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1 Intr oduction

What is MATPOWER?

MATPOWER is a package of MATLAB M-files for solving power flow and optimal power flow prob-
lems. It isintended as a ssimulation tool for researchers and eductors tha is easy to use and modify.
MATPOWER is designeal to give the best paformance possible while keeping the code ssimple to
understand and modify. The MATPOWER home page can befoundat:

http://www.pser c.cornell.edu/matpower/

Where did it come from?

MATPOWER was developeal by Ray D. Zimmerman, Carlos E. Murillo-Sinchez and Degiang Gan of
PSERC a Corndl University (http://www.pserc.corndl.edu/) unde the direction of Robert Thomes.
The initial need for MATLAB based power flow and optima power flow code was bom out of the
computationd requirements of the PowerWeb project (see http://www.pserc.corndl.edufpowerwebl).

Who can useit?

¥ MATPOWER isfree. Anyonemay useit.

¥ Wemake nowarranties, express or implied. Specifically, we make no guaantees regarding the
correctness MATPOWERQ codeor its fitness for any particular purpo<.

¥ Any publcations deived from the use of MATPOWER mug cite MATPOWER
http://www.pserc.corndl.edu/matpower/.

¥ Anyonemay modify MATPOWER for ther own use as long as the origind copyright notices
remain in place.

¥ MATPOWER may notberedistributed withou written permission.

¥ Modified versonsof MATPOWER, or works derived from MATPOWER, may not be distrib-
uted withoutwritten permission.
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2 Getting Started

2.1 System Requirements

To use MATPOWER youwill need:

¥ MATLAB verson6 or later
¥ MATLAB Optimization Toolbox (required only for some OPF algorithms)

Both are available from The MathWorks (see http://www.mathworks.conv).

2.2 Installation

Step 1. Go to the MATPOWER home page (http://www.pserc.corndl.edu/matpower/) and follow the
download instructions

Step 2. Unzp thedownloaded file.

Step 3: Placethefilesinalocationin your MATLAB pah.

2.3 Running a Power Flow

To run a simple Newton power flow on the 9-bus system specified in thefile case9. m with the de-
fault dgorithm options at the MATLAB prompt, type

>> runpf (' case9')
24 Running an Optimal Power Flow

To runan optimal power flow onthe 30-bussystem whose daaisin case30. m with the default algo-
rithm options at the MATLAB prompt, type

>> runopf (' case30')

To run an optimal power flow on the same system, but with the option for MATPOWER to shut down
(decommit) expensve generators, type

>> runuopf (' case30')

25 Getting Help

As with MATLAB® built-in fundionsand toolbox routines, you can type hel p followed by the name
of a command or M-file to ge& hdp on tha particular fundion. Nearly al of MATPOWER@ M-files
have such doaumentation. For example, thehdp for r unopf lookslike:

! Although it is likely that most things work fine in MATLAB 5, this is not supported due to limited testing resources.
MATPOWER 3.0 required MATLAB 5 and MATPOWER 2.0 and earlier required only MATLAB 4.
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>> hel p runopf
RUNOPF Runs an optimal power flow.

[ baseMVA, bus, gen, gencost, branch, f, success, et] = ..
runopf (casenane, npopt, fname, sol vedcase)

Runs an optimal power flow and optionally returns the solved values in
the data matrices, the objective function value, a flag which is true if
the al gorithm was successful in finding a solution, and the el apsed tine
in seconds. All input argunents are optional. If casename is provided it
specifies the name of the input data file or struct (see also 'help
caseformat’ and 'hel p | oadcase') containing the opf data. The default
value is 'case9'. If the npopt is provided it overrides the default
MATPOAER options vector and can be used to specify the solution

al gorithm and out put options anobng ot her things (see 'help npoption' for

details). If the 3rd argunent is given the pretty printed output will be
appended to the file whose name is given in fname. If sol vedcase is
specified the solved case will be witten to a case file in MATPONER

format with the specified name. If solvedcase ends with '.mat' it saves
the case as a MAT-file otherwise it saves it as an Mfile.

MATPOWER aso has many optionswhich control the algorithms and the output. Type
>> hel p nmpoption
and see Section 3.6 for more information on MATPOWER's options
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3 Technical Reference

3.1 DataFile Format

The data files used by MATPOWER are smply MATLAB M-files or MAT-files which define and re-
turn the variables baseMVA, bus, branch, gen, ar eas, and gencost . ThebaseWA variable is a scalar
and therest are matrices. Each row in the matrix correspondsto a single bus branch, or generator. The
columnsare similar to the columnsin the standard |EEE and PTI formats. The details of the specifica-
tion of the MATPOWER case file can befoundin thehdp for casef or mat . mi

>> hel p casef or mat

CASEFORVAT Defines the MATPONER case file format.
A MATPOWER case file is an Mfile or MAT-file which defines the variables
baseMVA, bus, gen, branch, areas, and gencost. Wth the exception of
baseMVA, a scal ar, each data variable is a matrix, where a row corresponds
to a single bus, branch, gen, etc. The format of the data is simlar to
the PTI format described in

htt p: // ww. ee. washi ngt on. edu/ r esear ch/ pstca/ format s/ pti.txt

except where noted. An item marked with (+) indicates that it is included
in this data but is not part of the PTI format. An itemmarked with (-) is
one that is in the PTI format but is not included here. Those marked with
(2) were added for version 2 of the case file format. The col ums for
each data matrix are given bel ow

MATPOVWER Case Version | nformation:

A version 1 case file defined the data matrices directly. The |last two,
areas and gencost, were optional since they were not needed for running

a sinple power flow. In version 2, each of the data matrices are stored
as fields in a struct. It is this struct, rather than the individua
matrices that is returned by a version 2 Mcasefile. Likewi se a version 2
MAT- casefile stores a struct naned 'npc' (for MATPOWNER case). The struct
al so contains a 'version' field so MATPOAER knows how to interpret the
data. Any case file which does not return a struct, or any struct which
does not have a 'version' field is considered to be in version 1 format.

See al so I DX _BUS, |1DX BRCH, |IDX GEN, |DX AREA and | DX _COST regarding
constants which can be used as nanmed colum indices for the data matri ces.
Al so described in the first three are additional colums that are added
to the bus, branch and gen nmatrices by the power flow and OPF sol vers.
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Bus Dat a For mat

(-)

(+)
(+)

1
2

©Coo~NOOTh~W

10
11
12
13

bus number (1 to 29997)

bus type
PQ bus =1
PV bus =2
ref erence bus =3
i sol ated bus =4

Pd, real power demand (MN

Qd, reactive power demand (MWAr)

Gs, shunt conductance (MVN (demanded) at V
Bs, shunt susceptance (MVAr (injected) at
area nunber, 1-100

Vm vol tage magnitude (p.u.)

Va, voltage angle (degrees)

(bus nane)

baseKV, base voltage (kV)

zone, loss zone (1-999)

maxVm maxi mum vol t age magni tude (p.u.)
m nVm m ni mum vol t age magni tude (p.u.)

Gener ator Data Format

(-)

(2)

(2)
(2)

(2)
(2)

(2)
(2)
(2)

1

Ok WN

~

10
11
12
13
14
15
16
17
18
19
20
21

bus numnber

(machine identifier, 0-9, A-2)

Pg, real power output (MN

Qy, reactive power output (MAr)

Qrax, maxi mum reactive power output (M/Ar)
Qrin, mninmmreactive power output (MAr)
Vg, voltage magnitude setpoint (p.u.)
(remote controll ed bus index)

nmBase, total MA base of this machine, defaults to baseMVA

(machi ne i npedance, p.u. on nBase)

(step up transformer inpedance, p.u. on nBase)
(step up transformer off nominal turns ratio)

status, > 0 - nmamchine in service
<= 0 - machi ne out of service

(% of total VAr's to cone fromthis gen in order to hold V at
renote bus controlled by several generators)

Pmax, maxi mum real power output (MN
Pmin, mninmmreal power output (MN

Pcl, lower real power output of PQ capability curve (MN
Pc2, upper real power output of PQ capability curve (MN

. u.
p.

Q1lnmin, mninmmreactive power output at Pcl (MAr)
Qlmex, maxi mum reactive power output at Pcl (MAr)
Q2nmin, mninmmreactive power output at Pc2 (MWAr)
Q2mex, maxi mum reactive power output at Pc2 (MAr)

ranp rate for |oad follow ng/ AGC (MN i n)
ranp rate for 10 minute reserves (MN
ranp rate for 30 minute reserves (MN

ranp rate for reactive power (2 sec tinmescale) (MAr/mn)

APF, area participation factor

-)

Verson3.2



MATPOWER User@® Manud

Branch Data For nat
1 f, from bus nunber
2 t, to bus nunber
(-) (circuit identifier)
3 r, resistance (p.u.)
4 X, reactance (p.u.)
5 b, total line charging susceptance (p.u.)
6 rateA, WA rating A (long termrating)
7 rateB, MVA rating B (short termrating)
8 rateC, MVA rating C (energency rating)
9

ratio, transfornmer off nominal turns ratio ( = 0 for lines )
Vi [ W)

(taps at 'from bus, inpedance at 'to' bus, i.e. ratio =

Verson3.2

10 angle, transformer phase shift angle (degrees), positive => del ay

(-) (&, shunt conductance at from bus p.u.)
(-) (Bf, shunt susceptance at from bus p.u.)
(-) (&, shunt conductance at to bus p.u.)
(-) (Bt, shunt susceptance at to bus p.u.)
11 initial branch status, 1 - in service, 0 - out of service

(2) 12 mnimum angle difference, angle(Vf) - angle(Vt) (degrees)
(2) 13 maxi mum angle difference, angle(Vf) - angle(Vt) (degrees)

(+) Area Data Format
1 i, area nunber
2 price_ref_bus, reference bus for that area

(+) Cenerator Cost Data Format

NOTE: |If gen has n rows, then the first n rows of gencost contain

the cost for active power produced by the correspondi ng generators.

I f gencost has 2*n rows then rows n+l to 2*n contain the reactive

power costs in the sane format.

nodel, 1 - piecewise linear, 2 - polynoni al

startup, startup cost in US dollars

shut down, shutdown cost in US dollars

n, nunber of cost coefficients to follow for polynoni a

A OWNPE

cost function, or nunber of data points for piecew se |inear

5 and follow ng, cost data defining total cost function
For pol ynom al cost:
c2, cl, cO
where the polynomial is cO + cl*P + c2*P"2
For piecew se linear cost:
x0, yO0, x1, y1, x2, y2, ...
where x0 < x1 < x2 < ... and the points (x0,y0), (x1,y1l),

(x2,y2), ... are the end- and break-points of the cost function.

Some columns are added to the bus, branch and gen matrices by the solvers. See the hdp for

i dx_bus, i dx_brch, andi dx_gen for more ddails.

3.2 Modding

AC Formulation

Fixed loads are modded as condant real and reactive power injections P, and Q, specified in col-
umns 3 and 4, respectively, of the bus matrix. The shuntadmittance of any constant impedance shunt
elements at a busare specified by G, and B, in columns5 and 6, respectively, of thebus matrix
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—_ Gsh + sth
" baseMVA

Each branch, whether trangmission line, trandormer or phase shifter, is modded as a standard ! -
modd tranamission line with series resistance R and reactance X and total line charging capacitance
B,, in series with an ideal trandormer and phéase shifter, at the from end, with tap ratio ~ and phase
shift angle " .. The parameters R, X,B,, " and ", are found in columns 3, 4, 5, 9 and 10 of the
branch matrix, respectively. The branch voltages and currents at the from and to endsof the branch
are related by the branch admittance matrix Y,, asfollows

1% "VY

%I ‘= br%lg (1)

¥ BY%I 1.
-%Y J ? 2 )YS 1 *shitt C 1
where Y, =- &7 (€ Cand Y, =~
)Y Y +j—=C R+ X
( ]shlft 2 /

Theelements of theindividud branch admittance matrices and the busshuntadmittances are com-
bined by MATPOWER to form a complex busadmittance matrix Y, ., relating thevector of complex

busvoltages V

bus?

with thevector of complex buscurrent injections |

bus bus

lous = YousV

bus bus Y bus

Similarly, admittance matrices Y, and Y,, are formed to compute the vector of complex current injec-
tionsat thefrom and to endsof each ling, given thebusvoltages V

bus*

I, =YV,
1L,=YV,

bus

bus
Thevectors of complex buspower injections and branch power injectionscan be expressed as
Sbus = dlag (\/bus)l :)us

s, =diag\,)I;
S, =diagW,)!;

where V, and V, are vectors of thecomplex busvoltages at the from and ro ends respectively, of al
branches, and diag() converts a vector into a diagona matrix with the specified vector onthe diagond.
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DC Formulation

For the DC formulation, the same parameters are used, with the exception that the following assump-
tionsare made

¥ Branch resistances R and charging capecitances B, are negligible (i.e. branches are lossless).
¥ All busvoltagemagnitudes are close to 1 p.u.
¥ Voltageangle differences are smal enoughtha sin”; #";.

Combining these assumptionsand equation (1) with thefact that S=VI", the relationship between the
real power flows and voltage angles for an individud branch can bewritten as

"Pf % ( /0 "Pf Shlﬂ/

"=B, 2
%Pt& %( & ﬁF)tShlﬁg ( )
whee
_1%1 #1 3)
Bor = v 12

;Pf Shlf‘t(y (sh|ft ) 1 9

#Ptshm& X) %1& (4)

Theelements of theindividud branch shift injectionsand B,, matrices are combined by MATPOWER
to form a bus B, , matrix and P, ., shift injection vector, which can be used to compute busreal

bus

power injectionsfrom busvoltage angles

I:)bus Bbus bus Pbus,shift

Similarly, MATPOWER buildsthe matrix B, and the vector P, ;. which can be used to compute the
vectors P, and P, of branch real power injections

B =B" pus + Pronin
P =47

10
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3.3 Power Flow

MATPOWER has five power flow solvers, which can be accessed viather unpf fundion. In addition
to printing output to the screen, which it does by default, r unpf optiondly returnsthe solution in out-
put arguments:

>> [ baseMVA, bus, gen, branch, success, et] = runpf(casenane);

Thesolution values are stored as follows:

bus(:, VM busvoltage magnitudes

bus(:, VA) busvoltage angles

gen(:, PQ generator real power injections

gen(:, Q9 generator reactive power injections

branch(:, PF) real power injected into GromOend of branch
branch(:, PT) real power injected into QoOend of branch
branch(:, QF) reactive power injected into GromOend of branch
branch(:, Q) reactive power injected into QoOend of branch
success 1 = solved successfully, 0 = unaleto solve

et computation time required for solution

Thedefault power flow solver is based on a standad Newton® method [10] usng afull Jacobian, up-
daed at each iteration. This methodis described in detail in many textbooks Algorithms 2 and 3 are
variations of the fast-decoupled method [9]. MATPOWER implements the XB and BX variations as
described in [1]. Algorithm 4 is the standad Gauss-Seidd method from Glimm and Stagg [ 3], based
on code contributed by Alberto Borghditi, from the University of Bolognag Italy. To use one of the
power flow solvers other than the default Newton method, the PF_ALG option mug be set explicitly.
For example, for the XB fast-decoupled method:

>> nmpopt = npoption(' PF_ALG, 2);

>> runpf (casenanme, npopt);

Thelast methodis a DC power flow [11], which is obtained by executing r unpf with the PF_DC op-
tion set to 1, or equivalently by executing r undcpf directly. The DC power flow is obtained by a di-
rect, noriterative solution of the bus voltage angles from the specified busreal power injections,
based on equations(2), (3) and (4).

For the AC power flow solvers, if the ENFORCE_Q LI Ms option is set to 1 (default is 0), then if any
geneator reactive power limit is violated after running the AC power flow, the correspording busis
converted to a PQ bus with the reactive output set to the limit, and the case is re-run. The voltage
magnitudeat the buswill deviate from the specified valuein order to satisfy the reactive power limit.
If the generator at the reference busreaches a reactive power limit and the busis conveted to a PQ
bus thefirst remaining PV buswill be used as the dack busfor the next iteration. This may result in
thereal power output at this generator being dightly off from the specified values.

Currently, noneof MATPOWERG power flow solvers indude any tranformer tap changing or han-
dling of disconnected or de-energized sectionsof the nework.

Performance of the power flow solvers, with the exception of Gauss-Seidd, should be excellent even
on very large-scale power systems, since the algorithms and implementation take adventage of
MATLABQ built-in sparse matrix handling.

11
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3.4 Optimal Power Flow

MATPOWER indudes severa solvers for the optimal power flow (OPF) problem, which can be ac-
cessed viatherunopf fundion. In addition to printing output to the screen, which it does by default,
runopf optiondly returnsthe solutionin output arguments:

>> [ baseMVA, bus, gen, gencost, branch, f, success, et] = runopf(casenane);

In addition to the values listed for the power flow solvers, the OPF solution also indudes the follow-
ing values:

bus(:, LAM P) Lagrangemultiplier onbusreal power mismatch

bus(:, LAM Q Lagrangemultiplier on busreactive power mismatch

bus(:, MJ_VMAX) KuhnTucdker multiplier onuppe busvoltage limit

bus(:, MJ_VM N) KuhnTucdker multiplier onlower busvoltage limit

gen(:, MJ_PMAX)  KuhnTucker multiplier onuppe generator real power limit
gen(:, MJUPMN)  KuhnTucker multiplier onlower generator real power limit
gen(:, MJ_QVAX) KuhnTudker multiplier onuppe generator reactive power limit
gen(:, MLQUN) KuhnTucdker multiplier onlower generator reactive power limit
branch(:, MJ_SF) KuhnTucker multiplier onMVA limit at "from" end of branch
branch(:, MJ_ST) KuhnTudker multiplier on MVA limit a "to" end of branch

f find objective fundion vaue

MATPOWER can make use of a nunmber of different OPF solvers. There are two legacy solvers from
early versonsof MATPOWER, namely the const r and LP-based solvers, tha have been deprecated
and will be removed from future versons The details of the problem formulation and solution algo-
rithms used by these solvers can be foundin the user's manud induded with previous versions of
MATPOWER.

The current geneation of solvers use the genealized AC OPF formulation described bdow.
MATPOWER indudes one based on f mi ncon from MATLAB@ Optimization Toolbox and there are
two optiond packages, MINOPF? and TSPOPF®, tha implement higha peformance OPF solvers us-
ing MEX files. MINOPF, based on the MINOS [7] solver, has been available since mid-2004 and is
distributed separately because it has a more restrictive license than MATPOWER. TSPOPF is a collec-
tion of three solvers developed by HongyeWang[11] andis currently distributed separately as well.

The performance of MATPOWER® OPF solvers dependson several factors. Firgt, for problems of this
gened naure, f mi ncon does not exploit and preserve sparsity, so it is inhaently limited to solving
small power systems. The MEX based solvers, on the other hand, do exploit sparsity and are suitable
for much larger problems. MINOPF is coded in FORTRAN and evaluaes the required Jacobians us-
ing an optimized structure that follows the order of evaluaion imposd by the compressed-column
gparse format which is employed by MINOS. In fact, thenew generalized OPF formulationinduded in
MATPOWER 3.0 and later isingired by the data format used by MINOS. The solversin the TSPOPF
package are implemented in the C language

MATPOWERG OPF implementation is not currently able to handle unmnnested or de-energized sec-
tionsof the ngwork.

2 See http://www.pserc.cornell.edu/minopf/.
8 See http://www.pserc.cornell.edu/tspopf/.

12
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Piecewise linear cogs using constrained cod variables (CCV)

The OPF formulationsin MATPOWER alow for the specification of convex piecewise linear cost
functionsfor active or reactive generator output. An example of such a cog curve is shown bdow.

c2

cl

c0

X0 X1 X2

This nondifferentiable cod is modded usng an extra hdper cog variable for each such cod curve
and additiond condraints on this variable and Pg, onefor each segment of the curve. The condraints
build a convex (hasinOequivalent to requiring the cog variable to lie in the epigraph of the cogt curve.
When the cod is minimized, the cost variable will be pushed againg this basin. If the hdper cog vari-
ableisy, then the contribution of the generator® cos to the total cost is exactly y. In the above case,
thetwo additiond required condraints are

1) y" m(P,#x,)+c, (y mug lie abovethefirst segment)
2) y" my(P#x)+c (y mug lie abovethe second segment)

where m, and m, are the dopes of the two segments. Also needed, of course, are the box restrictions
onP; P.," Py" P.,. Theadditive part of the cost contributed by this generator isy.

This condrained cog variable (CCV) formulationis used by all of the MATPOWER OPF solvers for
handling piecewise linear cost fundions with the exception of two tha are pat of the optional
TSPOPF package namely the step-controlled primal/dud interior point method (SCPDIPM) and the
trug region based augmented L agrangian method (TRALM), both of which use a cos smoothing tech-
niqueingead.

34.1 AC OPF Formulation

The AC optimal power flow problem solved by MATPOWER is a GmoothOOPF with no discrete
variables or controls. The genegaized AC OPF formulation, used by the current geneation of
MATPOWERG OPF solvers, offers a number of extra capabilities relative to the traditiond formula-
tion of minimizing the cos of generation subject to voltage, flow and generator limits, used by the
first generation of MATPOWER OPF solvers:

¥ mixed polynomal and piecewise linear cogs
¥ dispachableloads

13
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generator P-Q capability curves
branch angle difference limits
additiond user supplied linear condraints

K K K K

additiond user supplied cogds

New in MATPOWER 3.2 are the genegalized user supplied cost formulation, the generator capability
curves, the branch angle difference limits and a smplification of the general linear condraint specifi-
cationusd in version 3.0.

The problem is formulated in terms of two groups of optimization variables, labded x and z. Thex
variables are the OPF variables, congsting of the voltage angles “ and magnitudes V at each bus and
real and reactive generator injectionsP, and Q,.

QU <

L0

Additiond user defined variables are grouped in z.
The optimization problem can be expressed as follows:

. 1
r;ng(fﬂ(Pgw 2(Q)) + W' HW+ Clw

subject to
g-(x)=P(",V)#R,+P,=0 (active power bdance equaiong
9, (¥)=Q(",V)#Q,+Q, =0 (reactive power bdance equaiong
s, (X) = ‘Sf (" ,V)‘# S 30 (appaent power flow limit of lines, from end)
gs (X) = |S(” ,V)|# S 30 (appaent power flow limit of lines, ro end)
& . :
| " A%%( "u (generd linear condraints)

Xin X" Xinax (voltage and generation variable limits)
z."2"z,. (limits on user defined variables)

Heref,, andf,, are the cods of active and reactive power generation, respectively, for generator i at a
given dispach point. Both f;; and f;, are assumed to be polynomal or piecewise-linear functions

The mog significant additionsto the traditiond, smple OPF formulation appear in the generaized
cod terms containing w and in the genega linear congraints involving the matrix A, described in the
next two sections These two frameworks allow tremendousflexibility in cugomizing the problem
formulation, making MATPOWER even more ussful as a research tool.

14
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Note: In Optimization Toolbox versions 3.0 and earlier, f mi ncon seems to be providing inaccurate
shadow prices on the constraints. This did not happen with constr and it may be a bug in these ver-
sions of the Optimization Toolbox.

General Linear Constraints

In addition to the standad nontlinear equdity condraints for nodd power bdance and non-linear ine-
qudity condraints for line flow limits, this formulation indudes a framework for additiond linear
condraintsinvolving thefull set of optimization variables.

& _ .
| " A%%( "u (generd linear condraints)

Some portionsof these linear condraints are suppied directly by the user, while others are generated
automatically based onthe case daa. Automatically generated portionsindude

¥ rowsfor condraintstha definegenerator P-Q capability curves

¥ rowsfor condant power factor condraints for dispatchable or price-sendtive loads
¥ rowsfor branch angle difference limits
¥

rows and columnsfor the hd pe variables from the CCV implementation of piecewise linear gen-
erator cogs and thar assodated condraints

In addition to these automatically generated condraints, the user can providea matrix A, and vectors/,
and u, to definefurther linear condraints. These user supplied constraints could be used, for example,
to restrict voltage angle differences between specific buses. The matrix A, mug have at least n, col-
umnswhere n, isthenumber of x variables. If A, has more than n, columns a corresponding z optimi-
zation variable is created for each additiond column. These z variables also enter into the generalized
cod terms described bdow, so A, and N mug have the same number of columns

&
l," Au%( " u, (user supplied linear condraints)

Change from MATPOWER 3.0: The A, matrix supplied by the user no longe indudes the (all zero)
columns corresponding to the hdper variables for piecewise linear generator cods. This should sm-
plify significantly the creation of thedesired A, matrix.

Generalized Cog Function

Thecog fundion congsts of two pats. Thefirst isthe polynomial or piecewise linear cos of genera
tion. A polynomial or piecewise linear cog is specified for each generator@ active output and, option-
ally, reactive output in the appropriate row(s) of the gencost matrix. Any piecewise linear costs are
implemented ugng the CCV formulation described above which introduces correspondng hdper
variables. The genea formulation allows generator cogs of mixed type (polynoma and piecewise
linear) in the same problem.

The second part of the cost fundion provides a general framework for imposng additiond cods on
the optimization variables, enabling thingssuch as usng pendty fundionsas soft limits on voltages,
additiond cods onvariablesinvolved in condraints handled by Langrangian relaxation, etc.

15
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This general cod term is specified througha set of paameters H, C,, N andf,,,, described below. It
congsts of ageneral quadratic fundionof an n," 1 vector w of tranformed optimization variables.

%WTHW+ Cow

Histhen," n, symmetric, sparse matrix of quadratic codficientsand C, isthe n," 1 vector of linear
codfficients. The sparse N matrix is n, xn,,, where the number of columns mug match tha of any
user supplied A, matrix. Andf,,, is n," 4, where the4 columnsare labded as

=[d 6 h m].

fparm

Thevector w is created from thex and z optimization variables by first applying agenera linear trans-
formation

N X9

r=Ng',

s

followed by ascaled fundion with a shifted Qlead zoneQ defined by the remaining elements of furm-
Each element of r is trandormed into the corresponding element of w as follows:

?/m ! fi(ri #'fuj+hi)’ ri#'fuj<#hi
W =& 0, #h $r.#0$h
(m " fi(r #0#h), r#0>h
where thefundiony; is a predetermined fundion selected by theindex in d.. The current implementa-
tionindudes linear and qualratic options
"o, d=1
fit)=# , |
$t5, d=2

Thelinear case, where d; = 1, isilludrated bdow, where w;, is found by shifting ; by €, applying a
Qlead zoneldefined by 4, and then scaling by m,.

16
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A
W

Generator P-Q Capabiity Curves

The traditiond AC OPF formulation modds the generator P-Q capability curves as smple box con-
straints defined by the PM N, PMAX, QU N and QvAX columns of the gen matrix. In MATPOWER 3.2,
version 2 of the case file format is introdueed, which indudes 6 new columns in the gen matrix for
specifying additiond soped uppe and lower portionsof the capability curves. The new columns are
PC1, PC2, QCLM N, QC1MAX, QC2M N, and Qc2mvax. Thefeasible region for generator operation with this
more general capability curveisilludrated by theshaded regionin thefigure bdow.

17



MATPOWER User@® Manud Version3.2

QC2MVAX

- g

Y pci PMN PVMAX PC2

QM N

QC1IM N

The particular values of Pc1 and PC2 are nat important and may be set equd to PM N and Pvax for
convenience. Theimportant point isto set the corresponding Qcrnvax (QcnM N) limits such tha thetwo
resulting points define the desired line correspondng to the uppe (lower) doped portion of the capa-
bility curve.

Dispatchable loads

In genera, dispachable or price-sengtive loads can bemodded as negaive rea power injectionswith
assodated costs. Thecurrent test isthat if PM N < Pvax = 0 for agenerator, then it isrealy adispatch-
ableload. If aload has ademand curve like thefollowing

quantity

P2

P1

price

price price2

18
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so tha it will consume zero if the price is highe than price2, P1 if the price is less than price2 but
highe than pricel, and P2 if the price is equd or lower than pricel. Conddered as a negdive injec-
tion, the desired dispach is zero if the price is greater than price2, -P1 if the price is highe than
pricel butlower than price2, and -P2 if the price is equd to or lower than pricel. This suggests the
following piecewise linear cos curve:

cost

P2 -P1

power

slope=price2

slope=pricel

Note that this assumes that the demand blodks can be partialy dispached or GplitQ if theprice trigge
is reached half-way throughthe block, theload mug accept the partial block. Otherwise, accepting or
rejecting whole blocks really poses a mixed-intege problem, which is outside the scopeof the current
MATPOWER implementation.

When there are dispachable loads the issue of reactive dispach arises. If the Qv NQWAX generation
limits for the Onegaive generatorOin question are not set to zero, then the algarithm will dispach the
reactive injection to the mog convenient value Since thisis not normal load behavior, in the general-
ized formulation it is assumed tha dispachable loads maintain a congant power factor. The mecha-
nism for posng additiond general linear condraints is employed to automatically induderestrictions
for these injectionsto keep theratio of P, and Q, condant. This ratio is inferred from the values of
PM N and either Qv N (for indudive loads) or Quax (for capacitive loads) in the gen table. It isimpor-
tant to set these appropriately, keeping in mind tha PGis negaive and tha for nomal indudive loads
QG should also be negdive (a positive reactive load is a negdive reactive injection). Theinitia values
of the PG and QG columns of the gen matrix mus be consstent with theratio defined by PM N and the
appropriate Q limit.

Branch Angle Difference Limits

Thedifference between thevoltage angle “, at thefrom end of branch £ and theangle ", at thero end
can belimited by specifying values in the ANGM N and ANGvAX columns of row k of the branch ma
trix.

branch(k, ANGM N) " # $# " branch(k, ANGVAX)
Values are specified in degrees and a value of zero or 360/{-360is consdered to be unmnstrained
for ANGVAX (ANGM N). The Kuhn-Tucker multipliers on these constraints are returned in the MJ_ANGM N

and MJ_ANGWAX columns These branch angle difference condraints can be ignored by setting the
OPF_| GNORE_ANG LI Moptionto atruevalueusngmpopt i on.
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Problem Data Transformation

Defining a user supplied A matrix to add additional linear condraints requires knowledgeof the order
of the optimization variables in the x vector. This requires an undestanding of the standard trangfor-
mations performed on the inputdaa (bus, gen, branch, areas and gencost tables) before the prob-
lem is solved. All of these trandormationsare reversed after solving the problem so the output datais
correctly placed in thetables.

Thefirst step filters outinactive generators and branches; origind tables are saved for data outpL.

congen = find(gen(:, GEN_STATUS) > 0); % find online generators
onbranch = find(branch(:, BR _STATUS) ~= 0); % find online branches
gen = gen(congen, :);

branch = branch(onbranch, :);

The second step is a renunmbering of the busnumbers in the bus table so tha the resulting table con-
tainsconsecutively-numbered buses starting from 1:

[i2e, bus, gen, branch, areas] = ext2int(bus, gen, branch, areas);

where i 2e is saved for inverse reordering at the end. Findly, generators are furthe reordered by bus
number:

ng = size(gen,1); % nunber of generators or injections
[tnp, igen] = sort(gen(:, GEN_BUS));

[tnp, inv_gen_ord] = sort(igen); % save for inverse reordering at the end
gen = gen(igen, :);

if ng == size(gencost, 1) % This i s because gencost m ght have
gencost = gencost(igen, :); %twi ce as nmany rows as gen if there

el se % are reactive injection costs.
gencost = gencost( [igen; igen+ng], :);

end

Having donethis, the variables indde the x vector now have the same ordering as in the bus, gen ta-
bles:

X = [ Theta ; % nb bus vol tage angl es
AV % nb bus vol tage magnitudes
Pg ; % ng active power injections (p.u.) (ascending bus order)
Q 1; % ng reactive power injections (p.u.)(ascending bus order)

and thenonlinear condraints have the ssme order asin thebus, br anch tables

g=1[ agp; % nb real power flow m smatches (p.u.)
aq; % nb reactive power flow m smatches (p.u.)
gsf; % nl "from' end apparent power injection limts (p.u.)
gst 1; % nl "to" end apparent power injection limts (p.u.)

With this setup, box boundson the variables are applied as follows: the reference angle is boundel
aboveand bdow with thevaue specified for it in the origind bus table. The V section of x is boundel
above and bdow with the corresponding values for vMax and vM N in the bus table. The Pg and Qg
sections of x are boundel above and bdow with the corresponding values for PMAX, PM N, Qvax and
QM N in thegen table. Thenonlinear condraints are smilarly setup so tha gp and gq are equdity con-
straints (zero RHS) and thelimitsfor gsf, gst aretaken fromtheRATE_A column in thebr anch table.

20



MATPOWER User@® Manud Version3.2

Example of Additional Linear Constraint

The following example illugrates how an additiond general linear condraint can be added to the
problem formulation. In the standad solution to case9. m the voltage angle for bus7 lagsthe voltage
angle in bus 2 by 6.09 degrees. Suppo® we want to limit tha lag to 5 degrees at the mog. A linear
restriction of theform

Theta(2) b Theta(7) <= 5 degrees

would do thetrick. We have nb = 9 buses, ng = 3 generatorsandnl = 9 branches. Therefore thefirst 9
elements of x are bus voltage angles, elements 10-18 are busvoltage magnitudes, elements 19-21 are
active injectionscorresponding to thegeneratorsin buses 1, 2 and 3 (in tha order) and elements 22-24
are the corresponding reactive injections Note tha in this case the generators in the origind data al-
ready appear in ascending bus order, so no permutation with respect to the origind daais necessary.
Going back to theangle restriction, we see that it can becast as

[ 01 0000-100 zeros(1,nb+ng+ng) ] * x <= 5 degrees
We can set up the problem as follows:

A = sparse([1;1], [2;7], [1;-1], 1, 24);

I = -Inf;

u=>5% pi/180;

npopt = npoption(' OPF_ALG , 520); % use fm ncon w generalized fornul ation
opf (' case9', A, |, u, npopt)

which indeed restricts the angular separationto 5 degrees.
3.4.2 DC OPF Formulation

TheDC optimal power flow problem solved by MATPOWER is similar to thetraditiond AC OPF for-
mulation described above but usng the DC model of the nework, which only indudes busvoltage
angles and real power injectionsand flows.

mFI,n# fi (Pgi )

subject to
Bous = Py # Py # Byysonin # Gan (active power bdance equéiong
B" #P™$ P i (real power flow limit of lines, from end)
"Bi#S P™HP; i (real power flow limit of lines, 7o end)
P P I P (active power generation limits)

The voltage angle at the reference busis also condrained to the specified value Since al constraints
are linear, the problem isa smple LP or QP problem depending ontheform of the cos fundion.

The current implementation of the DC OPF does not allow additiond user-supplied linear constraints
and cogs asin thegenaalized AC OPF formulation described above

21



MATPOWER User@® Manud Version3.2

3.5 Unit Decommitment Algorithm

The standad OPF formulation described in the previous section has no mechanism for completely
shutting down generators which are very expensive to opaate. Indead they are smply dispached at
ther minimum generation limits. MATPOWER includes the capability to run an optimal power flow
combined with a unit decommitment for a single time period, which alows it to shut down these ex-
pengve units and find a least cost commitment and dispatch. To run this for a case30, for example,
type

>> runuopf (' case30')

MATPOWER uses an agorithm similar to dynamic programming to handle the decommitment. It pro-
ceedsthrougha sequence of stages, where stage N has N generators shut down, startingwith N = 0.

Theagorthm proceedsas follows:
Step 1. Begin at stagezero (N = 0), assuming all generators are on-linewith al limitsin place.
Step 2.  Solve anoma OPF. Save the solution as the current best.

Step 3. Go to thenext stage, N = N + 1. Using the best solution from the previous stage as the base
case for this stage, form a candidae list of generators with minimum generation limits bind-
ing.

If there are no candidates, Kip to step 5.

Step 4. For each generator on the candidate list, solve an OPF to find the total system cog with this
geneator shut down. Replace the current best solution with this oneif it has a lower cod.

If any of the candidate solutions produced an improvement, return to step 3.
Step 5. Return the current best solution as thefind solution.

3.6 MATPOWER Options

MATPOWER uses an optionsvector to control the many optionsavailable. It is similar to the options
vector produced by thef opt i ons fundionin early versonsof MATLAB@ Optimization Toolbox. The
primary difference is tha modificationscan be made by option name, as oppo®d to having to remem-
ber theindex of each option. Thedefault MATPOWER optionsvector is obtained by calling npopt i on
with no arguments. So, typing:

>> runopf (' case30', npoption)
isanother way to runthe OPF solver with theall of the default options

The MATPOWER optionsvector controls thefollowing:

power flow algarithm

power flow termindion criterion

power flow options(e.g. enforcing of reactive power generation limits)
OPF algorithm

OPF default algorithms for different cos modds

OPF cog convasion paameters

OPF termination criterion

OPF options(e.g. active vs. appaent power vs. current for linelimits)

KK KKK KKK
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¥ verbosleve
¥ printing of results

Thedeails are given bdow:

>> hel p nmpoption

MPOPTI ON Used to set and retrieve a MATPOAER options vector.

opt = mpoption
returns the default options vector
opt = mpoption(nanel, valuel, nanme2, value2, ...)
returns the default options vector with new values for up to 7
options, name# is the nanme of an option, and value# is the new
val ue. Exanple: options = nmpoption('PF_ALG, 2, 'PF_TOL', 1le-4)
opt = mpoption(opt, nanel, valuel, nane2, value2, ...)

same as above except it

uses the options vector opt as a base

i nstead of the default options vector.

The currently defined options are as foll ows:

idx -

NANME, def ault

power flow options

description [options]

power flow al gorithm

Fast - Decoupl ed (XB ver si on)
Fast - Decoupl ed (BX versi on)

term nation tol erance on per unit
P & Q mismatch
maxi mum nunber of

Newt on' s net hod

iterations for

maxi mum nunber of iterations for
fast decoupl ed net hod

maxi mum nunber of iterations
Gauss- Sei del et hod

enforce gen reactive power limts,
at expense of |V| [ 0 or 1
use DC power flow formul ation, for
fl ow and OPF

for

power

use AC fornulation & corresponding algorithm opts

1 - PF_ALG 1
[ 1 - Newton's nethod
[ 2 -
[ 3 -
[ 4 - Gauss Sei del
2 - PF_TO., 1le-8
3 - PFE_MAXIT, 10
4 - PF_MAX_IT_FD, 30
5 - PF_MAX_IT_GS, 1000
6 - ENFORCE_QLIMS, O
10 - PF_DC, O
[ 0 -
[ 1 - use DC formul ation,

i gnore AC al gorithm options
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OPF options
11 - OPF_ALG O algorithmto use for OPF
[ 0 - choose best default solver available in the ]
[ foll owi ng order, 500, 520 then 100/200 ]
[ OGherwise the first digit specifies the problem ]
[ fornulation and the second specifies the solver, ]
[ as follows, (see the User's Manual for nore details) ]
[ 100 - standard fornulation (old), constr ]
[ 120 - standard formulation (old), dense LP ]
[ 140 - standard fornulation (old), sparse LP (rel axed) ]
[ 160 - standard fornulation (old), sparse LP (full) ]
[ 200 - ccV formul ation (old), constr ]
[ 220 - ccV formul ation (old), dense LP ]
[ 240 - ccVv formulation (old), sparse LP (rel axed) ]
[ 260 - CCV formul ation (old), sparse LP (full) ]
[ 500 - generalized formulati on, M NCS ]
[ 520 - generalized formulation, fmincon ]
[ 540 - generalized formul ati on, PDI PM ]
[ primal/dual interior point method ]
[ 545 - generalized formul ati on (except CCV), SCPDI PM ]
[ step-controlled prinmal/dual interior point nethod ]
[ 550 - generalized formul ati on, TRALM ]
[ trust region based augnented Langrangi an met hod ]
[ See the User's Manual for details on the formulations. ]
12 - OPF_ALG POLY, 100 default OPF algorithmfor use with
pol ynom al cost functions
(used only if no solver avail able
for generalized fornul ation)
13 - OPF_ALG PW., 200 default OPF algorithmfor use with
pi ece-w se |inear cost functions
(used only if no solver avail able
for generalized fornul ation)
14 - OPF_POLY2PW._PTS, 10 nunber of eval uation points to use
when converting from polynonm al to
pi ece-w se |inear costs
16 - OPF_VI OLATION, 5e-6 constraint violation tolerance
17 - CONSTR TOL_X, 1le-4 term nation tol on x for copf & fm ncopf
18 - CONSTR TOL_F, 1le-4 term nation tol on F for copf & fm ncopf
19 - CONSTR MAX_IT, O max nunber of iterations for copf & fm ncopf
[ 0 => 2*nb + 150 ]
20 - LPC TOL_GRAD, 3e-3 term nation tol erance on gradi ent for | popf
21 - LPC TO_X, 1le-4 term nation tolerance on x (mn step size)
for | popf
22 - LPC_ MAX_IT, 400 maxi mum nunber of iterations for | popf
23 - LPC_MAX_RESTART, 5 maxi mum nunber of restarts for | popf
24 - OPF_FLOWLIM O gty to Ilimt for branch flow constraints

0 - apparent power flow (limt in MA)
1 - active power flow (limt in MN
2 - current magnitude (limt in MVA at 1 p.u. voltage

]
]
]

25 - OPF_IGNORE_ANG LIM 0O ignore angle difference linmts for branches

even if specified [ 0 or 1
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out put options

31 -

32 -

33 -
34 -
35 -
36 -
37 -

38 -

39 -

40 -
41 -
42 -
43 -

—

VERBOSE, 1 amount of progress info printed
0 - print no progress info
1 - print alittle progress info
2 - print a lot of progress info
3 - print all progress info
OUT_ALL, -1 controls printing of results
-1 - individual flags control what prints
0 - don't print anything
(overrides individual flags, except OUT_RAW
1 - print everything
(overrides individual flags, except OUT_RAW

—_—

— e e e

ot her options

51 -

QUT_SYS SUM 1 print system summary [ 0or 1
OUT_AREA SUM O print area sunmaries [ 0or 1
QUT_BUS, 1 print bus detail [ 0or 1
OUT_BRANCH, 1 print branch detail [ 0 or 1
OQUT_GEN, O print generator detail | 0or 1
(QUT_BUS al so includes gen info)
OQUT_ALL LIM -1 control constraint info output
-1 - individual flags control what constraint info prints]
0 - no constraint info (overrides individual flags) ]
1 - binding constraint info (overrides individual flags)]
2 - all constraint info (overrides individual flags) ]
QUT_V LIM 1 control output of voltage lint info
0 - don't print ]
1 - print binding constraints only ]
2 - print all constraints ]
(same options for QUT_LINE LIM OUT_PGLIM OUT_QGLIM ]
OUT_LINE LIM 1 control output of line limt info
QUT_PG LIM 1 control output of gen P linmt info
OUT_ (G LIM 1 control output of gen Qlinmt info
OUT_RAW O print raw data for Perl database
i nterface code [ 0 or 1 ]
SPARSE QP, 1 pass sparse matrices to QP and LP
solvers if possible [ 0 or 1 ]
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primal feasibility tolerance,
set to value of OPF_VI OLATI ON by default

set to value of OPF_VI OLATI ON by default

set to value of CONSTR_TOL_X by default

]

. ]
nati on status nessage |
]

]

M NOPF opti ons
61 - MNS_FEASTOL, 0 (1E-3)
62 - MNS ROMOL, 0 (1E-3) row tolerance
63 - MNS_XTOL, O (1E-3) x tolerance
64 - MNS_MAJDAMP, 0 (0.5) maj or danpi ng par anet er
65 - MNS_M NDAMP, 0 (2.0) m nor danpi ng paraneter
66 - MNS_PENALTY_PARM O (1.0) penalty paraneter
67 - MNS_MAJOR IT, O (200) mpjor iterations
68 - MNS_ MNOR IT, 0 (2500) minor iterations
69 - MNS_ MAX IT, 0 (2500) iterations limt
70 - MNS_VERBOSITY, -1
[ -1 - controlled by VERBCSE flag (0 or 1 bel ow)
[ 0 - print nothing
[ 1 - print only term
[ 2 - print termnation status and screen progress
[ 3 - print screen progress, report file (usually fort.9)
71 - MNS_CORE, 1200 * nb + 2 * (nb + ng)”"2
72 - MNS_SUPBASIC LIM 0 (2*nb + 2*ng) superbasics limt
73 - MNS_MIUT PRICE, 0 (30) nultiple price
PDI PM SC-PDIPM and TRALM options

feasibility (equality) tolerance for

set to value of OPF_VI OLATI ON by default
gradi ent tol erance for PDI PM

conpl ementary condition (inequality)
tol erance for PDI PM and SC- PDI PM
optimality tol erance for PDIPM and

maxi mum nunber of iterations for
maxi mum nunmber of SC-PDI PM reducti ons

feasibility tolerance for TRALM

set to value of OPF_VI OLATI ON by default
prime variable tolerance for TRALM

dual variable tolerance for TRALM
optimality tol erance for TRALM

maxi mum nunber of mmjor iterations

maxi mum nunber of minor iterations

81 - PDI PM _FEASTOL, O
PDI PM and SC- PDI PM
82 - PDI PM _GRADTOL, 1le-6
and SC- PDI PM
83 - PDI PM_COWPTOL, 1le-6
84 - PDI PM _COSTTOL, 1le-6
SC- PDI PM
85 - PDIPM MAX_IT, 150
PDI PM and SC- PDI PM
86 - SCPDIPM RED IT, 20
per iteration
87 - TRALM FEASTOL, O
88 - TRALM PRI METOL, 5e-4
89 - TRALM DUALTOL, 5e-4
90 - TRALM COSTTOL, 1le-5
91 - TRALM MAJOR IT, 40
92 - TRALM M NOR_IT, 100
93 - SMOOTHI NG _RATI O, 0.04

pi ecewi se |inear curve snmoothing ratio
used in SC-PDl PM and TRALM

A typical usage of theoptionsvector mightbeas follows:
Get the default optionsvector:

>> opt = npoption;

Use thefast-decoupled methodto solve power flow:

>> opt = npoption(opt, 'PF_ALG, 2);

Display only system summary and generator info:
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>> opt = npoption(opt, 'OUT_BUS', 0, 'OUT_BRANCH , 0, 'OUT_GEN, 1);
Show all progress info:

>> opt = npoption(opt, 'VERBCSE , 3);

Now, runabund of power flows ugng these settings

>> runpf (' case57', opt)
>> runpf (' casell8', opt)
>> runpf (' case300', opt)
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3.7 Summary of the Files
Documentationfiles:

READNVE basic intro to MATPOWER

README. t xt basic intro to MATPOWER, with DOS lineendings (for Windows)
docs/ CHANGES modification history of MATPOWER

docs/ CHANGES. t xt modification history of MATPOWER, with DOS lineendings
docs/ manual . pdf PDF version of the MATPOWER User@ Manud

(see dso casef or mat . m& genf or m mbdow)

Top-level programs:

cdf 2mat p. m convets daafrom |EEE CDF to MATPOWER format
runconp. m runs2 OPFs and compares results
rundcopf.m runsa DC optimal power flow
rundcpf.m runsa DC power flow
runduopf . m runsa DC OPF with unit decommitment
runopf.m runsan optimal power flow
runpf.m runsa power flow
runuopf.m runsan OPF with unit decommitment
(seedsoopf.m copf.m fmincopf.m | popf.mbdow which can also beused astop-level
programs)

Inputdaafiles:
casef ormat. m doaumentation for inputdaafile format
case_i eee30. m |[EEE 30 bussystem
casel18. m |[EEE 118bussystem
casel4. m |[EEE 14 bussystem
case2383wp. m Polish power system, winter 19992000peak
case2736sp. m Polish power system, summer 2004 peak
case2737sop. m Polish power system, summer 2004 off-peak
case2746wop. m Polish power system, winter 2003-04 off-peak
case2746wp. m Polish power system, winter 200304 peak
case30. m modified IEEE 30 bussystem
case300. m |EEE 300bussystem
case30pw . m case30. mwith piecewise linear cods
case30Q m case30. mwith reactive power cods
case39. m 39 bussystem
case4gs. m 4 bussystem from Grainge & Stevenson
case57. m |[EEE 57 bussystem
case6ww. m 6 bussystem from Wood& Wollenbeag
case9. m 3 generator, 9 bussystem (default casefile)
case9Q m case9. mwith reactive power cods
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Common source files and utility fundionsused by multiple programs:

bust ypes. m creates vectors of busindices for ref bus PV buses, PQ buses

conmpare. m prints summary of differences between 2 solved cases

dAbr _dV. m computes patial derivatives of branch appaent power flows wrt. volt-
age used by OPF

dSbr_dV. m computes patia derivatives of branch complex power flows wrt. volt-
age used by OPF & state estimator

dSbus_dV. m computes patial derivatives of buscomplex power injectionswrt. volt-
age used by OPF, Newton PF, state estimator

ext2int. m convets daa matrices from externd to internd bus numbering

hasPQcap. m checks for generator P-Q capability curve condraints

have_fcn. m checksfor availability of optiond fundiondity

i dx_area. m named column index definitionsfor ar eas matrix

i dx_brch. m named column index definitionsfor br anch matrix

i dx_bus. m named column index definitionsfor bus matrix

i dx_cost. m named column index definitionsfor gencost matrix

i dx_gen. m named column index definitionsfor gen matrix

i nt 2ext. m convets daa matrices frominternd to externd bus numbering

i sl oad. m checksif geneators are actudly dispatchable loads

| oadcase. m loadsdaafromacasefile or struct into data matrices

makeB. m forms B matrix used by fast decoupled power flow

makeBdc. m forms B matrix used by DC PF and DC OPF

makePTDF. m formsthe DC PTDF matrix

makeSbus. m forms buscomplex power injectionsfrom specified generation and load
injections

makeYbus. m forms complex busadmittance matrix

mp_l p. m solves an LP problem with best solver available

mp_gp. m solves a QP problem with best solver available

mpver. m prints MATPOWER version information

printpf.m pretty prints solved PF or OPF case

savecase. m saves daa matricesto a case file

mpopti on. m set MATPOWER options

Power Flow (PF):

depf. m implements DC power flow solver

fdpf. m implements fast decouple power flow solver

gausspf.m implements Gauss-Seidd power flow solver

newt onpf. m implements Newton power flow solver

pfsol n. m updaes data matrices with PF solution
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Optimal Power Flow (OPF):
common files shared by multiple OPF solvers

opf _formm returns codefor formulation given OPF algornithm code

opf _slvr.m returnscodefor solver given OPF agorithm code

opf.m top-level OPF solver routine

pol y2pw . m creates piecewise linear approximation to pdynomial cog function
pgcost. m splitsgencost into rea and reactive power cogs

t ot cost. m computes total cod for given dispach

files used only by DC OPF

dcopf. m implements DC optimal power flow

files used only for traditional OPF formulation (constr - and LP-based)

fg_names. m returns names of fundion and gradient evaluaors for given algorithm
fun_ccv. m computes objective fundion and congdraintsfor CCV formulation
fun_std. m computes objective fundion and condraints for standad formulation
grad_ccv. m computes gradients of obj fcn & condraints for CCV formulation
grad_std. m computes gradients of obj fcn & condraints for standad formulation
opfsol n. m updaes data matrices with OPF solution

files used only by const r -based OPF
copf.m implements const r -based OPF solver

files used only by LP-based OPF

| popf.m implements L P-based OPF solver

LPconstr. m solves anonlinear optimization via sequential linear programming
LPegsl vr. m runsNewton power flow

LPrel ax. m solves L P problem with condraint relaxation

LPset up. m solves LP problem usang specified method

files used only for generalized OPF formulation (f m ncon- and MINOS-based)
genformm doaumentation for generalized OPF formulation
makeAy. m forms A matrix and b vector for generalized OPF formulation

files used only by f mi ncon-based OPF

consfmin. m computes value and gradient of condraints
costfmn. m computes value and gradient of objective fundion
f m ncopf. m implementsf m ncon-based OPF solver

files used only for OPF with unit decommitment
fai rmax. m same as MATLABQ@ built-in max() , except breaks ties randonly
uopf . m implements unit decommitment for OPF
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Extras: (in ext r as subdirectory)
auction market software (in smart mar ket subdirectory)

auction. m clears set of bidsand offers based on pricing rules and OPF result
case2of f. m creates set of price/quantity bidgoffers given gen and gencost matrices
i dx_di sp. m named column index definitionsfor di spat ch matrix

of f 2case. m upddes gen and gencost matrices based on quantity/price biddoffers
pricelimts. m prints the market output

printnkt.m prints the market output

runmar ket . m top-level program runsan OPF-based auction

runnkt. m old top-level program runsan OPF-based auction (deprecated)
SM_CHANGES modification history of the smartmarket software

smartnkt. m implements the smartmarket solver

unfinished state estimator (in st at e_est i mat or subdirectory)
runse. m runsa state estimator
state_est. m implements a state estimator

Tests: (int subdirectory)

sol n9_dcopf . mat daaused for tests
sol n9_dcpf . mat daaused for tests
sol n9_opf . mat daaused for tests
sol n9_opf _ang. mat daaused for tests

sol n9_opf _extrasl. mat daaused for tests

sol n9_opf Pl i m mat daaused for tests
sol n9_opf _PQap. mat daaused for tests
sol n9_pf . mat daaused for tests

t _auction_f m ncopf.m testSaucti on. minextras/ smart mar ket usngf m ncon solver

t _auction_m nopf. m testSauction. minextras/smartmarket usng MINOPF solver

t _auction_pdi pm m testsaucti on. minextras/ smart mar ket usng PDIPMOPF solver
t _auction_case. m test case for auction tests

t _case9_opf.m

t _case9 _opfv2. m
t _case9 _pf.m

t _case9 pfv2. m
t _end. m

t _hasPQcap. m
t is.m

t _j acobi an.
t | oadcase.
t _makePTDF.
t _off2case.
t_ok. m

t _opf_fm ncon. m
t _opf_m nopf.m
t _opf_pdi pmm

t _opf_scpdi pm m

3 3 3 3

casefile (version 1 format) for OPF tests
casefile (version 2 format) for OPF tests
casefile (verson 1 format) for power flow tests
casefile (version 2 format) for power flow tests
finishes a set of tests and prints statistics
testshasPQcap. m

tests if two matrices are identical to some tolerance
does numerical test of partial derivatives

tests| oad_case. m

tests nrakePTDF. m

testsof f 2case. m

testsif an expressionistrue

tests OPF uangf mi ncon solver

tests OPF usng MINOPF solver

tests OPF usng PDIPMOPF solver

tests OPF usng SCPDIPMOPF solver
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t_opf_tralmm

t _opf_constr. m
t_opf_Ip.m

t _opf_dc. m
t_pf.m
t_run_tests. m

t _runmarket. m
t_skip.m

t est _mat power. m

tests OPF usng TRALM solver

tests OPF ugng constr solver

tests OPF usng L P-based solver

tests DC OPF

tests PF solvers

framework for running a series of tests
testsrunmar ket . m

skipsa specified number of tests
runsall available MATPOWER tests
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Appendix A: Noteson LP-Solversfor MATLAB

When MATPOWER was initially developed the LP and QP solvers available in MATLAB® Optimiza-
tion Toolbox, | p. mand gp. m did notexploit sparsity and were therefore very dow for thelarge sparse
problems typically encountered in power system simulation. Fortunaely, there were some third party
LP and QP-solvers for MATLAB with much better performance.

Several LP and QP-solvers were tested for use in the context of an LP-based OPF. Some of them we
were unale to get to compile on our architecture of choice and others proved to beless than robug in
an OPF context.

Hereisalist of the solvers we tested at thetime:

¥ bpmpd - QP-solver from hitp://www.sztaki.hu/~meszarogbpnpd/
Please see http://www.pserc.corndl.edu/bpnpd/for aMATLAB MEX version.

Ip.m - LP-solver induded with Optimization Toolbox 1.x and 2.x (from MathWorks)
Ip_solve - LP-solver fromftp:/ftp.ics.ele.tuenl/publp_slve/

K K K

logo - LP-solver from http://www.princeton.edu/~rvdb/

¥ sol_gps.m - LP-solver developed at U. of Wisconsn (notpulicly available)

Of dl of the packages tested, the bpmpd solver, has been the only onewhich worked reliably for us It
has proven to bevery robug and has exceptiond performance.

More information about free optimizers is available in Decision Tree for Optimization SoftwareO
maintained by MittenlmonnHansand P. Spdlucci at http:/plato.la.asu.edu/gudehtml.

Since the initial development of MATPOWER, more recent versions of the MATLAB Optimization
Toadbox have moved to new LP and QP solvers, | i nprog. mand quadpr og. m The LP solver, based
on LIPSOL, does suppot spasity, but is still typically dower than bpmpd. The QP solver does not
support sparsity in general, only for certain restricted special cases.

Appendix B: Additional Notes

¥ Some versonsof MATLAB 5 were dow at selecting rows of alarge sparse matrix, but much faster
at trangposng and selecting columns
¥ fm ncon. mseemsto compute inaccurate shadow prices for Optimization Todbox 3.0 and earlier.
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Appendix C: Auction Code

MATPOWER 3 indudesin theext ras/ snart mar ket directory codewhich implements a Gmart mar-
ketOauction clearing mechanism. The purpose of this codeis to take a set of offers to sell and bidsto
buy and use MATPOWER® optimal power flow to compute the corresponding allocationsand prices.
It has been used extensively by the authors with the optiond MINOPF package' in the context of
PoweRWEB® but has not been widdy tested in other contexts.

MATPOWER 3.2 indudes a new version tha suppots offers and bids for reactive power and uses a
new interface.

The smart market algorithm congsts of thefollowing basic steps
1. Convat block offers and bidsinto corresponding generator capecities and cods.

2. Run an optimal power flow with decommitment option (uopf) to find generator alocations
and nodd prices ( ";).

3. Conveat geneator allocationsand nodd pricesinto set of cleared offers and bids
4. Printresults.

For step 1, the offers and bidsare supplied as two struds, of f er s and bi ds, each with fieldsp for real
power and Q for reactive power (optiond). Each of these is also a struct with matrix fieldsqgty and
pr c, where the element in the i-th row and j-th column of gt y and pr ¢ are the quantity and price, re-
spectively of the j-th blodk of capacity beng offered/bid by thei-th generator. These block offers/bids
are convated to the equivalent piecewise linear generator cods and generator capecity limits by the
of f 2case fundion. Seehel p of f 2case for moreinformation.

Offer blocks mug be in nondecreasing order of price and the offer mug correspondto a generator
with0" PM N<PMAX. A set of price limits can be specified viathel i mstruct, e.g. and offer price cap
on rea energy would be stored in1i m P. max_of f er . Capecity offered abovethis price is consdered
to be withhdd from the auction and is not induded in the cost fundion produed. Bids must be in
norrincreasing order of price and correspondto a generator with PM N < PMAX " O (see (Dispatchable
loadDon page 18). A lower limit can be set for bidsin|im P. ni n_bi d. Seehel p pricelinits for
more information.

Thedaa specified by a MATPOWER case file, with thegen and gencost matrices modified according
to step 1, are then used to runan OPF. A decommitment mechanism is used to shut down generators if
doing so resultsin asmaller overall system cog (see Section 3.5 Unit Decommitment Algorithm).

In step 3 the OPF solutionis used to determine for each offer/bid block, how much was cleared and at
wha price. These values are returned in co and cb, which have the same structure as of fers and
bi ds. Thenkt parameter isa struct used to specify a number of thingsaboutthe market, induding the
typeof auctionto use, type of OPF (AC or DC) to use and the price limits.

Thee are two basic types of pricing options available through mkt . aucti on_t ype, discriminative
pricing and uniform pricing. The variousuniform pricing optionsare best explained in the context of
an unonstrained lossess network. In this context, the allocation is identical to wha onewould get by

4 See http://www.pserc.cornell.edu/minopf/
5 See http://www.pserc.cornell.edu/powerweb/
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creating bid and offer stacks and finding theintersection point. Thenodd prices (“,) computed by the
OPF and returned in bus(:, LAM P) are al equd to the price of the margind block. Thisis either the
last accepted offer (LAO) or thelast accepted bid (LAB), depending which isthe margind block (i.e.
the onetha is split by intersection of the offer and bid stacks). There is often a ggp between the last
accepted bid and the last accepted offer. Since any price within this rangeis acceptable to al buyes
and sellers, we end up with anumber of optionsfor how to set theprice, as listed in thetable bdow.

AU Name Description
Type

0 discriminative Tr_\e price of each cleared offer (bid) is equd to the offered (bid)
price.

1 LAO Uniform price equd to thelast accepted offer.

2 FRO Uniform price equd to thefirst rejected offer.

3 LAB Uniform price equd to thelast accepted bid.

4 FRB Uniform price equd to thefirst rejected bid.

5 first price Uniform price equd to the offer/bid price of margind unit.

6 secondprice Uniform price equd to m_in_(F_RO, I__AB) if the margind unit is an
offer, or max(FRB, LAO) if it isabid.

7 ;f?}[‘etrteuie Uniform price equd to theaverage of theLAO and LAB.

8 dud LAOB Uniform price for sellersequd to LAO, for buyasequd to LAB.

Generalizing to a network with possible losses and congestion results in nodd prices “, which vary
according to location. These ", values can be used to nomalize al bidsand offers to areference loca-
tion by adding a locationd adjustment. For bids and offers at bus i, the adjugment is ", . #";,,
where ", . isthenodal price at the reference bus The desired uniform pricing rule can then be ap-

plied to the adjused offers and bidsto get the appropriate uniform price at thereference bus Thisuni-
form priceisthen adjusted for location by subtracting thelocationd adjustment. The appropriate loca-
tiondly adjuged uniform price isthen used for al cleared bidsand offers.

There are certain circumstances unde which the price of a cleared offer determined by the above pro-
cedures can be less than the origind offer price, such as when a generator is dispatched at its mini-
mum generation limit, or greater than the price cap | i m P. max_cl ear ed_of f er . For this reason all
cleared offer prices are clippeal to be greater than or equd to the offer price but less than or equd to
limP.max_cl eared_of fer. Likewise, cleared bid prices are less than or equd to the bid price but
greater than or equd tol i m P. mi n_cl ear ed_bi d.
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Handling Supply Shortfall

In single sided markets, in order to handle situaionswhere the offered capecity is insufficient to meet
thedemand unde all of the other condraints, resulting in an infeasible OPF, we introduc the concept
of emergency imports. We modd an import as a fixed injection togeher with an equd sized dispatch-
able load which is bid in at a high price. Unda normal circumstances, the two cancel each other and
have no effect on the solution. Unde supply shortage situaions the dispatichable load is not fully dis-
pached, resulting in a net injection at the bus mimicking an import. When used in conjundion with
theLAO pricing rule, themargind load bid will not set the priceif all offered capacity can beused.

Example

Six generators with three blocks of capacity each, offering asfollows:

Generator | g s | st @ o | v o g
1 12@%20 | 24@$50 | 24 @ $60
2 12@%20 | 24@%$40 | 24@3$70
3 12@%20 | 24@%42 | 24@ 3$80
4 12@%20 | 24@%44 | 24@ $90
5 12 @ $20 24 @ $46 24 @ $75
6 12@%20 | 24@%$48 | 24 @ $60
Fixed load totaling 15164 MW.
Three dispachable loads bidding three blodcks each as follows:
Load| Block1 Block 2 Block 3
MW @ $/MWh | MW @ $/MWh | MW @ $/MWh
10@%$100 | 10@%$70 | 10@ $60
10@%$100 | 10@%$50 | 10@ $20
10@%$100 | 10@%$60 | 10 @ $50

Thecasefilet/t _auction_case. m used for this example, is amodified version of the 30-bussystem
tha has 9 geneaators, where thelast three have negative PM N to modd the dispachable loads

To solve this case usng an AC optimal power flow and a last accepted offer (LAO) pricing rule, we

use

nkt. OPF = ' AC ;

nmkt . auction_type = 1;
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and set up the problem as follows:

offers.P.qty = [
12 24 24;
12 24 24;
12 24 24;
12 24 24;
12 24 24;
12 24 24 1;

offers.P.prc = |
20 50 60;
20 40 70;
20 42 80;
20 44 90;
20 46 75;
20 48 60 1;

bids.P.qty = [ ...
10 10 10;
10 10 10;
10 10 10 1;

bids.P.prc = [ ...
100 70 60;
100 50 20;
100 60 50 1J;

[ mpc_out, co, cb, f, dispatch, success, et] = runnmarket(nmpc, offers, bids, nkt);

Theresulting cleared offers and bids are:

>> co.P.qty
ans =

12. 0000 23. 3156
12. 0000 24. 0000
12. 0000 24. 0000
12. 0000 24. 0000
12. 0000 24. 0000
12. 0000 24. 0000

ceololoNoeNe]

>> co.P.prc
ans =

50. 0000 50. 0000 50. 0000
50. 2406 50. 2406 50. 2406
50. 3368 50. 3368 50. 3368
51. 0242 51. 0242 51. 0242
52. 1697 52. 1697 52. 1697
52. 9832 52. 9832 52. 9832

>> ch.P.qty
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ans =
10. 0000 10. 0000 10. 0000
10. 0000 0 0
10. 0000 10. 0000 0

>> cb.P.prc

ans =
51. 8207 51. 8207 51. 8207

54. 0312 54. 0312 54. 0312
55. 6208 55. 6208 55. 6208

39



MATPOWER User@® Manud

In other words the generators sold:

Generator Quanltli%/ Sold Sdl;r/lﬂg/gl VI;hrice
1 353 $5000
2 36 $5024
3 36 $5034
4 36 $5102
> 36 $5217
6 36 $5298

And thedispachable loadsbought

Losd Quanti B/WBought Pur c;\/fl;‘lﬁ/}lfrlce
300 $5182
100 $5403
3 200 $5562
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