
|
|
— |
‘IED 1 E‘IED 2 ‘IED_3 |
h |
[ C
\’Q" % |
|
BUS3 ‘.B'lJSi%OT 3 g OS[I I] EUS%O :
; |
|
|
|
|
|
|
|
|
|

@
% ‘%?
B 15303 Ay Bussuai
fEDd
M 3Ph

Figure 7.5: Distribution System, Feeder B, Section 1

Figure 7.6 shows the distribution feeder B, section 2 containing one distribution line (13.8kV),
one recloser, one capacitor bank, one single-phase line, one single-phase transformer with
secondary center-tap and one load (residential load). Three IEDs are installed in this section:
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IED 1 monitors the breaker at Bus400, IED 2 collects the data from the capacitor bank
(Bus401), and IED_3 measures the single-phase voltage and current phasors at Bus402. Besides,
one local state estimator collects the data from all IEDs and performs quasi-dynamic state
estimation in this section.

DIST Feeder B, Section 2

% IED_3
2 /«/u
e .

Figure 7.6: Distribution System, Feeder B, Section 2

In this report, Feeder A, Section 1 is investigated and analyzed. The local state estimator in
Feeder A, Section 1 runs a 60-second event to test its performance. The figure of Feeder A,
Section 1 is shown in Figure 7.2. The parameters of this section are as follows.

Distribution line 1 (B12 to B13), distribution line 2 (B13 to B14), distribution line 3 (B14 to B15)
and distribution line 4 (B15 to B16) are 0.5 miles, 0.2 miles, 0.2 miles, and 0.3 miles,
respectively, and they are all operating at 13.8 kV.

The three-phase delta-wye transformer (13.8kV to 0.48kV) is rated at 36.0 MV A with 0.002 p.u.
winding resistance and 0.05 p.u. leakage reactance.

A capacitor bank is located at B25 for reactive power compensation. The rated voltage is 13.8
kV and the rated reactive power is 600kVAR.

Three-phase loads are located at B10, B09, and B0S, respectively. These loads are considered as
residential loads with 0.48kV rated voltage. The load at B10 is rated at 1600kW real power and
400kVar reactive power, while the loads at B09 and B08 are with 800kW real power and
200k VAR reactive power consumption.

Besides, there are two loads with the same ratings (0.24 kV, 10kW, 3kVAR) at B14 and B15,
respectively.

Four IEDs are installed in this section. IED 1 is SEL-734 and IED 2, IED 3, IED 4 are GE-
D60. IED 1 measures three-phase voltage phasors at B12 and three-phase current phasors from
B12 to B11. IED 2 at B25 measures three-phase voltage and current phasors for the capacitor
bank. IED 3 measures three-phase voltage phasors at B13 and three-phase current phasors from
B13 to B14. IED 4 at B16 measures three-phase voltage phasors at B16 and three-phase current
phasors from B16 to B15. The meter scales for the voltage and the current are 13.8kV and 400A,
respectively.

S8



Section 8: Example DS-DQSE Results

This section presents the implementation of DS-DQSE.

Section 8.1: Measurement Creation

The quasi-dynamic state estimation is performed in Feeder A, Section 1. Note that this section
contains 13 devices and 116 states, but only 24 phasor measurements (i.e. 48 measurements if
the phasor measurement is partitioned into magnitude and phase angle measurement) are
available. Therefore, the section is unobservable because of limited relays. In order to make this
section observable, derived measurements, pseudo-measurements and virtual measurements are
proposed, and these measurements are created based on the system topology and actual
measurements from relays.

In general, the measurements in a specific section are classified into four types: (a) Actual
Measurements: measurements that come from actual measurement channels, i.e. any
measurements from any IEDs (relays, meters, FDR, PMUs, etc.); (b) Derived Measurements:
measurements derived from actual measurements based on topology; (¢) Pseudo Measurements:
not directly measured, quantities represented for which their value is approximately known, such
as missing phase measurements, neutral/shield voltage measurements, neutral currents, etc. (d)
Virtual Measurements: mathematical quantities defined by physical laws, such as Kirchhoft’s
current law, model equations, etc.

The derived measurements and virtual measurements are easily created. For example, in Figure
8.1, the current from B12 to B13 is approximately set as the opposite direction current from B12
to B11 as:

o

BI2 Bl3,abc _féol{Bll,abc (8.1)

And the current from B13 to B12 is computed by applying Kirchhoff Current Law:

féolgmz,abc == (féol37Bl4,abc + fé%S,abc ) (8.2)
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Figure 8.1: An example for derived measurements in Feeder A, Section 1

The pseudo-measurements in this section are created as follows:
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Figure 8.2 An example for pseudo-measurements in Feeder A, Section 1

Figure 8.2 shows three distribution lines from B13 to B16. The length of these three lines are 0.2,
0.2 and 0.3 miles, respectively. Two loads at Bus17 and Bus18 are identical single-phase loads at
phase A. The voltage and current measurements are only available at B13 and B16. The expected
voltage measurements at B14 and B15 are approximately computed as:

ﬁ/o _ O'Sﬂélabc + O'2Véol6,abc

Bl4,abc — 07 (83)

I?A) — 0'3Vé3,abc + 0’4Vé}6,abc (84)
BI15,abc 0.7

The expected current measurements from B14 to B17 and from B15 to B18 are computed as:

féOM_BW,abc = 05 féoIS,abc + féﬂé,abc ) (85)
fé°157B18,abc = 05 féollabc + féol&abc ) (86)
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The expected current measurements from B14 to B13 and from B14 to B15 are:

féoM_BB,abc = _féol.’x_BM,abc (8.7)
féolﬁBlS,abc = féol37Bl4,abc _féol47Bl7,abc = O'Sféol37Bl4,abc - O'SféoléiBIS,abc (8.8)

The expected current measurements from Bus105 to Bus104 and from Bus105 to Bus106 are:

fé°157B14,abc = _féol{BlS,abc = _O-Sféowﬁm,abc + O'SféoléiBIS,abc (8.9)
féols_Blaabc = iéoM_Bls,abc _fé'JIS_BIS,abc = _féom_BlS,abc (8.10)

Figure 8.3 shows a part of feeder A, section 1. A three-phase transformer is between B12 to B11.
Three-phase loads are located at B10, B09, and BOS. The relay is installed at B12, and therefore,
the voltage and current measurements at B11, B10, BO9 and B08 are unobservable. Since the
voltage at the transformer Y side are highly dependent on the amount of the load, the pseudo
measurement for the voltage at the delta side is not accurate. Therefore, only the currents at the
low voltage side are considered. The expected current measurements from B11 to BI12 are
computed as:

féla = (féonab - féouca) x Tm — ratiO
8., =8, — 18,.,)xTXM _ratio
.. =P8, — P8, )xTXM _ratio

o ——(% +fo, + o

Blln — Blla Bl1b Bllc)

(8.11)

As the rated power of the load is known, the expected current measurements at each load are
approximately computed by the rated power ratio between these loads. In this section, if all the
three loads are connected to the grid, the expected current measurements at B10, BO9 and BOS
are:

fQOabC = _OSfQ labc
By, =051, . (8.12)

fé%&lbc = OSfé)l Oabc

If only the loads at B10 and B09 are connected to the grid, the expected current measurements at
B10, B09, and BOS are:

2
féowabc = _gfglabc
1
fé%)%bc = EfQOabc (813)

2., =0

B0Sabc
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Figure 8.3: An example for pseudo-measurements in Feeder A, Section 1

All these measurements are treated as pseudo-measurements with relatively high standard
deviation, e.g. 0.1 p.u. In addition, the standard deviation of actual measurements and virtual
measurements are usually set as 0.01 p.u. and 0.001 p.u. respectively.

After adding pseudo-measurements, derived measurements, and virtual measurements, the
system is observable. In this section, in addition to the 48 actual measurements, 70 pseudo-
measurements, 12 derived measurements, and 6 virtual measurements (136 measurements in
total) are available. The redundancy is (136-116)/116=17.2%.

Section 8.2: QSE Implementation

The user interface of the state estimator is shown in Figure 8.4. The design of the state estimator
supports the connection of the state estimator to a section bus or a data concentrator such as a
PDC (phasor data concentrator), etc. In this way, the implementation in any section is
straightforward and requires relatively short time.
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Message Window I Close I

Substation: ABC_DFA_S1

Description: |Supercalibrator (Substation State Estimator)

start |l W Static Siste Estmater
stop | Setup il T
ics?.ﬂs set | stop__|
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I
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Setup | View Input ’_‘ T
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ﬂ& Setup | Setup | setup | TS Animation |

O Circular Buffers

Figure 8.4: User Interface of State Estimator

The PDC client connects either to a PDC (for real time data) or to the test data server (for
simulation experiments) and receives a C37.118 synchro-phasor data stream that may also be
mixed with data from standard relays. The test data server serves the purpose of numerical
experimentation with the quasi-state estimation where a C37.118 data stream is created that is
served to the PDC client. The user can define the data source to be a synchro-phasor, phasor data,
or time domain file that has been saved upon simulation of the system. The measurement data is
streamed to the test data server before the state estimation, and the interface of the synchro-
phasor test server and PDC client are shown in Figure 8.5 and Figure 8.6, respectively. Note that
a PDC Client Data Frame Report is automatically generated to display the input measurements in
details as shown in Figure 8.7.
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Host Name: I airxbq

Host IP Address:

Port Number | 2000
Outstation Name: | TEST Server
Outstation 10: I 7

Delay: | 20 ms
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Figure 8.5: Test Data Server Interface
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Figure 8.6: PDC Client Interface
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PDC Client Data Frame Report ]

Freeze

CLOSE

| 09/23/1986, 15:52:03.314633 | Clock Quality 0 (Normal) | 0.00 Fis

Name Unlock = PMUTime PMU  Data Trigger = Trigger Conf Sorting Freq dFdT
Time Quality Sync | Error Reason | Change Hz Hz/s
1 WinXFM 0 0 0 0 0 0 0 0 60.000  0.000

Station

Station IEDID Channel Value Plot
1 WinxXFM 1 C_B12_ B11_B11_A_ 3167 kA, 140.1 Deg |
2 1 C_B12_B11_B11_B_ = 3285KA 22.15Deg |
2 1 C_B12_B11_B11_C_ 3123 kA -97.15Deg |
4 1 V_B12.A M 7.844 kV, 8.759 Deg vV
5 1 V_B12. B M 7.864 kv, -111.3 Deg A
6 1 V_B12_C_M 7.842 kV, 128.7 Deg v
7 1 C_B12_B11_B12_A_ 110.1 A, -9.854 Deg |
8 1 C_B12_B11_B12_B_ 1143 A, -127.9 Deg |
9 1 C_B12_B11_B12_C_ 108.6 A, 112.9 Deg |
10 1 C_B10_2 B10_A M 2111 kA, -39.85 Deg |
11 1 C_B10_2 B10.B_ M | 2190kA, -157.9 Deg |

IEDID Channel  Type Value

Station IEDID Name Value Name Value

Figure 8.7: PDC Client Data Frame Report

Before the execution of the state estimator, the user has to map the measurements to the
corresponding state estimator measurement channels in the PDC client as shown in Figure 8.8.
This is a necessary step because the state estimator measurement channels are linked to the
model of the system and have all the information that is necessary for the execution of the state
estimator. And then, the state estimator identifies the topology, creates the derived measurements,
pseudo-measurements, and virtual measurements automatically, and performs the quasi-dynamic
state estimation. The estimated measurements, estimated states, residuals between measurements
and estimated measurements, normalized residuals, variance of each state, chi-square, confidence
level, and execution time can be displayed and output.
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SuperCalibrator - PDC Measurement Mapping cancel | ok |
Substation: DISTFEEDERA S1

IED Name Channel Station Name = Data Code Channel Channel Type
(SCal) (SCal) (IED) (IED) (IED) Match
1 IED_2 C_B12_B11_B11_A WINXFM 1 C_B12_B11_B11_A_ | Yes Current Phasor
2 C_B12_B11_B11_B  WINXFM 1 C_B12_B11_B11_B_ | Yes Current Phasor
3 C_B12_B11_B11_C WINXFM 1 C_B12_B11_B11_C_ | Yes Current Phasor
4 V_B12_A WINXFM 1 V_B12_A_M Yes Voltage Phasor
5 V_B12_B WINXFM 1 V_B12_B_M Yes Voltage Phasor
6 V B12 C WINXFM 1 V B12CM Yes Voltage Phasor
7 C_B12_B11_B12_A WINXFM 1 C_B12_B11_B12_A_ | Yes Current Phasor
8 C_B12_B11_B12_B WINXFM 1 C_B12_B11_B12_B_ | Yes Current Phasor
9 C_B12_B11_B12_C WINXFM 1 C_B12_B11_B12_C_ | Yes Current Phasor
10 | IED_1 C_B10_2_B10_A WINXFM 1 C_B10_2 B10_A_M | Yes Current Phasor
1" C_B10_2 B10_B WINXFM 1 C _B10_2 B10.B_ M | Yes Current Phasor
12 C_B10_2 B10_C WINXFM 1 C B10_2 B10_C_M | Yes Current Phasor
13 C_B09_2_B09_A WINXFM 1 C_B09_2 B09_A M | Yes Current Phasor
14 C_B09_2_B09_B WINXFM 1 C_B09_2 B09 B_M | Yes Current Phasor
15 C_B09_2_B09_C WINXFM 1 C_B09_ 2 B09_ C_M | Yes Current Phasor
Update From File Save to File Clear Auto-Set Verify PDC Mapping

Double-Click on Table Row to Edit Mapping...

Figure 8.8: Measurement Mapping

Section 8.3: Test Case Results

The time plots of all the measurements from four relays are shown in Section 8.3. The estimated
state report, measurement, and estimated measurement report are generated when the state
estimator is running, the reports at one time stamp are shown in Figure 8.9, Figure 8.10 and
Figure 8.11, respectively.
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Estimated State Report

Substation: ABC_DFA_S1 | 09/23/1986, 15:52:03.733752
Node Name Magnitude Phase Plot SE Rate = 4807.70 fps
1 B08_A 2957V | -2652Deg VWV
2 B08_B 3088V | -1434Deg V
3 B08 C 2875V | 9715Deg V ﬁ
4 BO8_N 3684V | -1044Deg V
5 B09_A 3684V | -1044Deg V
6 B09 B 3686V | -1045Deg V
7 B09_C 3682V | -1045Deg V
8 B10_A 2705V | 2401Deg WV §
9 B10_B 2843V | 1406Deg V
10 B10_C 2637V 100.2 Deg \%
11 B12_A 7.845kV | 8.762 Deg Vv
12 B12_B 7864kV  -1113Deg V
13 B12_C 7.843 kV 128.7 Deg v
14 B13_A 7876 kV | 8849 Deg v
15 B13_B 7894kV  -1111Deg V
16 B13 C 7871kV | 1288Deg V C@.
17 B13_N 2884V | -1094Deg V
18 B14_A 7906 kV = 8935 Deg Vv
19 B14_B 7.924kV | 111.0Deg| V IW—D Angle Reference [ Freeze
20 B14_C 7.900 kV 128.9 Deg \% -
Add/Remove | All |  Nome |

Figure 8.9: Estimated State Report

State Estimator Measurement Report

Substation: ABC_DFA_S1 ——— Filtering ——— Sort By
Name Measurement (AU) Estimate (AU) Ermor (AU) Eror (NORM)  StDev(AU) NormFctr Plot @ Field @ Voltage g :a"?s I

1 V_B12A 78442V,8759Deg 78450V, 8762 Deg 085V 0.00451 1878V 79674V " ; esidua

2 VBi2B 78642V,-1113Deg 78644V, -111.3 Deg 040V 0.00213 1878V 79674V * = D_E"VEd . ® Cuiai O Type

3 VBI2C 78422V,128.7Deg 78428V, 128.7 Deg 057V 0.00302 187.8V 79674V * O Field && Derived O Other o

4 V B13_A 78750V,8847Deg 78756V, 8848 Deg 069V 0.00370 1878V 79674V - O SE. O Al O Classification

5 V_ B13 B 78938V -111.1Deg 78941V -111.1 Deg 0.48V 0.00254 1878V 79674V *

6 V. B13.C 78708V, 1288Deg 7871.3V, 128.8 Deg 053V 0.00281 1878V 7967 4V -

7 V_BI4A 79069V,8938Deg 7906.4V, 8.935 Deg 060V 0.00319 187.8V 79674V "

8 VWV B14B 79244V, -1110Deg 79238V -111.0Deg 0.84v 0.00447 1878V 79674V N

9 VB14C 79004V,1280Deg 7900.0V, 128.9 Deg 0.70V 0.00371 1878V 79674V *
10 V_B15A 79387V,0028Deg 79382V, 9025 Deg 069V 0.00365 1878V 79674V *
11 V_B15B 79550V,-110.9Deg 79545V,-1109 Deg 078V 0.00418 1878V 79674V *
12 VvV B15 C 79300V, 1290Deg 79296V, 129.0 Deg 085V 0.00451 1878V 79674V -
13 V_BI6.A 79706V,9.118Deg 7971.2V.9.120 Deg 059V 009840 600DV 79674V *
14 VvV B16. B 79856V, -1108Deg 79861V, -1108 Deg 049V 0.08248 6.000V 79674V N
15 V_B16_C 79506V,129.1 Deg 7960.2V. 1201 Deg 061V 010190 6000V 79674V < /

16 V. B25 A 3023V, -1075Deg 2953V,-1084 Deg 008V 0.00045 1878V 79674V * f

17 V_ B25 B 3.023V, -107.5 Deg 2953V, -108.5 Deg 0.08V 0.00045 1878V 7967 4V -

18 V_B25C  3023V,-1075Deg  2.954V,-108.4 Deg 008V 0.00045 187.8V 79674V " |

Add/Remove |

Time Stamp: | 09/23/1986, 15:52:03.959432 O Freeze Add All | Remove All |

Figure 8.10: Estimated Voltage Measurement Report
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State Estimator Measurement Report

Substation: ABC_DFA_S1 ———— Filtering — SortBy

Name Measurement (AU) Estimate (AU) Error (AU) Error (NORM) _ StDew(AU) Norm .Fctr Plot @ Field O Voltage ® :arn.: :
1 C_B08 3 BOS A 10556 A 3985Deg 10556 A, -39.85 Deg 0.00A 000000  12000A  9919A  * ; O Residual
2 CB0838088 10850A 1579Deg  10850A, -157.9 Deg 0.00A 000000 12000A  9918A  * ® e ) © e O Type
3 C_B083B08C 1041.1A 8285 Deg  1041.1A 82850eg  000A 000000  12000A  9919A  * O Field & Derived O Other -
4  CB092BOYA  0007492A -3085Deg  0.007492 A, -29.85 Deg 0.00A 000000  12000A  9919A  * O SE. o Al O Classification
5 CB09 28098  0007737A -1579Deg 0007737 A, -157.9 Deg 0.00A 000000  12000A  9918A  *
6  CB09 2 B09C 0007408 A, 8285 Deg  0.007408 A, 8285 Deg 0.00A 000000  12000A  9919A  *
7 CB1028B10A 21111A 3985 Deg 193204, 3727 Deg  20088A 016740  12000A 659438A  *
8  CBI028108 2190.1A-1579Deg 2014141551 Deg  20353A 016961  12000A 650438A  * o
9 CBl2BI0C 20823 A, 82.85 Deg 191184 8579 Deg  198.86A 016572  12000A 650438A  *
10 C_Bi2_B11_BI1_A 31666 A, 1401Deg  31356A 1423Deg  12202A 010168  12000A 650438A  *
11 C_Bi2B11 BI1 B 32852A,2215Deg  31416A 22250eg  14373A 011877 12000A 650438A  *
12 C_B12B11BIIC 31234A 9715Deg  31368A 9782Deg  3918A 003265 12000A 659438A  *
13 C_B12_B11_BIZA 110.1 A -0.854 Deg 117.0A, -1149 Deg 7 60A 019008  4000A 43510A  *
14 C_B12 B11 B12 B 1143 A -127 9 Deg 121.0 A, -120.6 Deg 761A 019018  4000A 43510A  *
15 C_B12_B11_BI2.C 1086 A, 112 8 Deg 1153 A, 1111 Deg 7 48A 018707  4000A 43510A  * /
16 C_B12_B13 BI2 A 110.1 A, 170 1 Deg 1101 A, 170.1 Deg 0.03A 000082  4000A 43510A  * |
17 C_B12 B13 B12 B 1143 A 52 15 Deg 1143 A 52 15 Deg 005A 000117 4000A 43510A  *
18 C_B12 B13 B12.C 1086 A -67 15 Deg 108.7 A, 67 11 Deg 008A 000195  4000A 43510A  * \
19 C_B12_B13 BI3A 110.1 A, -0.847 Deg 110.1 A, -9.847 Deg 0.02A 0.00082  4000A :
20 C_B12B13 B13B 1143 A -127.8 Deg 114.3A, -127.8 Deg 0.05A 000115 40.00A *
21 C_B12 B13BI13C 1086 A, 1129 Deg 1086 A, 1129 Deg 0.08A 000192 4000A T
20 C_B13_B14_B13A 110.1 A, 1702 Deg 1101 A 1701 Deg 0024 000038 4000A +
23 C_B13B14 B13 B 1143 A 52 16 Deg 1143 A 52 16 Deg 004A 000103  4000A 4183TA  *
24 C_B13_B14_B13C 1086 A -67 14 Deg 108.7 A, -67 13 Deg 0.03A 000072  4000A 4183TA  *
25 C_B13_B14_B14A 110.1 A, -9.847 Deg 110.1 A, -9.846 Deg 0.00A 0.00010  4000A 27905A  * .
26 C_B13B14 B14B 1143 A -127.8 Deg 114.3 A, -127.8 Deg 0.04A 000102 4000A 27905A  * CIA
27 C_B13B14 B4 C 1086 A, 1129 Deg 1086A 1129 Deg 0.04A 000111 4000A 27905A  *
28 CB142B14A 4179 A, 3624 Deg 4173 A 3236 Deg 003A 000072 4000A 27905A  *
29 C_B142B14B 4187 A -118.4 Deg 41814, -1167 Deg 003A 000066  4000A 27905A  *
Add/Remove |
Time Stamp: | 09/23/1986, 15:52:04.117720 [] Freeze Add All | Remove All |

Figure 8.11: Estimated Current Measurements Report

The performance evaluation, which is also called the parameterized (parameter k) chi-square test
is shown in Figure 8.12 and it is generated as follows:

SuperCalibrator - Performance

Substation: ABC_DFA_S51

State Estimation Quality
100 =
10 =
x ]
=
E =
E 3
£ ]
g ]
100m —= —_—
s
10m —, l l l l 1
0.00 20.00 40.00 60.00 80.00 100.0

Confidence Level

Confidence I— lterations. HIA
D.OF. I 156
Parameter K I Mismatch HiA

| 09/23/1986, 15:52:04.219016

Figure 8.12: Performance Evaluation of State Estimation Result
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All the phasors are divided into real and imaginary parts so that the state estimator is able to
manipulate the data in real number. The chi-square test is calculated as:

4’=Z(é} : (8.14)

where 7. is the residual between measurement and estimated measurement i, and o, is the

standard deviation of the corresponding measurement. Note that the variable k enables to express
the results of the chi-square test with only one variable.

The confidence level is calculated as:
Pr{ > >£]1=1.0-Pr(1’°,v). (8.15)

A confidence level around 100% (small chi-square value) when k=1 infers that the
measurements are highly consistent with the dynamic model of the system, while a confidence
level around 0% (large chi-square value) when k=1 means that the measurements do not match
the dynamic model of the system. During this event, the confidence level is kept at 100%
according to the parameterized chi-square test when k=1 as shown in Figure 8.12, which means
that the measurements match the system model perfectly and there are no bad data or hidden
failures in the system.

The state estimator also generates time plots of all the states. In this example, the states are the
voltage phasors at each bus in this section, the internal states in some devices (such as the
transformer), as well as the states at the other side of the interconnecting distribution line. The
time plots of states at each bus are shown in Figure 8.13-8.18. Compared to the time plots of the
actual voltage measurements at B12, B13, B16, and B25 as shown in Figure 8.19 and Figure
8.20, we find that the estimated states track the system perfectly.
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Figure 8.17: Estimated Voltage Phasors at B16 and B25
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In addition, 3-D visualizations have been developed. A screenshot of the 3D visualization is
shown in Figure 8.21. The estimated voltage magnitude for each node is visualized as a tube.
The height of the tube is proportional to the voltage magnitude. The estimated voltage phase of a
node is visualized as an arc. The angle of the arc is proportional to the voltage phase angle.
Surface plots are also available as illustrated in Figure 8.21, the voltage measurements or
estimated measurements are plotted as a contour map to reflect the magnitude of each
measurement. Note that in this test case, the voltage surface at the load sides are a bit lower than
the rated voltage because of the loads in this section.

Figure 8.21: 3D Visualization Screenshot
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Section 9: Summary and Conclusions

This report presents an object-oriented implementation of full state feedback control for VPPs.
The components of the VPP full state feedback control are: (1) object-oriented high-fidelity
modeling for all devices in the VPP; (2) DS-DQSE that continuously monitors and outputs
estimated states and validated models by performing quasi-dynamic state estimation; (3) OPF
solver that uses the output (estimated states and validated models) of DS-DQSE to formulate and
solve the OPF which provides the optimal control commands as a feedback to the VPP.

The object-oriented device modeling approach hjas been presented in Section 3. The modeling
approach starts from the physically based model with state and control variables. The end result
is an algebraic model, referred to as state and control algebraic quadratic companion form
(SCAQCF). The advantages of SCAQCF are (1) it is an object-oriented, interoperable, and
unified syntax for all the devices in the power system; (2) It is easy to be formed and it stores all
the information of a device; (3) DS-DQSE and OPF solver are able to work directly on these
SCAQCF models without any other model information.

DS-DQSE, a critical role in full state feedback control system, is then proposed. DS-DQSE is
able to provide real-time estimated states, validated measurements and validated models after
quasi-dynamic state estimation. Besides, in addition to the actual data collected from IEDs,
several other types of measurements (derived, pseudo, and virtual measurements) are defined,
resulting in high measurement redundancy, which guarantees the accuracy of the estimated states
and the network model of VPP. DS-DQSE is installed in a distributed architecture, which has the
following advantages: (1) Since DS-DQSE uses local measurements to estimate the states in the
local distribution system, the data traffic is confined; (2) The dimension of the problem solved by
DS-DQSE is much smaller than that solved by the traditional centralized state estimator, and
therefore, the execution time of the DS-DQSE is fast (i.e. at each cycle); (3) the relatively small
dimension of the system allows very detailed power system models that can eliminate the
estimation errors from the imbalanced operations and the asymmetric system, as well as the
measurement errors introduced by the instrumentation channels.

An OPF solver is illustrated to solve the optimal control problem for VPPs. The OPF solver
processes the output (estimated states and validated models) of DS-DQSE and gives the optimal
control command as a feedback to the VPP. The OPF solver is also implemented in an object-
oriented way and the algorithm of OPF solver proves to be robust and efficient. The robustness
means that the algorithm starts from a feasible but not optimal solution and moves the operating
point in the feasible region while approaching the optimality. Therefore, the output of the
algorithm is always a feasible solution. High efficiency means that the algorithm consumes less
runtime compared with traditional solution methods for the OPF problem. The reasons are as
follows. Firstly, the algorithm models the OPF problem as a quadratic problem for fast
convergence. Secondly, the algorithm identifies the active constraints gradually and adds them to
the modeled constraint set if needed. These features ensure that at each iteration, the dimension
of the problem is the smallest possible for the specific distribution system section.
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Appendix A: Object-Oriented Modeling Example
(Converter with P-Q Control)

This appendix provides the derivation of the IGBT converter average model with P-Q controller
from compact device model to the SCAQCF model. The diagram of the P-Q control converter
and the circuit diagram are given in Figure 3.2 and Figure 3.3. The states, controls, and
parameters are introduced in Section 3.3. Based on these information, we first create the compact
device model, and then generate the quadratized device model by introducing additional states to
make the highest order less or equal to two. In the end, we present the SCAQCF model.

A.1: Converter Quasi-Dynamic Domain Compact Device Model

The DC-AC converter described here is an IGBT converter with pulse width modulation. Figure
3.3 shows the circuit diagram of the DC-AC converter with five terminals. 1% , 1% | f  and

AD ? KD * AD >
IO{QD are voltages and currents at DC terminals while I/of, be/‘, IPC/(, fé’, f{c, and f{f are the voltages

and currents at AC terminals. In addition, » is the resistance at DC side, L, is the inductance at

each phase on AC side, and ﬁfgc is the voltage across the capacitor.

The through variables in this model are the five inflow terminal currents o , Po . Po, [k and
3

c

The states are: 1% , 1% | %

a?

ViV Bhe, B, B, PO, F . Qs
The control variables are: P, O, -

The compact device model is therefore given by

,oé,Djﬁ;)—%é%—Eéc (A1)
py -V :29/1@ + B, A2)
Pe- j;LS (%- £¢) (A3)
Pe- j;LS (%- £) (A4)
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Yo Yo o

b4 JwL (- 2°) (A.5)

0 = EDCrIADr - })ac (A6)

0=B6/C7)_ b (A7)

0= B6/C7)_ o (A.8)

0 =Re (4%-+ 1+ P40} P, (A.9)

0=Im (I}Jﬁ{?+ I’b/ﬂ{# I?ﬁzé)+ 0. (A.10)
d( O PSS

o d (Q,e,» -0..)
O—KMTJFKU Oy = Dec _E (A.12)
0= U — o (A.13)

2 \/7 DCr

7

where P, and O, are the output active and reactive power of the converter. £, and O, . are the
targeted active and reactive power output of the converter, m is the modulation index of the
converter, « 1is the phase angle difference between l%’ and I}Z‘, K, and K, are the
proportional and integral coefficient of PQ controller for real power, K,, and K,, are the

proportional and integral coefficient of PQ controller for reactive power. Note that phasors are
used in the compact device model.

Operation Constraints:

1
OS;I%)D__I%OD _;é/DC SIDc,max (A.cl)
1 g 1
O S . Iyao_ . é:o S [AC max (AC2)
JoL, JjoL, ’
1 g 1
O S . beo_ . ébl? S IAC max (AC3)
JoL, JjoL, '
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os%_l o ! Ey@%l (A.c4)

0.0<m<1.0 (A.c5)

A.2: Converter Quasi-Dynamic Domain Quadratized Device Model

The compact device model is expanded into the quadratized device model (QDM). Additional
states are added to guarantee the highest order in QDM is two. The QDM has 26 states and 26
equations, including 10 through equations and 16 internal equations.

The states are: VADr > VADi > VKDr > VKDi s I/ar’ I/ai’ I/br’ I/bi" I/cr > chi ’ EDCr s EDCi s Ear > Eai’ Ebr 4
Ebi > cr? Eci > ch’ Qac , m, Va,mag 4 mEDC > mEDCoverV > Sl s S2 :
The control variables are: B, O,
The equations are listed as follows:
Equation Set 1 (linear through equations):
IADr — VADr — VKDr — E DCr ( A 1 4)
2r
I, = Vani =Vini = Epci (A.15)
2r
I, = Vo *Vin, + Epe, (A.16)
2r
Lip = ~Vapi * Vi + Epci (A.17)
2r
Iar =L(Vvai_Eai) (A18)
WL,
I,=—— @, -E) (A.19)
ai a)LS ar ar
1
I, = oL (V,,—E,) (A.20)
L=, -E) (A.21)
1 a)L 7 7

78



1
I,=——V, -E
ci a)LS( cr cr)

0 = _lEar +£Eai _Ebr
2 2
O:_ﬁE‘ar_l ai Ehi
2 2
0 = _lEar _ﬁEat _Ecr
2 2
0 =£Ear _lEaz _Ea
2 2
dap,. ds
0 = KP] d +K11 (Ref ac 7;

a0, dm
0= _KPZ dt + KIZ (Qref - Qac )_E

Equation Set 3 (quadratic equations):

(VADI EDCr KDr DC) DCr )

0=FEp,;
= ( ar at + VatEar I/;WEvbi + I/biEvbr cr Cl + V E
1
0=_ Vz I/arE'ar +V2 ValEal +V2 I/brEbr—f_I/b? _I/biEbi +V2
ol

O=m-E,.—mE,,
0=V +Vi-V.

a,mag

0=mE V. ae - MELOverV

DC ~ ¥ a,mag
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(A.22)

(A.23)

(A.24)
(A.25)
(A.26)

(A.27)
(A.28)

(A.29)

(A.30)
(A.31)

(A.32)

V.E,)+0,
(A.33)
(A.34)

(A.35)

(A.36)



—mE, OverV -V —FE -s,—E_-s, (A.37)

2\/_ ai

1
0= ﬁmEDCOverV-Vm. —E_ s, +E_ -5 (A.38)
0=s5+s55—1.0 (A.39)
Operation Constraints:
1 1 1
_[DC,max < ;VADr _;VKDr _;EDCr < IDC,max (AC6)
1 2 2 2 1 2 2 2 )
O S szf Var + szi Vai a)zLi Ear szi Eal - a)2L§ VarEa; 0)2 f VazEaz - IAC max (AC7)
0 1V2 V. E; L g 2VE 2VE <r A.c8
= a)zLi ot a)zLi bi a)zLi br a)sz bi a)zLi br=br » Ls =4 4C,max ( -C )
1 2 1 2 1 2 1 2 2 2 2
0<— G Vi+— 7 By +— z Ef——mV,E, - s S V,E, <D, (Ac9)
0.0<m<1.0 (A.c10)

A.3: Converter Quasi-Dynamic Domain SCAQCF Device Model

The state and control algebraic quadratic form (SCAQCF) device model is derived from
applying the quadratic integration to the quadratized device model with a time step h. The

SCAQCEF device model is:

I(?)
0 M M M
O T i T i T i
1) =Y, X+Y, u+ix <Feqx>x +<u <Fequ>u +<u <Fequx>x -B,
0 M M M
0
Beq = eqxx(t ) equu(t _h) _Mqu(t - h) _Keq
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M M M

h(x,u) = Yferixx + Y.féquu +9x’ <F;éq)r>x +ou’ <F;;fqu>u +ou’ <F;éqMX>X + Cfeq
M M M

Connectivity: TerminalNodeName

subject to: h_. <h(x,u)<h_
u,. <usu

mi

Normalization Factor: StateNormFactor, ThroughNormFactor, ControlNormFactor
Note: All the above variables are in metric system.

The normalization factors, functional constraints and variable limits are the same as the quasi-
dynamic SCQDM.

where the matrices are given by

4 8
Z D eqxd1 + Yveqxl - Z eqxd1
4 8
ZDeqde +qux2 _ZDeqde
Y — Yvequ 0
eqx 1 o)
E D eqxd1 Z eqxd 1 + quxl
1 2
E D eqxd?2 Z egxd 1 + )quxZ
B 0 Y;qx3
Y qul ] i 0 | i 0 | 0 0 |
” 0 0 0 0
Y — quu3 0 F — F;qxx3 0 F — F'equuS 0 — equx3 0
equ 0 Ye il eqx 0 O equ 0 0 equx O 0
0 ¥, 0 0 0 0 0 0
L 0 equ3 | L 0 F;quB i L 0 F;quu3 i L O F;qmr3 i
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eqx

+iD

_quxl h egxd 1
4

_qux2 +ZDeqxd2
0

1 5

Equxl _EDeqxdl

1 5

5 eqx?2 _E eqxd?2
0

equ

eq

Isize(i(t))
0

0
1

2 [s[ze(i(t))
0
0

eq




Appendix B: Object-Oriented Algorithm of
Constructing the Network SCAQCF Model from Device
SCAQCF Models

This appendix introduces the procedure to form the network SCAQCF model. The purpose of the
network formation is to (1) provide the mapping lists (states, equations, controls) from devices to
the network, (2) provide the network KCL equations at the common nodes. Given all the device
models in this network and network interface node name list, the automatic construction of the
network model is illustrated below.

Step 1: Input the device SCAQCF information and store the information into the variables
defined in SCAQCEF standard.

The SCAQCF standard appears in Section 3. This step has been done in device-level
measurement model creation part.

Step 2: Input the network interface node name list.

Step 3: Creation of Mapping List from Device Nodes to Network Nodes. This step is achieved
by

(1) Creating a connector node name list;
(2) Creating the network node model via breaker processing;
(3) Creating a mapping list from device node to network node.

The result is stored in the array:
pDev->pQDSCAQCFModel OptimalNodeNumber[i] = k;
1: the node number in the device model

k: the node number in the network

Step 4: Determine the dimension of the network.

This step determines the dimension of all the arrays of the network model and then initializes
these arrays.

Step 5: Mapping lists (equation, state, control, and constraint) creation.

The results are stored in the following arrays:
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(1) Device Equation to Network Equation Mapping List
Example: pDev = (Device*)vImportedDevices[i]
pDev->pQDSCAQCFNetwork Equlndex[j] =k;
k: network equation number
1: device number
j: device equation number

(2) Device State to Network State Mapping List
Example: pDev = (Device*)vImportedDevices[i]
pDev->pQDSCAQCFNetwork_StateIndex[j] = k;
k: network state number
1: device number
j: device state number

(3) Device Control Variable to Network Control Variable Mapping List
Example: pDev = (Device*)vImportedDevices[i]
pDev->pQDSCAQCFNetwork Controllndex[j] = k;
k: network control number
1: device number
j: device control number

(4) Device Constraint to Network Constraint Mapping List
Example: pDev = (Device*)vImportedDevices[i]
pDev->pQDSCAQCFNetwork ConstraintIndex[j] = k;
k: network constraint number
1: device number
j: device constraint number

Step 6: Network model formation.
This step creates the network model by adding all the device contributions to the network.

(1) Create network state variable normalization factors.

Given:
m_vdQDSCAQCFModel StateNormFactor from iDevice™ device
Device State to Network State Mapping List: pPQDSCAQCFNetwork StateIndex

Create:

vdQDSCAQCFNetwork StateNormFactor
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Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in State Normalization
Factor of the iDeviceth device

Elements in State Normalization Factor of the Network

State number: iy, inet = pDev-> pQDSCAQCFNetwork Statelndex[i,,]

>
m_vdQDSCAQCFModel StateNo

vdQDSCAQCFNetwork StateNormFactor[i,,.]| =

Normalization factor: vge, = pDev- | ydQDSCAQCFNetwork StateNormFactor[ie] + Ver

rmFactor [ig,] vdQDSCAQCFNetwork StateNormFactor[i,e]=
vdQDSCAQCFNetwork StateNormFactor [i,.] / n

where n is the number of device states mapping to this network state.

(2) Formulate network through variable normalization factors

Given:

m_vdQDSCAQCFModel ThroughNormFactor from iDevice” device
Device Equation to Network Equation Mapping List: pPQDSCAQCFNetwork Equlndex

Create:

pQDSCAQCFNetwork ThroughNormFactor

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Through Normalization Factor of the
iDevice™ device

Elements in Through Normalization Factor of
the Network

through variable number: i,

Inet = pDev->
pQDSCAQCFNetwork Equlndex[ig.,]

normalization factor: v, = pDev->
m_vdQDSCAQCFModel ThroughNormFactor[iz.,]

pQDSCAQCFNetwork StateNormFactor[i,,,,]

pQDSCAQCFNetwork StateNormFactor[i,,]
+ Viey

pQDSCAQCFNetwork StateNormFactor|i,,]
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pQDSCAQCFNetwork StateNormFactor[i,] /
n

where n is the number of device through variables mapping to this network through

variables.

(3) Formulate network control variable normalization factors

Given:

m_vdQDSCAQCFModel ControlNormFactor from iDevice™ device
Device Control Variable to Network Control Variable Mapping List:

pQDSCAQCFNetwork Controllndex

Create:

vdQDSCAQCFNetwork ControlNormFactor

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Control Variable Normalization
Factor of the iDevice'h device

Elements in Control Variable Normalization
Factor of the Network

control variable number: i ,,

inet = pDev->
vdQDSCAQCFNetwork Controllndex[ig,]

normalization factor: v, = pDev-
>m_vdQDSCAQCFModel ControlNormFactor

[idev]

vdQDSCAQCFNetwork ControlNormFactor
[inet] =Vdev

(4) Formulate network Yeqgx

Given:

m_vqQDSCAQCFModel Yeqgx from iDeviceth device
Device Equation to Network Equation Mapping List: pPQDSCAQCFNetwork Equlndex
Device State to Network State Mapping List:

pQDSCAQCFNetwork StateIndex

Create:
pQDSCAQCFNetwork Yeqx
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Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Yegx of the iDevice™™ device

Elements in Yeqx of the Network

equation number: iy,

inet = pD ev->
pQDSCAQCFNetwork Equlndex[ig.,]

state number: jz,

Jnet = pDev->
pQDSCAQCFNetwork StateIndex[/ ]

coefficient: v,.,—pDev-

>m_vqQDSCAQCFModel Yeqx[iey][jdev]

pQDSCAQCFNetwork Yeqx[iye[jne:] =
pQDSCAQCFNetwork Yeqx([i,e[Jner]TVder

(5) Formulate network Yequ

Given:

m_vqQDSCAQCFModel Yequ from iDevice™ device
Device Equation to Network Equation Mapping List: pQDSCAQCFNetwork Equlndex
Device Control Variable to Network Control Variable Mapping List:

pQDSCAQCFNetwork Controllndex

Create:
pQDSCAQCFNetwork Yequ

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Yequ of the iDevice™ device

Elements in Yequ of the Network

equation number: iy,

Inet = pDev->
pQDSCAQCFNetwork Equlndex|igz,]

control number: j,

Jnet = pDev->

pQDSCAQCFNetwork Controllndex[j e, ]

coefficient: vy, = pDev-
>m_vqQDSCAQCFModel Yequ[ige][jev]

pQDSCAQCFNetwork _Yequ[i,e][/ner] = Vaev

(6) Formulate network Feqxx

Given:

m_vcQDSCAQCFModel Feqxx from iDeviceth device
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Device Equation to Network Equation Mapping List:
pQDSCAQCFNetwork Equlndex

Device State Variable to Network State Variable Mapping List:
pQDSCAQCFNetwork StateIndex

Create:
pQDSCAQCFNetwork Feqxx

Process:
pDev=(Device*)vimportedDevices[iDevice]

Elements in Feqxx of the

. Elements in Feqxx of the Network
iDeviceth device 4

pQDSCAQCFNetwork Feqxx[iFeqxx].scubix k =

equation number: A, pDev-> pQDSCAQCFNetwork Equlndex[kye,];

pQDSCAQCFNetwork Feqxx[iFeqxx].scubix 1= pDev-

state number: /e, > pQDSCAQCFNetwork StateIndex[iz.]

pQDSCAQCFNetwork Feqxx[iFeqxx].scubix j = pDev-

state number: jze, > pQDSCAQCFNetwork StateIndex[j ]

pQDSCAQCFNetwork Feqxx[iFeqxx].scubix v-vg,;
Coefficient: v,
iFeqxx++;

(7) Formulate network Fequu

Given:

m_vcQDSCAQCFModel Fequu from iDevicett device

Device Equation to Network Equation Mapping List:
pQDSCAQCFNetwork Equlndex

Device Control Variable to Network Control Variable Mapping List:
pQDSCAQCFNetwork Controllndex

Create:
pQDSCAQCFNetwork Fequu

Process:
pDev=(Device*)vlmportedDevices[iDevice]

Elements in Fequu of the Elements in Fequu of the Network




iDevice™ device

equation number: kg,

pQDSCAQCFNetwork Fequu[iFequu].scubix_k =
pDev-> pQDSCAQCFNetwork Equlndex[kg.];

control number: i .,

pQDSCAQCFNetwork Fequu[iFequu].scubix i = pDev-
> pQDSCAQCFNetwork Controllndex[iz.,];

control number: j,

pQDSCAQCFNetwork Fequu[iFequu].scubix j = pDev-
> pQDSCAQCFNetwork Controllndex|[}.,];

Coefficient: v,

pQDSCAQCFNetwork Fequu[iFequu].scubix v-vg,;

iFequu+t+;

(8) Formulate network Fequx

Given:

m_vcQDSCAQCFModel Fequx from iDevicett device

Device Equation to Network Equation Mapping List: pQDSCAQCFNetwork Equlndex
Device Control Variable to Network Control Variable Mapping List:
pQDSCAQCFNetwork Controllndex

Device State Variable to Network State Variable Mapping List:

pQDSCAQCFNetwork StateIndex

Create:

pQDSCAQCFNetwork Fequx

Process:

pDev=(Device*)vimportedDevices[iDevice]

Elements in Fequx of the
iDevice™ device

Elements in Fequx of the Network

equation number: kg,

pQDSCAQCFNetwork Fequx[iFequx].scubix k =
pDev-> pQDSCAQCFNetwork Equlndex|[kge,];

control number: iy,

pQDSCAQCFNetwork Fequx[iFequx].scubix i = pDev-
> pQDSCAQCFNetwork Controllndex[iz.,];

state number: j .,

pQDSCAQCFNetwork Fequx[iFequx].scubix j = pDev-
> pQDSCAQCFNetwork StateIndex[jze,];

coefficient: vy,

pQDSCAQCFNetwork Fequx[iFequx].scubiXx_ v -vg,;
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iFequx++;

(9) Formulate network Neqx

Given:

m_vqQDSCAQCFModel Negx from iDeviceh device

Device Equation to Network Equation Mapping List: pPQDSCAQCFNetwork Equlndex
Device State Variable to Network State Variable Mapping List:

pQDSCAQCFNetwork StateIndex

Create:
pQDSCAQCFNetwork Neqx

Process:
pDev=(Device*)vimportedDevices[iDevice]

Elements in Negx of the iDevice™ device Elements in Negx of the Network

kyer = pDev->

equation number: K, pQDSCAQCFNetwork Equlndex[kge,]

Inet = pDev->

state number: i, pQDSCAQCFNetwork _StateIndex[iz]

coefficient: v ,,=pDev-> pQDSCAQCFNetwork Neqx[kerl[iner] = Vaer +

m_vqQDSCAQCFModel NeqxX[kgey][ider] pQDSCAQCFNetwork Neqx[kyer][Zne:]

(10) Formulate network Nequ

Given:

m_vqQDSCAQCFModel Nequ from iDevice™ device

Device Equation to Network Equation Mapping List: pPQDSCAQCFNetwork Equlndex
Device Control Variable to Network Control Variable Mapping List:
pQDSCAQCFNetwork Controllndex

Create:
pQDSCAQCFNetwork Nequ

Process:
pDev=(Device*)vimportedDevices[iDevice]

Elements in Nequ of the iDevice™ device Elements in Nequ of the Network
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equation number: kg,

kyer = pDev->
pQDSCAQCFNetwork Equlndex|[/g ]

control number: iy,

Iner = pDev->
pQDSCAQCFNetwork Controllndex|[igz,]

coefficient: v ,,=pDev->
m_vqQDSCAQCFModel Nequ[kge,][izev]

pQDSCAQCFNetwork Nequ[k,e|[iner] = Viey

(11) Formulate network Meq

Given:

m_vqQDSCAQCFModel Meq from iDevice't device
Device Equation to Network Equation Mapping List:

pQDSCAQCFNetwork Equlndex

Create:
pQDSCAQCFNetwork Meq

Process:

pDev=(Device*)vimportedDevices[iDevice]

Elements in Meq of the iDevice™ device

Elements in Meq of the Network

equation number: kg,

kyer = pDev-> pQDSCAQCFNetwork Equlndex[kg,,]

equation number: iy,

iner = pDev-> pQDSCAQCFNetwork Equlndex|[iz.]

coefficient: vg,,=pDev->

pQDSCAQCFNetwork Meq[ ke[ iner] = Vaer +

m_vqQDSCAQCFModel Meq[kgey][ide]

pQDSCAQCFNetwork Meq[kpet][iner]
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(12) Formulate network Keq

Given:

m_vIQDSCAQCFModel Keq from iDevice®™ device
Device Equation to Network Equation Mapping List:
pQDSCAQCFNetwork Equlndex

Create:
pQDSCAQCFNetwork Keq

Process:
pDev=(Device*)vlmportedDevices[iDevice]




Elements in Keq of the iDevice™

Elements in Keq of the Network

device
equation number: kg, kne: = pDev-> pQDSCAQCFNetwork Equlndex[kg,,]
coefficient: vy, =pDev-> pQDSCAQCFNetwork Keq[ke/] = Vier +

m_vIQDSCAQCFModel Keq[ky.,]

pQDSCAQCFNetwork Keq[ke]

(13) Formulate network Yfegx

Given:

m_vqQDSCAQCFModel Yfegx from iDevice™ device
Device Constraint Equation to Network Constraint Equation Mapping List:

pQDSCAQCFNetwork ConstraintIndex

Device State to Network State Mapping List:

pQDSCAQCFNetwork StateIndex

Create:
pQDSCAQCFNetwork Yfeqx

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Yfeqx of the iDevice device

Elements in Yfeqx of the Network

constraint equation number: i,

Iner = pDev->
pQDSCAQCFNetwork ConstraintIndex|[ e, ]

state number: jz,,

j net = pDeV->
pQDSCAQCFNetwork StateIndex[/ ]

coefficient: v,.,—pDev-
>m vqQDSCAQCFModel YfeqxX[ige][jiev]

pQDSCAQCFNetwork  Yfeqx[i,e][jne:] = Vaers

(14) Formulate network Yfequ

Given:

m_vqQDSCAQCFModel Yfequ from iDevice™ device
Device Constraint Equation to Network Constraint Equation Mapping List:

pQDSCAQCFNetwork ConstraintIndex

Device Control to Network Control Mapping List:

pQDSCAQCFNetwork Controllndex
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Create:
pQDSCAQCFNetwork Yfequ

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Yfequ of the iDeviceth device

Elements in Yfequ of the Network

constraint equation number: iy,

inet = pDev->
pQDSCAQCFNetwork ConstraintIndex|[igze,]

control number: j,

j net = pDeV—>
pQDSCAQCFNetwork Controllndex|[j ]

coefficient: vg,,=pDev-
>m_vqQDSCAQCFModel Yfequ[ige][jsev]

pQDSCAQCFNetwork Yfequ[ise][fner] = Viev;

(15) Formulate network Ffeqxx

Given:
m_vcQDSCAQCFModel Ffeqxx from

iDevice'h device

Device Constraint Equation to Network Constraint Equation Mapping List:
pQDSCAQCFNetwork ConstraintIndex
Device State Variable to Network State Variable Mapping List:

pQDSCAQCFNetwork StateIndex

Create:
pQDSCAQCFNetwork Ffeqxx

Process:

pDev=(Device*)vlmportedDevices[iDevice]

Elements in Ffeqxx of the
iDevice™ device

Elements in Ffeqxx of the Network

constraint equation number: pQDSCAQCFNetwork Ffeqxx[iFfeqxx].scubix k =
kiev pDev-> pQDSCAQCFNetwork Constraintindex[kg,];

state number: iy,

pQDSCAQCFNetwork Ffeqxx[iFfeqxx].scubix i=
pDev-> pQDSCAQCFNetwork StateIndex[i,., ]

state number: j .,
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pQDSCAQCFNetwork Ffeqxx[iFfeqxx].scubix_j =
pDev-

> pQDSCAQCFNetwork_StateIndex|[je,]




pQDSCAQCFNetwork Ffeqxx[iFfeqxx].scubix v-vg,;

Coefficient: v,
iFfeqxx++;

(16) Formulate network Ffequu

Given:

m_vcQDSCAQCFModel Ffequu from iDevice™ device

Device Constraint Equation to Network Constraint Equation Mapping List:
pQDSCAQCFNetwork ConstraintIndex

Device Control Variable to Network Control Variable Mapping List:
pQDSCAQCFNetwork Controllndex

Create:
pQDSCAQCFNetwork Ffequu

Process:
pDev=(Device*)vimportedDevices[iDevice]

Elements in Ffequu of the

: El in Fft f th k
iDevice™ device ements in Ffequu of the Networ

constraint equation number: pQDSCAQCFNetwork Ffequu[iFfequu].scubix k =
Kdev pDev-> pQDSCAQCFNetwork Constraintindex[kg,];

pQDSCAQCFNetwork Ffequu[iFfequu].scubix i=

control number: /e, pDev-> pQDSCAQCFNetwork Controllndex[ig,]

pQDSCAQCFNetwork Ffequu[iFfequu].scubix j =

control number: /e, pDev-> pQDSCAQCFNetwork Controllndex[j ]

pQDSCAQCFNetwork Ffequu[iFfequu].scubix v-v,;
Coefficient: vy,
iFfequu++;

(17) Formulate network Ffequx

Given:

m_vcQDSCAQCFModel Ffequx from iDevice™ device

Device Constraint Equation to Network Constraint Equation Mapping List:
pQDSCAQCFNetwork ConstraintIndex

Device Control Variable to Network Control Variable Mapping List:
pQDSCAQCFNetwork Controllndex




Device State Variable to Network State Variable Mapping List:

pQDSCAQCFNetwork StateIndex

Create:
pQDSCAQCFNetwork Ffequx

Process:

pDev=(Device*)vimportedDevices[iDevice]

Elements in Ffequx of the
iDevice™ device

Elements in Ffequx of the Network

constraint equation number: pQDSCAQCFNetwork Ffequx[iFfequx].scubix k =
Kiev pDev-> pQDSCAQCFNetwork ConstraintIndex[ky.,];

control number: iy,

pQDSCAQCFNetwork Ffequx[iFfequx].scubix 1=
pDev-> pQDSCAQCFNetwork Controllndex|[7,e,]

state number: jz,

pQDSCAQCFNetwork Ffequx[iFfequx].scubix j =
pDev-> pQDSCAQCFNetwork StateIndex|[}z,]

Coefficient: vy,

pQDSCAQCFNetwork Ffequx[iFfequx].scubix v-vy,;

iFfequx++;

(18) Formulate network Cfeq

Given:

m_vIQDSCAQCFModel Cfeq from iDevicer device
Device Constraint Equation to Network Constraint Equation Mapping List:

pQDSCAQCFNetwork ConstraintIndex

Create:
pQDSCAQCFNetwork Cfeq

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Cfeq of the iDevice™ device

Elements in Cfeq of the Network

constraint equation number: iy,

inet = pDev->
pQDSCAQCFNetwork ConstraintIndex|[ iz, ]

coefficient: v,.,—pDev-
>m_vIQDSCAQCFModel Cfeq[iz.,]

pQDSCAQCFNetwork Cfeq[ie] = Viers
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The general expression of the network SCAQCF model is:

I(?)
0 M M v
0 rF! T [ i T/ i
I(tm) = )]net,eqxx + }/net,e’quu +<X <F;let,eqx > Xr+qu <E161,equ > ur+<u <F;’let,equx > X,— Bnet,eq
0 M M M
0
B”Et’e‘f - _N"Et’eqxx(t - h) - Nnet,equu(t - h) - Mnet,eql(t - h) - Knet,eq
M M M
h(xj u) N Y:m’feqxx * Ynet’feq"u + XT <F;1i""’ﬁ"qJC > X+ uT <F:7i€t,.féqu > urt uT <F;Iiet,feqztx > Xe+ Cnet,feq

M M M

Connectivity: TerminalNodeName

subject to: h . <h(x,u)<h_

u.  <usu .

Normalization Factor: StateNormFactor, ThroughNormFactor, ControlNormFactor
Note: All the above variables are in metric system.

where
I(¢) and 1(¢,) : the through variables of the network model;

x: external and internal state variables of the network model, x =[x(?),x(z,)];

u: control variables of the network model, u =[u(?),u(z)];

Y, . - Matrix defining the linear part for state variables;

F,, . - Matrices defining the quadratic part for state variables;

Y, o : Matrix defining the linear part for control variables;

F, ., . - Matrices defining the quadratic part for control variables;

F, .\ equs - Matrices defining the quadratic part for the product of state and control variables;
B,,.,: history dependent vector of the network model;

N s cqr - Matrix defining the last integration step state variables part;

N s e - Matrix defining the last integration step control variables part;

M, matrix defining the last integration step through variables part;



K, ., constant vector of the network model;

net e
TerminalNodeName : terminal names defining the connectivity of the network model;
StateNormFactor: Normalization Factors for the states;
ThroughNormFactor: Normalization Factors for the through and zero variables;
ControlNormFactor: Normalization Factors for the controls;
h_, <h(x,u)<h_, : operating constraints,

u_. ,u__:lower and upper bounds for the control variables;

max *

Y

net, fegx

F : constraint matrices defining the quadratic part for state variables;

net, feqx ©

Y : constraint matrix defining the linear part for control variables;

net, fequ

F

net, fequ

F : constraint matrices defining the quadratic part for the product of state and control

net, fequx *
variables;
C : constraint history dependent vector of the network model.

net, feq

: constraint matrix defining the linear part for state variables;

: constraint matrices defining the quadratic part for control variables;
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Appendix C: Construction of Network SCAQCF
Measurement Model

This appendix describes the procedure to form the network SCAQCF measurement model. The
task is achieved by the following two subtasks: (1) Use the mapping lists (states, equations,
controls) formed in Appendix B to create the network SCAQCF measurement model from
device-level SCAQCF measurement models; (2) Add the network KCL equations as additional
virtual measurements to the network measurement model. The detailed procedure is illustrated
below.

Step 1: Use mapping lists to form the network SCAQCF measurement model from device-level
SCAQCF measurement model.

(1) Create network measurement model Ym,x

Given:

m_vIQDSCAQCFMeasLinTermX associated with iDeviceh device
Device State Variable to Network State Variable Mapping List:
pQDSCAQCFNetwork StateIndex

Create:
pNetMeasModel-> m_vIQDSCAQCFMeasLinTermX

Process:
pDev=(Device*)vimportedDevices[iDevice];

Elements in Ym,x of the iDevice™ device Elements in Ym,x of the network measurement
measurement model model
pNetMeasModel-
state number: iz, = pDevMeasModel- >m_vIQDSCAQCFMeasLinTermX.slinear i=
>m_vIQDSCAQCFMeasLinTermX.slinear i; pDev->
pQDSCAQCFNetwork StateIndex[iz.];
. pNetMeasModel-
Coefficient: v, = pDevMeasModel- ) )
> -
>m_vIQDSCAQCFMeasLinTermX.slinear v; m_VlQDSCAQCFMjas.LmTermX.sllnear_v
devs
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(2) Create network measurement model Ym,u

Given:

m_vIQDSCAQCFMeasLinTermU associated with iDeviceh device
Device Control Variable to Network Control Variable Mapping List:

pQDSCAQCFNetwork Controllndex

Create:

pNetMeasModel-> m_vIQDSCAQCFMeasLinTermU

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Ym,u of the iDevice™ device

Elements in Ym,u of the network measurement

measurement model model
pNetMeasModel-
Control number: i ., = pDevMeasModel- >m_vIQDSCAQCFMeasLinTermU.slinear i=
>m_vIQDSCAQCFMeasLinTermU.slinear i; pDev->
pQDSCAQCFNetwork Controllndex[iz.,];
. _ pNetMeasModel-
Coefficient: v, = pDevMeasModel- ) )
> -
>m_vIQDSCAQCFMeasLinTermU.slinear v; m_VlQDSCAQCFMfasFlnTermU.shnear_v
devs

(3) Create network measurement model Fm,x

Given:

m_vqQDSCAQCFMeasNonlinTermX associated with iDevice™ device
Device State Variable to Network State Variable Mapping List:

pQDSCAQCFNetwork StateIndex

Create:

pNetMeasModel-> m_vqQDSCAQCFMeasNonlinTermX

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Fm,x of the iDevice™ device
measurement model

Elements in Fm,x of the network measurement
model

State number: iz, = pDevMeasModel-

pNetMeasModel-
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>m_vqQDSCAQCFMeasNonlinTermX.squad
i

>m_vqQDSCAQCFMeasNonlinTermX.squad
_i=pDev-
>pQDSCAQCFNetwork StateIndex[i,,]

State number: j 4, = pDevMeasModel-
>m_vqQDSCAQCFMeasNonlinTermX.squad

Js

pNetMeasModel-
>m_vqQDSCAQCFMeasNonlinTermX.squad
_j=pDev-
>pQDSCAQCFNetwork StateIndex|[; ]

Coefficient: v, = pDevMeasModel-
>m_vqQDSCAQCFMeasNonlinTermX.squad
v

pNetMeasModel-
>m_vqQDSCAQCFMeasNonlinTermX.squad
_V = Vdey

(4) Create network measurement model Fm,u

Given:

m_vqQDSCAQCFMeasNonlinTermU associated with iDevice®™ device
Device Control Variable to Network Control Variable Mapping List:

pQDSCAQCFNetwork Controllndex

Create:

pNetMeasModel-> m vqQDSCAQCFMeasNonlinTermU

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Fm,u of the iDevice™ device

Elements in Fm,u of the network measurement

measurement model model
) pNetMeasModel-
Control number: i 4, = pDevMeasModel- .
>
>m_vqQDSCAQCFMeasNonlinTermU.squad m_quDSCAQCfi/I;Esi\\I](_)nhnTermU.squad
! >pQDSCAQCFN_etwork_ControlIndex[idev]
. pNetMeasModel-
Control number: j;, = pDevMeasModel- .
> linT .
>m_vqQDSCAQCFMeasNonlinTermU.squad m_quDSCAQSFi/I;?)si\\IIc_)n inTermU.squad
- >pQDSCAQCFNetwork Controllndex|[; ]
Coefficient: v, = pPDevMeasModel- pNetMeasModel-
>m_vqQDSCAQCFMeasNonlinTermU.squad | >m_vqQDSCAQCFMeasNonlinTermU.squad
\% V= VY4ey
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(5) Create network measurement model Fm,ux

Given:

m_vqQDSCAQCFMeasNonlinTermUX associated with iDevice!™ device
Device Control Variable to Network Control Variable Mapping List:

pQDSCAQCFNetwork Controllndex

Device State Variable to Network State Variable Mapping List:

pQDSCAQCFNetwork StateIndex

Create:

pNetMeasModel-> m_vqQDSCAQCFMeasNonlinTermUX

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Fm,ux of the iDevice® device
measurement model

Elements in Fm,ux of the network
measurement model

Control number: i, = pDevMeasModel-
>m_vqQDSCAQCFMeasNonlinTermUX.squa
di

pNetMeasModel-
>m_vqQDSCAQCFMeasNonlinTermUX.squa
d i=pDev-
>pQDSCAQCFNetwork Controllndex|iz,];

State number: j,., = pDevMeasModel-
>m_vqQDSCAQCFMeasNonlinTermUX.squa

dj

pNetMeasModel-
>m_vqQDSCAQCFMeasNonlinTermUX.squa
d j=pDev-
>pQDSCAQCFNetwork StateIndex|[}z.,];

Coefficient: v, = pDevMeasModel-
>m_vqQDSCAQCFMeasNonlinTermUX.squa
dv

pNetMeasModel-
>m_vqQDSCAQCFMeasNonlinTermUX.squa
d_V = Vdevs

(6) Create Network Measurement Model Nm,x

Given:

m_vIQDSCAQCFMeasPastTermX associated with iDevice™ device
Device State Variable to Network State Variable Mapping List:

pQDSCAQCFNetwork StateIndex
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Create:

pNetMeasModel-> m_vIQDSCAQCFMeasPastTermX

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Nm,x of the iDevice™ device
measurement model

Elements in Nm,x of the network measurement
model

State number: i ., = pDevMeasModel-
>m_vIQDSCAQCFMeasPastTermX.slinear i

pNetMeasModel-
>m_vIQDSCAQCFMeasPastTermX.slinear 1=
pDev-> pQDSCAQCFNetwork StateIndex|[iye,]

Coefficient: v, = pDevMeasModel-
>m_vIQDSCAQCFMeasPastTermX.slinear v

pNetMeasModel-
>m_vIQDSCAQCFMeasPastTermX.slinear v =

Vdev

(7) Create Network Measurement Model Nm.u

Given:

m_vIQDSCAQCFMeasPastTermU associated with iDevice™™ device
Device Control Variable to Network Control Variable Mapping List:

pQDSCAQCFNetwork Controllndex

Create:

pNetMeasModel-> m_vIQDSCAQCFMeasPastTermU

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Nm,u of the iDevice™™ device

Elements in Nm,u of the network measurement

measurement model model
pNetMeasModel-
Control number: i ., = pDevMeasModel- >m_vIQDSCAQCFMeasPastTermU.slinear 1=
>m_vIQDSCAQCFMeasPastTermU.slinear i1 pDev->
pQDSCAQCFNetwork Controllndex|[igz,]
. _ pNetMeasModel-
Coefficient: v, = pDevMeasModel- )
> =
>m_vIQDSCAQCFMeasPastTermU.slinear v m_VIQDSCAQCFMiasPastTermU.sllnear_v
dev
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(8) Create Network Measurement Model Mm

Given:

m_vIQDSCAQCFMeasPastTerml associated with iDevice™™ device
Device Equation to Network Equation Mapping List: pPQDSCAQCFNetwork Equlndex

Create:
pNetMeasModel-> m_vIQDSCAQCFMe

Process:

asPastTerml

pDev=(Device*)vimportedDevices[iDevice];

Elements in Mm of the iDevice® device
measurement model

Elements in Mm of the network measurement
model

Equation number: iz, = pDevMeasModel-
>m_vIQDSCAQCFMeasPastTerml.slinear i

pNetMeasModel-
>m_vIQDSCAQCFMeasPastTerml.slinear i =
pDev-> pQDSCAQCFNetwork Equlndex([iz., ]

Coefficient: vz, = pDevMeasModel-
>m_vIQDSCAQCFMeasPastTerml.slinear v

pNetMeasModel-
>m_vIQDSCAQCFMeasPastTerml.slinear v =

Vdey

(9) Create Network Measurement Model Km

Given:

m_vdQDSCAQCFMeasConstantK associated with iDevice™ device

Create:

pNetMeasModel-> m vdQDSCAQCFMeasConstantK

Process:

pDev=(Device*)vimportedDevices[iDevice];

Elements in Km of the iDevicet" device Elements in Km of the network measurement
measurement model model
. pNetMeasModel-
Coefficient: v, = pDevMeasModel- .
>
>m_vdQDSCAQCFMeasConstantK .slinear v m_VdQDSCAQCFIE/IsasCOHS‘[antK.shnear_v
— Vdey
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(10) vNetworkMeasModel.push_back(pNetMeasModel);

Step 2: Add the network KCL equations as additional virtual measurements to the network

measurement model.

(1) Determine the network KCL equations and their equation numbers in the whole

network model.

The network SCAQCF model can be categorized into three equation sets. The first equation set
is the terminal through variable equation set. The second equation set contains the network
internal KCL equations. The third equation set consists of all the device internal equations.
Therefore, it’s simple to locate the network KCL equations in the network model.

(2) Add these network KCL internal equations into the network measurement model.
For the kth equation (network KCL equation) in the network model:

(a) Add Yeqx to the network measurement model;

Create:

pNetMeasModel-> m_vIQDSCAQCFMeasLinTermX

Process:

Elements in Yeqx of the network
model

Elements in Ym,x of the network measurement
model

state number: i

pNetMeasModel-
>m_vIQDSCAQCFMeasLinTermX.slinear i=1i;

Coefficient: v =
pQDSCAQCFNetwork Yeqx[£][7];

pNetMeasModel-
>m_vIQDSCAQCFMeasLinTermX.slinear v =v;

(b) Add Yequ to the network measurement model;

Create:

pNetMeasModel-> m_vIQDSCAQCFMeasLinTermU

Process:

Elements in Yequ of the network
model

Elements in Ym,u of the network measurement
model
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control number: i

pNetMeasModel-
>m_vIQDSCAQCFMeasLinTermU.slinear i=i;

Coefficient: v =
pQDSCAQCFNetwork Yequ[k][];

pNetMeasModel-
>m_vIQDSCAQCFMeasLinTermU.slinear v = v;

(¢) Add Feqxx to the network measurement model;

Create:

pNetMeasModel-> m_vqQDSCAQCFMeasNonLinTermX

Process:

Elements in Feqxx of the network
model

Elements in Fm,x of the network measurement
model

state number: i

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermX.squad 1=
I

state number: j

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermX.squad_j =

J>

Coefficient: v

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermX.squad v =
v;

(d) Add Fequu to the network measurement model;

Create:

pNetMeasModel-> m_vqQDSCAQCFMeasNonLinTermU

Process:

Elements in Fequu of the network
model

Elements in Fm,u of the network measurement
model

control number: i

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermU.squad i=

L

control number: j

pNetMeasModel-
>m_ vqQDSCAQCFMeasNonLinTermU.squad j =

Js
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Coefficient: v

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermU.squad v =

v,

(e) Add Fequx to the network measurement model;

Create:

pNetMeasModel-> m_vqQDSCAQCFMeasNonLinTermUX

Process:

Elements in Fequx of the network
model

Elements in Fm,ux of the network measurement
model

state number: i

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermUX.squad_i

control number: j

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermUX.squad _j

=Js

Coefficient: v

pNetMeasModel-
>m_vqQDSCAQCFMeasNonLinTermUX.squad v

(f) Add Neqx to the network measurement model;

Create:

pNetMeasModel-> m_vIQDSCAQCFMeasPastTermX

Process:

Elements in Negx of the network
model

Elements in Nm,x of the network measurement
model

state number: i

pNetMeasModel-
>m_vIQDSCAQCFMeasPastTermX.slinear 1= i;

Coefficient: v =
pQDSCAQCFNetwork Neqgx[k][];

pNetMeasModel-
>m_vIQDSCAQCFMeasPastTermX.slinear v =v;

(g) Add Nequ to the network measurement model;

Create:

pNetMeasModel-> m_vIQDSCAQCFMeasPastTermU




Process:

Elements in Nequ of the network Elements in Nm,u of the network measurement
model model
pNetMeasModel-

control number: i >m_vIQDSCAQCFMeasPastTermU.slinear 1= i;

Coefficient: v = pNetMeasModel-
pQDSCAQCFNetwork Nequ[£][i]; | >m_vIQDSCAQCFMeasPastTermU.slinear v =v;

(h) Add Meq to the network measurement model;
Create:
pNetMeasModel-> m_vIQDSCAQCFMeasPastTerml

Process:
Elements in Meq of the network Elements in Mm of the network measurement
model model
pNetMeasModel-

through variable number: / >m_vIQDSCAQCFMeasPastTerml.slinear i=i;

Coefficient: v = pNetMeasModel-
pQDSCAQCFNetwork Meq[k][i]; | >m_vIQDSCAQCFMeasPastTerml.slinear v = v;

(i) Add Keq to the measurement model;
Create:
pNetMeasModel-> m_vdQDSCAQCFMeasConstantK

Process:
Elements in Keq of the network Elements in Nm,x of the network measurement
model model
Coefficient: v = pNetMeasModel-
pQDSCAQCFNetwork Keqx[4]; >m_vdQDSCAQCFMeasConstantK = v;

The final expression for the network SCAQCF measurement model is:
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M M M
u@) X' F xt4+<u'F o our+{u'F xe+C 4+

netm,x netm,u netm,ux netm

M M M
=Ny XE—0)+ N, a(t-h)+M,, i(t—h)+K

netm ,u netm

7z = )]netm,xx(t) + Ynetm,u

C

netm netm

Measurement noise error: dMeterScale, dMeterSigmaPU
Note: All the above variables are in metric system.
where:
Z : measurement variables at both time 7 and time #,,, Z =[z(¢), z(¢,)];
x: external and internal state variables of the measurement model, x =[x(?),x(Z,,)] ;
: control variables of the measurement model, i.e. transformer tap, etc. u =[u(?),u(z,)];
- matrix defining the linear part for state variables of the network measurement model,

F,, .:matrices defining the quadratic part for state variables of the network measurement model;

netm,

Y, - Matrix defining the linear part for control variables of the network measurement model;
F,.... matrices defining the quadratic part for control variables of the network measurement
model;

F : matrices defining the quadratic part for the product of state and control variables of the

netm,xu

network measurement model;

C,,.,: history dependent vector of the network measurement model;

N, - matrix defining the last integration step state variables part of the network measurement
model;

N, . matrix defining the last integration step control variables part of the network

measurement model;
M . matrix defining the last integration step through variables part of the network

netm *
measurement model;
K constant vector of the network measurement model;

netm *

dMeterScale : the scale that meters use (in metric units);
dMeterSigmaPU : the standard deviation for the measurements (in per. unit).
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Appendix D: Device Operating Constraints

This appendix lists some typical devices in the distribution system and illustrates the operating
constraints of these devices. As described in Section 3.2, the device operating constraints are

stored in h_. <h(x,u)<h

(introduced in Section 4.3) works directly on these device-level operating constraints.

and the formation algorithm of network operating constraints

max *

Operating Constraints of Distribution Lines and Single-Phase Circuits

The operating constraint of a distribution line or a single-phase circuit is that the current phasor
magnitude shall be less than the ampacity of the line conductor at each phase. The general
expression for the operating constraint using variables in Figure D.1 is:

0<|#o|< 1,y » and (D.1)
0 = fggcn < [ampacity > (D2)

where fo denotes the current

% . denotes the current phasors at one terminal of the line, o

abcen

phasors at the other terminal of the line, and 7

ampacity

is the ampacity of the line conductor.

The quadratic form of the operating constraint is:

0< 1’ L imae <L
ABCN ,real ABCN ,imag ampacity 2k 2k 2k+1y2k+1 2
{ < =0< E YY" xx. + E E YUYyt txx. <1 (D.3)
i J

2 2 eqx,i”eqx,j i j eqx,i ~eqx,j ViV ampacity
< — -~
0 - Iabcn,real + [abcn,z'mag — T ampacity o

and [ABCN,imag

and J

abcn imag

where [

UBCN real are the real and imaginary part of the current phasors at one

terminal of the line, 7

abcen,real

are the real and imaginary part of the current phasors at

the other terminal of the line, the superscript k represents the terminal k of the SCAQCF device
model, ¥

eqx,i

represents the i-th element of the 2k-th row of the matrix ¥, , Y* . represents the j-

eqx > T eqx,j

th element of the 2k-th row of the matrix ¥, , Y>**' represents the i-th element of the (2k+1)-th

eqx ? eqx,i

row of the matrix ¥ _, Y’**! represents the j-th element of the (2k+1)-th row of the matrix Y.

eqx > “eqx,j

x; is the i-th state of the device, and x; is the j-th state of the device.

P

o)
B111

ABCN abcn

|
B200

Figure D.1: Distribution Line
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Operating Constraints of Residential Loads

The operating constraint of a residential load is that the voltage magnitude shall be larger than
0.95 p.u. but less than 1.05 p.u. The load model is shown in Figure D.2. The general expression
of the operating constraint is:

0.957,,, <[] <1.07,

rated — rated

(D.4)
0'95Vrated = ‘I?{%‘ = I'OSI/mted
where
‘ﬂ{cl" = I/Lzl,real + I/Lzl,imaé
(D.5)
2 2
‘IQ{%‘ = \/VLZ,/’eal + VLZ,[mag
The quadratic form of the operating constraint is:
0'95er§ted < VLzl,real + VLzl,imag < I'OSV;ited (D 6)
0'951/)‘ited S VLZZ,}'eal + I/1422,1'mag S I'OSI/r(zzted
where 1% and 1% are the voltage phasors at L1 and L2, Viirew @0d V. are the real and

imaginary parts of V{‘f s Visyew @nd V,,, . are the real and imaginary parts of I?{g ,and V. is
the rated voltage of the load.
L1 NN L2
R - R -
Y Yy

Figure D.2: Balanced Load at the Secondary Bus (Residential Load)

Operating Constraint of a Transformer with Secondary Center Tap

The operating constraint of a transformer with the secondary center tap is that the magnitude of
the current phasor through the primary side shall be less than the rated current value. The general
expression for the operating constraint using variables in Figure D.3 is:

o<|Pa<1

rated >

(D.7)
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where fé‘ is the current phasor through the primary side of the transformer, 7, is the rated

current at the primary side of the transformer.
The quadratic form of the operating constraint is:

+1?

2 2 0 0 1 1 2
O < I 0,imag < Irated = 0 < z Z qux,iqux,jxixj + z z qux,iqux,jxixj < Irated 2 (D'8)
i i

0,real

where [, and 1,, . are the real and imaginary parts of phasor fé‘, Y? . represents the i-th

qx,i

element of the first row of the matrix Y, , Yegx ; represents the j-th element of the first row of the

matrix ¥, , Y. . represents the i-th element of the second row of the matrix Y. Y ! represents

eqx > Teqx,i eqx > Teqx,j
the j-th element of the second row of the matrix Y, , x; is the i-th state of the device, and x; is
the j-th state of the device.

| Y, E
I ey - EJF — <o

S8
N

&
==

4

Y, B = <o
g_ :I—<—OIJ351

Figure D.3: Transformer with Secondary Center Tap

Operating Constraint of the Battery

The operating constraints of the battery are: (1) the DC current shall be less than the ampacity of
the battery; (2) the state of charge (SOC) of the battery shall be in a proper range. The general
expression is:

-1

DC ,max

<Il,, <I and (D.9)

DC,max ?

0.1S0C,. < SOC <1.0S0C

max 2

(D.10)

where 1, is the current output of the battery, 7, is the maximum output current, SOC,_,, is

the maximum charge the battery can hold, and the unit of SOC,_ is kilo-Coulombs.

X

Since the operating constraint of the battery is linear, the quadratic expression of the operating
constraint is the same as the operating constraint listed above.
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* g, -jb, B

AD IJ}AD

Figure D.4: Battery

Operating Constraint of the Converter

The operating constraints of the converter are: (1) both the DC and AC currents shall be less than
the corresponding rated current value; (2) the modulation index of the converter shall be in a
proper range; (3) the output real and imaginary power shall be less than the rated power.

The general expression of these constraints is:

0<1p <1pc raseas (D.11)
0<.|< L (D.12)
0<m<1.0, (D.13)
0.0<P+Q.<S’ ., (D.14)
00<PL+0. <52 ... (D.15)

is the rated DC current value of the
1s the rated AC

where I, is the DC current of the converter, 7, ...,

converter, f{gc denotes the current phasors at AC side of the converter, 7,. ..

current value of the converter, m is the modulation index of the SPWM converter, P and Q.

are the output real and reactive power, P, and O, are the desired output active and reactive

power of the converter, and S, is the rated power of the converter.

rate

The quadratic form of the operating constraint is:

O < IADr < [DC,max s (D'16)
2 2 2 2k 2k 2k+1y2k+1 2
O < Ireal + Iimag < Iraled = 0 = z z }qux,iqux,jxixj + ZZ }qux,i qux,j xi'xj = Irated 2 (D17)
i J i J
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0<m<1.0, (D.18)

0.0<P>+Q> <S> ., (D.19)
0.0<PL+0. <S.,, (D.20)
where the superscript k represents the terminal k of the SCAQCF device model, Yezfl represents

the i-th element of the 2k-th row of the matrix Y, , Yj]f ; represents the j-th element of the 2k-th

row of the matrix ¥_, Y **' represents the i-th element of the 2k+1-th row of the matrix Y.

eqx > Teqx,i

Yeflff]l represents the j-th element of the 2k+1-th row of the matrix Y, ,x; is the i-th state of the

device, and x; is the j-th state of the device.

ﬂ}ADolb—'\/CV
.
CF  KF I
o — E, MM e—o }
E4—M™M o« o
E
< 4E I 4
B
B o—AW

Figure D.5: Converter
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Appendix E: Construction of Equality Constraints in
Quadratized OPF Problem

This appendix introduces the procedure to form the equality constraints in the quadratized OPF
problem from the network SCAQCF model. The equality constraints are defined in section 5.1,
and the network SCAQCF model is defined in section 4.3. The problem is stated as follows.
Given the network SCAQCF model, we compute the equality constraints. The end result is
stored in the following arrays.

double** pEquConstraint_Yeqx;
Dimension: nQDSCAQCFNetwork Equ by nQDSCAQCFNetwork State;
Coefficients of the linear state variables for the equality constraints.
It stores the entry’s row number, column number and entry value.

double** pEquConstraint_Yequ;
Dimension: pQDSCAQCFNetwork Equ by nQDSCAQCFNetwork Control;
Coefficients of the linear control variables for the equality constraints.
It stores the entry’s row number, column number and entry value.

SP_CUBIX* pEquConstraint Feqxx;

Dimension: SP. CUBIX[nQDSCAQCFNetwork Feqxx]

Coefficients of the quadratic state variables for the equality constraints.

It stores the entry’s row number, column number, entry value and its position in the
quadratic term.

SP_CUBIX* pEquConstraint_Fequu;

Dimension: SP_ CUBIX[nQDSCAQCFNetwork Fequu];

Coefficients of the quadratic control variables for the equality constraints.

It stores the entry’s row number, column number, entry value and its position in the
quadratic term.

SP_CUBIX* pEquConstraint_Fequx;
Dimension: SP. CUBIX[nQDSCAQCFNetwork Fequx]
Coefficients of the production of state and control variables for the equality constraints.
It stores the entry’s row number, column number, entry value and its position in the
quadratic term.

double** pEquConstraint_Neqx;

Dimension: nQDSCAQCFNetwork Equ by nQDSCAQCFNetwork StateOver2;
Coefficients of the past state variables for the equality constraints.
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It stores the entry’s row number, column number and entry value.

double** pEquConstraint_Nequ;
Dimension: nQDSCAQCFNetwork Equ by nQDSCAQCFNetwork ControlOver2;
Coefficients of the past control variables for the equality constraints.
It stores the entry’s row number, column number and entry value.

double** pEquConstraint_Meq;
Dimension: nQDSCAQCFNetwork Equ by nQDSCAQCFNetwork Node * 2;
Coefficients of the past through variables for the equality constraints.
It stores the entry’s row number, column number and entry value.

double* pEquConstraint_Keq;
Dimension: nQDSCAQCFNetwork Equ by 1;
Constant vectors for the equality constraints.
It stores the entry’s row number and entry value.

CString* pEquConstraint_NodeName;
Dimension: nQDSCAQCFNetwork Node by 1;
It stores the network node names.

double* pEquConstraint_StateNormFactor;
Dimension: nQDSCAQCFNetwork State by 1;
Normalization factors of the states.
It stores the entry’s row number and entry value.

double* pEquConstraint_ThroughNormFactor;
Dimension: nQDSCAQCFNetwork Equ by 1;
Normalization factors of the through variables.
It stores the entry’s row number and entry value.

double* pEquConstraint ControlNormFactor;
Dimension: nQDSCAQCFNetwork Control by 1;
Normalization factors of the control variables.
It stores the entry’s row number and entry value.

The array formation procedure for this subsection is simple. As a matter of fact, the arrays
defined in this subsection are copied from the corresponding arrays of the network.
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Equality Constraints Arrays Formation

116

(1) pEquConstraint Yeqx is copied from pQDSCAQCFNetwork_Yeqx (7Y, ) of the network

model;
(2) pEquConstraint_Yequ is copied from pQDSCAQCFNetwork Yequ (Y, ) of the network

equ

model;
(3) pEquConstraint Fegxx is copied from pQDSCAQCFNetwork_Feqgxx (F, ) of the

network model;
(4) pEquConstraint_Fequu is copied from pQDSCAQCFNetwork Fequu ( F

equu

) of the

network model;
(5) pEquConstraint Fequx is copied from pQDSCAQCFNetwork_Fequx (F, ) of the

network model;
(6) pEquConstraint Negx is copied from pQDSCAQCFNetwork Neqgx (N, ) of the network

model;
(7) pEquConstraint Nequ is copied from pQDSCAQCFNetwork_Nequ (N, ) of the network

model;
(8) pEquConstraint Meq is copied from pQDSCAQCFNetwork_Meq (M, ) of the network

model;
(9) pEquConstraint Keq is copied from pQDSCAQCFNetwork _Keq (K, ) of the network

model;
(10) pEquConstraint NodeName is copied from pQDSCAQCFNetowork NodeName of the
network model;
(11) pEquConstraint_StateNormFactor is copied from
pQDSCAQCFNetwork StateNormFactor of the network model;
(12) pEquConstraint_ThroughNormFactor is copied from
pQDSCAQCFNetwork ThroughNormFactor of the network model;
(13) pEquConstraint_ControlNormFactor is copied from
pQDSCAQCFNetwork ControlNormFactor of the network model.




Appendix F: Construction of Inequality Constraints in
Quadratized OPF Problem

This appendix introduces the procedure to form the inequality constraints in the quadratized OPF
problem from the network SCAQCF model. The inequality constraints are defined in section 5.2,
and the network SCAQCF model is defined in section 4.3. The problem is stated as follows.
Given the network SCAQCF model, we compute the inequality constraints. The end result is
stored in the following arrays.

double** pInEquConstraint_Yeqx;
Dimension: nQDSCAQCFNetwork Constraint * 2 by nQDSCAQCFNetwork State;
Coefficients of the linear state variables for the inequality constraints.
It stores the entry’s row number, column number and entry value.

double** pInEquConstraint_Yequ;
Dimension: nQDSCAQCFNetwork Constraint * 2 by nQDSCAQCFNetwork Control;
Coefficients of the linear control variables for the inequality constraints.
It stores the entry’s row number, column number and entry value.

SP_CUBIX* pInEquConstraint Feqxx;

Dimension: SP_ CUBIX[nQDSCAQCFNetwork Ffeqxx * 2];

Coefficients of the quadratic state variables for the inequality constraints.

It stores the entry’s row number, column number, entry value and its position in the
quadratic term.

SP_CUBIX* pInEquConstraint_Fequu;

Dimension: SP_ CUBIX[nQDSCAQCFNetwork Ffequu * 2]

Coefficients of the quadratic control variables for the inequality constraints.

It stores the entry’s row number, column number, entry value and its position in the
quadratic term.

SP_CUBIX* pInEquConstraint_Fequx;
Dimension: SP. CUBIX[nQDSCAQCFNetwork Ffequx * 2]
Coefficients of the production of state and control variables for the inequality constraints.
It stores the entry’s row number, column number, entry value and its position in the
quadratic term.

double* pInEquConstraint_Ceqc;

Dimension: nQDSCAQCFNetwork Constraint * 2 by 1;
History dependent vectors for the inequality constraints.
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It stores the entry’s row number and entry value.

The arrays are formed as follows.

(1) Formulate pInEquConstraint_Yegx;

Elements in Yfeqx in the network
model

Elements in pInEquConstraint Yeqx

constraint equation number: i,,,

state number: j .,

coefficient: v,,=
pQDSCAQCFNetwork Yfeqx[i,e

] [inet]

pInEquConstraint Yeqx|[i,e[Jne] = ~Vaevs
pInEquConstraint_Yeqx[i,.,nQDSCAQCFNetwork Const

raint] Unet] = Vdevs

(2) Formulate pInEquConstraint_Yequ;

Elements in Yfequ in the network
model

Elements in pInEquConstraint_Yequ

constraint equation number: i,,,

control number: j,,.,

coefficient: v,.~
pQDSCAQCFNetwork Yfequ[i,.,

] [inet]

pInEquConstraint Yequ[i,e/][Jued= -Vaevs
pInEquConstraint_Yequ[i,.,#nQDSCAQCFNetwork Const
raint] [inet] = Vdev,

(3) Formulate pInEquConstraint_Fegxx;

Elements in Ffeqxx in the
network model

Elements in pInEquConstraint Feqxx

knet

constraint equation number:

pInEquConstraint Feqxx[iFeqxx].scubix_k = k,.;

pInEquConstraint Feqxx[iFeqxx +
nQDSCAQCFNetwork Ffeqxx].scubix k = k., +
nQDSCAQCFNetwork Constraint;

state number: i,

pInEquConstraint Feqxx[iFeqxx].scubix 1= i,.;
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(4) Formulate pInEquConstraint_Fequu;

119

pInEquConstraint Feqxx[iFeqxx +
nQDSCAQCFNetwork Ffeqxx].scubix 1= i,.;

pInEquConstraint Feqxx[iFeqxx].scubiX j = j,.s

state number: j,,.,

pInEquConstraint Feqxx[iFeqxx +
nQDSCAQCFNetwork Ffeqxx].scubixX j = j,es

pInEquConstraint Feqxx[iFeqxx].scubix v =-v,;

Coefficient: v,

pInEquConstraint Feqxx[iFeqxx +
nQDSCAQCFNetwork Ffeqxx].scubix v =v,.;

iFeqxx++;

Elements in Ffequu in the
network model

Elements in pInEquConstraint Fequu

constraint equation number: £,

pInEquConstraint Fequu[iFequu].scubix_k = k,.;

pInEquConstraint Fequu[iFequu +
nQDSCAQCFNetwork Ffequu].scubix k = k., +
nQDSCAQCFNetwork Constraint;

control number: i,

pInEquConstraint Fequu[iFequu].scubix 1= i,.;

pInEquConstraint_Fequu[iFequu +
nQDSCAQCFNetwork Ffequu].scubix i =i,.;

control number: j,,.,

pInEquConstraint Fequu[iFequu].scubix j =j,.;

pInEquConstraint Fequu[iFequu +
nQDSCAQCFNetwork Ffequu].scubix j =j,es

Coefficient: v,,,

pInEquConstraint Fequu[iFequu].scubix v =-v,.;

pInEquConstraint_Fequu[iFequu +
nQDSCAQCFNetwork Ffequu].scubix v =v,;

iFequut+;

(5) Formulate pInEquConstraint_Fequx;

Elements in Ffequx in the
network model

Elements in pInEquConstraint Fequx
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pInEquConstraint Fequx[iFequx].scubix k = k,,.;;

constraint equation number: £,

pInEquConstraint Fequx[iFequx +
nQDSCAQCFNetwork Ffequx].scubix k = k., +
nQDSCAQCFNetwork Constraint;

pInEquConstraint_Fequx[iFequx].scubix 1= i,.;

control number: i,,,

pInEquConstraint Fequx[iFequx +
nQDSCAQCFNetwork Ffequx].scubix 1= i,.;

pInEquConstraint Fequx[iFequx].scubiX_j = ..

state number: j,.;

pInEquConstraint Fequx[iFequx +
nQDSCAQCFNetwork Ffequx].scubix_j = s

pInEquConstraint Fequx[iFequx].scubix v = -v,.;

Coefficient: v,

pInEquConstraint Fequx[iFequx +
nQDSCAQCFNetwork Ffequx].scubix v =v,,;

iFequx++;

(6) Formulate pInEquConstraint_Ceqc;

Elements in Cfeqc in the network
model

Elements in pInEquConstraint Ceqc

constraint equation number: k.,

coefficient: v,.=
pQDSCAQCFNetwork Cfeqc[k,e]

hmin,e, =
pQDSCAQCFNetwork hmin[k,,]

hmax,; =
pQDSCAQCFNetwork hmax[k,.]

pInEquConstraint Ceqc[kye] = ~Vyer + hmin,e;;
pInEquConstraint Ceqc[k., +
nQDSCAQCFNetwork Constraint] = v,,;. -
hmaxye:,




Appendix G: Construction of Control Constraints in
Quadratized OPF Problem

This appendix introduces the procedure to form the control constraints in the quadratized OPF
problem from the network SCAQCF model. The control constraints are defined in section 5.3,
and the network SCAQCF model is defined in section 4.3. The problem is stated as follows.
Given the control constraints from the network SCAQCF model, we compute the control
constraints of the OPF problem. The end result is stored in the following arrays.

double** pControlConstraint_umin;
Dimension: nQDSCAQCFNetwork Control by 1;
Minimum values for the control variables.

double** pControlConstraint_umax;
Dimension: nQDSCAQCFNetwork Control by 1;
Maximum values for the control variables.

The array formation procedure is simple. As a matter of fact, the defined arrays are copied from
the corresponding arrays of the network.

Control Constraints Arrays Formation

(1) pControlConstraint_umin is copied from pQDSCAQCFNetwork umin (#,_. ) of the

network model;
(2) pControlConstraint_umax is copied from pQDSCAQCFNetwork_umax (u, ) of the

network model;
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Appendix H: Construction of the Objective Function in
Quadratized OPF Problem

This appendix introduces the procedure to form the objective function in the quadratized OPF
problem from the network SCAQCF model. The objective function is defined in section 5.4, and
the network SCAQCF model is defined in section 4.3. The problem is stated as follows. Given
the network node name list and its network index from the network SCAQCF model, we
compute the objective function of the OPF problem. The end result is stored in the following
arrays.

double* pObjFunction_Yeqx;
Dimension: 1 by nQDSCAQCFNetwork State;
Coefficients of the linear state variables in the objective function.
It stores the entry’s column number and entry value.

double* pObjFunction_Yequ;
Dimension: 1 by nQDSCAQCFNetwork Control;
Coefficients of the linear control variables in the objective function.
It stores the entry’s column number and entry value.

double pObjFunction_Ceqc;
Dimension: 1 by 1;
Constant value in the objective function

double** pObjFunction_Feqxx;
Dimension: nQDSCAQCFNetwork State by nQDSCAQCFNetwork State;
Coefficients of the quadratic state variables in the objective function.
It stores the entry’s row number, column number and entry value in the quadratic term.

double** pObjFunction_Fequu;
Dimension: nQDSCAQCFNetwork Control by nQDSCAQCFNetwork Control;
Coefficients of the quadratic control variables in the objective function.
It stores the entry’s row number, column number and entry value in the quadratic term.

double** pObjFunction_Fequx;
Dimension: nQDSCAQCFNetwork State by nQDSCAQCFNetwork Control;

Coefficients of the production of state and control variables in the objective function.
It stores the entry’s row number, column number and entry value in the quadratic term.

The arrays are formed as follows.
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The objective function after expansion is:

V. -V
P , target
minimize: J = Z e Lo
ie{selected nodes/phases } a; V;,target Not
= —1 2 —_2 v + —1
2V2 i,mag 2V i,mag 2
ie{selected nodes/phases } a,’ i target ie{selected nodes/phases } a,’ i target ie{selected nodes/phases } al‘

ice that the objective function only contains coefficients of the linear state variables, coefficients
of the quadratic state variables and the constant value.

1 . . . .
——— is stored in pObjFunction_Feqgxx;
ie{selected nodes/phases } a; i target

-2 . . . .
———— is stored in pObjFunction_Yeqx;

ie{selected nodes/phases } a; i target

LZ is stored in pObjFunction_Ceqc.

ie{selected nodes/phases } a;

(1) Formulate pObjFunction_Yeqgx;

Process:

Go through all the node names (pQDSCAQCFNetwork NodeName) in this network, find
the node names with “ MG”;

Node names with “ MG” in the

network Create pObjFunction_Yeqx

Optimal node number in the network: i,,., =
pQDSCAQCFNetwork OptimalNodeNumber([i];

State Number: j,o; = iner * 2;

node number: i

Coefficient: v="-2/(a;,, *

pQDSCAQCFNetwork StateNormFactor[j,]);

pObjFunction Yeqx[j,e] = v;

(2) Formulate pObjFunction_Yequ;

Process:
In this case, pObjFunction_Yequ = 0;
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(3) Formulate pObjFunction_Ceqc;

Process:
Go through all the node names (pQDSCAQCFNetwork NodeName) in this network, find
the node names with “ MG”;

Node names with “ MG” in the

network Create pObjFunction_Ceqc

Optimal node number in the network: i,,., =
pQDSCAQCFNetwork OptimalNodeNumber[i];

. State Number: j,e; = iner * 2;
node number: i

Coefficient: v=1/ o> :

Jjnet >

pObjFunction Ceqc = pObjFunction_Ceqc + v;

(4) Formulate pObjFunction_Fegxx;

Process:
Go through all the node names (pQDSCAQCFNetwork NodeName) in this network, find
the node names with “ MG”;

Node names with “ MG” in the

network Create pObjFunction Feqxx

Optimal node number in the network: i,,,, =
pQDSCAQCFNetwork OptimalNodeNumber][i];

State Number: j,o; = iner * 2;

node number: i )
Coefficient: v=1/(«;,, *

Jnet

pQDSCAQCFNetwork StateNormFactor([j,.]"2);

pObjFunction Feqxx[je[jne] = V;

(5) Formulate pObjFunction_Fequu;

Process:
In this case, pObjFunction_Fequu = 0;



(6) Formulate pObjFunction_Fequx;

Process:
In this case, pObjFunction_Fequx = 0;
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Appendix I: Linearization of the Quadratized OPF
Problem

This appendix introduces the linearization of the quadratized OPF problem using co-state method.
The general expression of the quadratized OPF problem is described in section 5. Since the
control constraints are linear and the equality constraints are already taken into account when
linearizing the objective function and inequalities, this appendix will illustrate the method to
linearize the objective function and inequality constraints.

I.1: Linearization of the Objective Function

Denote the present operating condition with u=u’ and x=x". Linearization of the objective

function J (X,ll) around the present operating point, yields:

J(x,u)z J( u )+ X )(u u) (L.1)
where

dJ(xo,uO) 8J(x°,u°) GJ(XO,uO)dX
_ 4 ax

= . (I.2)
du ou 15).9 du

Since the objective function is quadratic and all the coefficient matrices have been defined and

, , . o oJ (xo,uo) oJ (xo,uo)
formed in Section 5, the partial derivatives T and v can be computed
u X

directly:
oJ
2—“) Y + 0 Fl b {F,u } {F X" }T, and (1.3)
o
SOy R Je i f R 0

The derivative Z—x is obtained from the equality constraints g(X,ll)= 0. Upon differentiation of
u

the equality constraints, with respect to control variable u, we have

og (xo,uo)+ og (xo,u0 )@ o

L5
ou 15). du (@5)
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The solution of ﬁ is:
du

éf[ag(xo,u())]_ ) (L6)
ou

du ox

Since the equality constraints are also quadratic and all the coefficient matrices have been

g (x°,u’ og (x°,u’

L) and L) are
ox ou

defined and formed in Section 5, the partial derivatives

automatically computed as follows,

ag(" ) v, + o fF Y fE <Y and L7)
Oy o e e L) 05)
dJ(xO,uO)

Back substitution in yields:

du

dJ (XO,HO): oJ (xo,uo)_ oJ (xo,uo)Lﬁg (XO,HO)JI g (XO’“O)_ (1.9)
du Ou ox ox Ou

Note that

oJ (x°,u’ )(@g (Xo,llo) )

p 3 ] is the co-state vector that is independent of the control
X X

variables, and it is pre-computed at the present operating point. The vector is represented by X,

and we have:

X
! 15) ¢ ox

g =Y x°,u°)[ag(x°,u°)J . (L10)

Therefore, the linearization of the objective function around the present operating point is:

0 0 0 0
J(x,u)ZJ(xo,u°)+[aJ Zu’u )—f(J ag(zu,u )J(uuo). (I.11)

Substitute the current operating point (x°, u®) into (I.11), we have the final expression of the
linearized objective function:

J=c'Au+d,, (1.12)
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where Au is the increment of the control variable u,
Au=u-u’, (1.13)
¢ is the linear coefficient vector of Au,

T_dJ xo,uo)_ 6J(x0,u0) . Gg(xo,uo)
B du B ou N ou ’

c (L14)

d, is a constant value,

d,=J(x"u"). (1.15)

1.2: Linearization of the Inequality Constraints

The inequality constraints are linearized in a similar way. Denote the present operating condition
with u=u’ and x =x". Linearization of 4 (xo,uo) around the present operating point, yields:

h(x,u);h(xo,u°)+$’u)(u—uo), (1.16)
u

where

dh(x’.u’") oh(x",u’) oh(x’u’)yx
= + —_—.

(1.17)
du ou ox du

Since the inequality constraints are also quadratic and all the coefficient matrices have been

_ , , o ﬁh(xo,uo) ﬁh(xo,uo)
defined and formed in Section 5, the partial derivatives o and o are
u X

computed directly:
0 0
%u’u) =, + 0 F W E Y+ {FLx Y and (L18)
0 0
%XDU): Yineqx + {XOWTF;‘:,eqx }+ { ,«,igquO }T + {uO’TF;:leqm } (I. 19)

The computation of the derivative ? has been illustrated in Appendix H.1:
u

128



@_[Qg(xo,uo)}l Gg(xo,uo). (120)
du ox ou

dh(xo,uo)

du

dh(XO,uO): oh (x°,u°)_ oh (Xo,uo){ﬁg (x",u")J1 og (XO»“O)_ 1.21)
du ou ox ox Ou

Back substitution in yields:

Note that is the co-state vector that is independent of the control

oh (x°,u’ )[ og (Xo,u0 )jl

Ox Ox

variables, and it is pre-computed at the present operating point. The vector is represented by X, ,

and we have:

BT i

X
" Ox 15) ¢

Therefore, the linearization of the inequality constraints around the present operating point is:

h(x,u);h(xo,u0)+[ah(zu’u )—f(h % (zu’u )](u—uo). (1.23)

Substitute the current operating point (x°, u’) into (I.23), we have the final expression of the
linearized inequality constraint:

aAu+d, <0 (1.24)

where Au is the increment of the control variable u,

Au=u—-u’, (1.25)
a is the linear coefficient matrix of Au,
dh(x’,u’) oh(x°,u’ og (x°,u’
) ) | o)
du ou ou
and d, is the constant value vector,
d, =h(x’,u’). (1.27)

129



et ek ek e ek ek e ek pd ek ek e

130

Distribution

U.S. Department of Energy
Solar Energy Technologies Office
Attn:  Guohui Yuan
M. Kemal Celik
950 L’Enfant Plaza
Washington, DC 20585

U.S. Department of Energy
Attn: Dan T. Ton

1000 Independence Ave. SW
EE-2A, FORS

Washington, DC 20585

Electric Power Research Institute
Attn: Brian Seal

942 Corridor Park Blvd.
Knoxville, TN 37932

National Renewable Energy Laboratory
Attn: Murali Baggu

1617 Cole Blvd.

Golden, CO 80401-3305

MS1033 Jay Johnson
MS1084 Jack Flicker
MS1033 Cliff Hansen
MS1027 Anya Castillo
MS1140 David Schoenwald
MS1188 Mark A. Smith
MSO0757 Russell Graves
MS0671 Jordan Henry
MS0671 Trevor Hutchins
MS1033 Abraham Ellis
MS1033 Ross Guttromson
MS1104 Charlie Hanley
MS0899 Technical Library

8812
5267
8812
5853
8813
8833
6612
5828
5828
8812
8812
8810
9536 (electronic copy)



@ Sandia National Laboratories

131



