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Abstract. This paper presents deterministic methods developed to study the flexibility of an electric power
system. They rely on the proposition that an electric power system is flexible if power balance is maintained
at a considered time. These methods are aimed at determining the combination of the largest loads, which,
when exceeded a little, disturb power balance at studied nodes. The paper presents two methods: brute-force
optimization and nonlinear optimization. Results obtained using the first method are taken to be a reference

for verification of nonlinear optimization output.

1 Introduction

In terms of control of an electric power system (EPS), the
flexibility of the EPS that has generating equipment with
specific maneuverability characteristics is closely related to
its ability to maintain frequency and voltage in the system
under uncertainty and variability [1]. Thermal and
hydroelectric power plants, which can quickly ramp up and
ramp down the load, provide the flexibility of the EPS on
the generation side. A variety of load management
techniques that have emerged owing to the development of
new technologies solve the flexibility problem on the
demand side. With the adoption of wind and solar farms,
energy storage is becoming an important tool for ensuring
flexibility.

A prerequisite for ensuring the EPS flexibility is
operating reserves available in the system. The considered
reserves or sources of flexibility are:

1. Operating reserves [2], [3], [4].
2. Demand management [5].
3. Energy storage systems [6].

Reserve is used in the case of an unplanned increase or
decrease in load. A large number of sources of variable
generation (wind, solar) in the EPS require the placement of
upward and downward reserves [2]. Authors of [3] provide
an overview of the operating reserves used in the USA and
Europe. In [4], a methodology for determining the minimum
required reserves of Russia’s EPSs is given.

Demand-side management is applied to adjust
residential load [5], service sector load [6], and industrial
load [7].

Energy storage devices are used to store and deliver
power during a certain time. Energy storage technologies
are based on different physical principles. The following
classification of energy storage devices is given in [8]:

— Mechanical:  flywheels, hydraulic accumulators,
pneumatic accumulators.

— Electric: capacitors and supercapacitors.

— Electrochemical: storage batteries, hydrogen fuel cells,
nano-ion cells.

Author of [9] describes Superconducting Magnetic
Energy Storage (SMES), which stores energy in a magnetic
field created by direct current in a coil with zero electrical
resistance, cooled below a characteristic critical
temperature.

Researchers in many countries are studying the issues of
the flexibility margin, presence, and absence in the power
system. There are currently probabilistic and deterministic
methods for determining flexibility.

In [11], a deterministic method was proposed to
determine the largest variation range of uncertainties at
which the power system remains flexible for a specified
time within acceptable cost. The flexibility metric is
calculated by comparing the obtained range with the target
range. In [10], the flexibility residual, which is the
difference between the available flexibility and the expected
load ramps is calculated for each observation and horizon.
Then, the probability that the residual flexibility will be less
than zero is determined, which means the probability of
insufficient resources in the system. In [11], the flexibility
of thermostatically controlled loads (TCLs) when integrated
into system-level operation and control is calculated. The
authors propose a geometric approach to modeling the
aggregate flexibility of TCLs. The set of valid power
profiles of individual TCLs is represented by a polyhedron.
Aggregated flexibility is calculated as the Minkowski sum.
The authors developed an optimization algorithm for
approximating polynomial by homotheties of a given
convex set represented by a virtual battery model.



The insufficient ramping resource expectation (IRRE)
metric to estimate flexibility is calculated in [12]. For each
direction and time horizon, a probability distribution of
IRRE is formed.

This paper presents deterministic methods developed to
study the EPS flexibility. The structure of the paper is as
follows. The second section discusses modeling the
flexibility of EPS facilities and modeling the archive of
loads. The third section presents the ideas of methods, the
objective function of calculating the maximum loads and
constraints. The fourth section provides a detailed
description of the methods for calculating flexibility. The
fifth section presents the research results. The sixth section
is the conclusion.

2 Modeling the flexibility of EPS elements
and load archive

Model of generator flexibility of a conventional station

The flexibility available from each generator is determined
by the power that can be generated over the considered time
horizon and is calculated by the formula [12]

Fg =V, *(t-Q1-b)*S;), (1)
where ViJr is load ramp time (MW/min), t is the
considered time horizon, S. is the start-up time

i
(hour), b is the binary on-line variable when a generator is
on b=1

Model of battery flexibility

The flexibility available from the battery is determined by
its state of charge. If the battery is charged within the
specified limits

SOC, i <SOC(t) <SOC, . . )

then the power output is calculated by the formula:
Fg = Bnax (3)
otherwise:

Fe=0 . )

Model of system flexibility

System flexibility is determined as total flexibility available
from all units of flexibility

m n
Fs =2Fg+2Fg. ()
1 1

where m is the number of generators at conventional
stations, n is the number of batteries.

Modeling of load archive

The load at each given node i is calculated by the formula
[13]:

PL'(ZL') = Zl'Pimin + (1 - Zl')PiTnax y (6)

where 0<z; <1, P"is the upper limit of load at node i,

P™™ s the lower limit of load at node i.

The archive of loads is formed according to the following
algorithm:

1. Set the minimum and maximum values of the active
load. Form vectors P™m"and pMe¥  pmin —
(lein’P{nin lein P&nin), pmax —
(prax, prex P L PR, where R is the number of
given load nodes.

2. Setvectorz z=(z,,z,,..2; ,..Zg) . Specify the number

of steps N, which determines the size of the archive.
Calculate the step of changing the load by the formula

step=1/N. (7

Initial condition: z= (0) is the zero vector, k =1 is the step
number.

3. Calculate the value of load by (6).

4. If k=N xR ,gotoitem 7, otherwise k =k +1, go to
item 5.

5. Calculate z“** by

2K+ — 7K L step. (8)

6. Gotoitem 3.

7. Determine all possible load values.

8. The end. The result is a modeled archive of loads
P"OAD, the dimension of the archive is [LxR] where

L=Cg .

3 The idea of the methods. Objective
function and constraints

This paper presents deterministic methods based on the
proposition that an EPS is flexible if a power balance is
maintained at the considered time. An increase in the load
leads to a decrease in the flexibility of the system, this is
why one of the key points in the analysis of the EPS
flexibility is the availability of information about the
maximum possible loads. The developed methods are aimed
at determining the combination of maximum loads which,
when exceeded a little, disturb the power balance at the
studied nodes.

The objective function is the maximum sum of the
differences between the predicted and simulated loads at
nodes with uncertainty over a given time. It is written as
follows:

Y1 (P = Pi(z)) = X1 AP(z;)) — max (9)

where r is the number of nodes with uncertainty.



For clarity of presentation of the constraints used to solve
this problem, all nodes are divided into three types:

e Uncontrolled nodes. Generator nodes where control
actions are not performed or load nodes at which there is no
uncertainty pcoNsT:
e Controlled nodes. Generator nodes where the control
actions P4 are performed;

e Nodes with uncertainty. Load nodes at which power
changes.

The constraints are as follows:

P_; < PM* (11)
PM™ < PPA < phex (12)
0<z <1, (13)

where in (9) P, is the forecast (pseudo measurement) of

active power at node i, which has uncertainty; P (z;) is
the relationship between active power and value z, which is
responsible for a change in the value of power at node i.
Constraint (10) is the power balance at node j (any type of
node), or the power balance at EPS, (11) is the constraint

on line transfer capability; P/”7* is the capability limit of
transmission line i-j, (12) limits the range of control actions

at the controlled node, (13) is a constraint on the parameters
of optimization.

4 A detailed description of the developed
methods

The paper presents two methods for determining flexibility:
1. Brute-force optimization.
2. Nonlinear optimization.

4.1 The brute-force optimization

The brute force optimization is used to process all
combinations of possible loads in EPS to determine load
combinations that, when slightly exceeded, make the
system inflexible.

The brute force optimization algorithm is described below.
1. Start. The wvector of injections is P=
(PCONST  pC4. pLy Calculate a load flow solution (LFS).

P —PY | where Pis a load at the nodes with
uncertainty at a given time. Initial conditions are
Prab: Pref =1

2. Perform the control action P4 according to PP (i)

3. Form the vector of injection P =
(PCONST PCA PLOAD(i))

4. Calculate a load flow solution.

5. If the process has converged, go to the next step.
Otherwise, go to step 9.

6. Check the constraints (formulas 10-13).

7. If the constraints have been satisfied, go to the next step.
Otherwise, go to step 9.

8. Compare the vectors

(P _prehy < (PLO"C (j) — ™) . When the condition is

met, save the vector P9 (i), prab = pLoAP ) Use

Euclidean distance and distance of Chebyshev to compare
the two vectors.

9. If i=i+1. 1=L, go to step 10, otherwise, go to step
2.

10. The end. The result: PX°4P (i) is a combination of the
largest loads in EPS, which are possible under the given
conditions.

4.2 Nonlinear optimization

Nonlinear minimization refers to the problem of nonlinear
programming and is performed in Matlab. As a result, the
values of optimization parameters used for the calculation
of active power Pf*¢ at the nodes with uncertainty are
determined. In this study, the optimization parameter is z
(formula (6)). Therefore, the objective function (9) and
constraints (10), (11) should be written using the parameter
z. Constraint (12) is taken into account by the objective
function.

The objective function.

Each element of (9), taking into account (6), can be written
as:

APi(z)) = P, — P; (z;) = P, — P"™* 4 z;(P™>*—p"") =

Di + FiZi (14)
R -R™ =D, (15)
P™ —P™ = F; . (16)

D;, F; remain the constant values during the optimization
process.
The objective function can be written as follows

D; + z;Fi+...Dg + zgFg + z,.F. - max  (17)

and after excluding all constant values it has a compact
form:

1(=Fiz;) — F42, — max. (18)
Constraints
After some transformation, power balance in EPS
=y P+ X5 P (z) =0 (29)
can be written as follows

Z?—un P‘] Z] - lez—un ijax + Z‘liln Pl , (20)

where n is the number of nodes in EPS, un is the number
of uncontrolled nodes.



Building the balance and transmission constraints,
which are needed to ensure that all state variables be within
their limits, requires the values of power flows in the lines.
In this study, power flows in the lines are calculated using
the PTDF (power transfer distribution factor) method [15].
PTDFs describe how active power flows in lines are
changed if power injection at the node is increased or
decreased.

The power transfer distribution factor in the line limited
by nodes i, j is calculated in advance as follows

ki_j =AP;_j/AP,(z,), (21)
APy (z4) = TR, AP (2) (22)

where AP, is an increase (decrease) of the active power at
the node, where the control action is performed AP,_; is an

increase (decrease) of the active power flow in line i-j, AP,

is an increase (decrease) of active power at the node with
uncertainty.
For the problem of nonlinear optimization, the coefficients

k._ . are the initial data.

o

'Jl'he power balance at nodes with uncertainty is
compiled as a balance of power increments

AP + X5, AP,_; = b, (23)

AP;_; = APy (2)k; ;. (24)

where AP, is an increase (decrease) of active power at node

A, AP_jis power flow increments, G is the number of

adjacent nodes, b is convergence tolerance. Given (14),
(24), the constraint at node i is written as:

FuZ, Z:?:l kioj +FiZi+ (P, = P"**) X% 1 ki_; = b .(25)
Active power flows in lines are monitored according to (11)
Pi—j + ki—jAPA(ZA) < Plrf;lx (26)

when transferring constant values to the right-hand side
(taking into account (14) for i = A), constraint (26) has the
form

Fyki—jzp, < P25 — Pi_j — ki j(Py — ") . (27)

4.3 Determination of EPS flexibility

The flexibility of EPS is determined as follows:

Fg = YR (Pfec —pIomee). (28)

where Pf?¢ is a calculated (simulated) value of the active
load at node i; P/°"° is a forecast of active load at node i.
If

F, >0,
then EPS is flexible.

5 Case study

5.1 Describing a test scheme and scenario

K3

Ioo
I_
J_

Fig.1. Test scheme

Calculations are performed using a scheme consisting of
5 nodes and 5 lines (figure 1). Nodes 3 and 4 are the nodes
with uncertainty. Node 1 stands for a wind farm. Node 5 is
a battery. Node 2 (conventional plant) is a controlled node
where control actions are power generation required to
ensure balance in the EPS, given the forecast of generation
from the wind farm and the power supplied by the battery.
Nodes 1 and 5 are considered to be uncontrolled.
The calculations are performed according to the scenario: it
is necessary to determine a combination of the largest loads
at nodes 3, 4 four minutes ahead with known:
e forecasts of load values at nodes 3 and 4 (P/°7¢¢), which
are assumed to be the lower load limits;
o forecast of active power output at the wind farm;
forecast of active power output at the battery;
maximum load values, which are the upper load limits;
maximum value of active power generation at node 2;
capacity limits of transmission lines.
It is assumed that it takes 4 minutes for the entire available
reserve at the conventional plant to be switched on and that
the battery produces maximum power.

Table 1. Initial data (MW).

Number pmax Pmin Pforec
of nodes

1

2 32 20 20

3 37 23 23

4 23 13 13

5

The flexibility of a 5-node EPS is calculated by two
methods: the brute-force optimization and non-linear
optimization. The results of the first method are taken to be
a reference.

5.2 The brute-force optimization applying

Using this method, the vector of active loads is determined
among 900 pre-created vectors that differs as much as
possible from the forecasted loads when the following
constraints are met: iteration convergence tolerance is 0.05
MW (0.05 MVAr), the upper limit of power generation at



node 2 is 32 MW, active power flows in all lines should be
within transfer capability. The difference between the two
vectors is measured by the Euclidean distance and the
Chebyshev distance. As a result of applying this method, the
load flow solution with the maximum possible loads at
nodes 3 and 4 is calculated. Figure 2 shows the values of
active power injection which are the results of the
calculation of three load flow solutions: the obtained loads
at nodes 3 and 4 are equal to the forecast loads (Steady
state); the obtained loads at nodes 3 and 4 are the maximum
loads according to Euclidean distance (SSeuclidean) and
Chebyshev distance (SSchebyshev), respectively.

40 T -
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gwasesEETTON O e SSchebushev
’;‘ 20 \\ Steady state
s X
a O =2
e
\\ =
>
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: TS i
20 I ',}___",.,.,_-.—-m.u-.a |
1 2 3 4 5

Node number

Fig. 2. The active power injections

5.3 Nonlinear optimization applying

Solving the problem which applies the nonlinear
optimization, developed in Matlab, can be divided into
several steps.

Step 1. Calculate coefficients (k;_;) according to (21).
Step 2. Describe the objective function and constraints in
the equivalent forms which are suitable for the programs,
developed in Matlab.

The objective function

(P, _Pz(Zz)) + (P3 — P3(23)) + (P, — Py(2,)) = max

(29)
in an equivalent form is written as follows:
—z,F, — z3F; — z,F, - max. (30)
Similar transformations are performed for constraints.
EPS active power balance:
Py + Py(2;) + Ps — P3(23) — Pu(24) = 0 (31)

is:

Fzzz+F3Z3+F4Z4:P;nax‘l'PZnax_Pzrnax_Pl _PS

(32)

Active power balance at nodes 3,4
APy + AP;_; + AP;_, = 0, (33)
AP, + AP,_, + AP,_; = 0, (34)

are transformed into the equations:

FyZy(ks_1tks_y) + F3Z3 = (P; — P3"*) + (P, —
P ") (k3_1t+ks_4) + b . (35)

FyZy(ky_ptks_y) + FyZy = (P, — P + (P, —
P (ka—ptks—s) + b . (36)

Transmission constraints
Pi—j + ki—jAPZ (ZZ) < Pi‘n_l?'x (37)

are transformed into the following inequalities:

Foky 325, < PI%5" — Pi_p — kq_(P, — P"*) (38)
Fyky_37;, < PI"§* — Pi_3 — kq_3(P, — P;""), (39)
Foky_ 52y, < PI"%" — Pi_g — kq_5(P, — P"*) (40)

Foky 42y, < PR — Ppy — ky_y (P, — PFYY) (41)
Foks_ 42y, < P32 — P3_y — k3_y (P, — P;"%) . (42)

Optimization parameters constraints are:

0<z, <1, (43)
0<z <1, (44)
0<z, <1. (45)

The objective function in the Matlab codes is:
[z, fval]=fmincon(@funn,z0,ineq_l,ineq_r,A,B,zmin,zmax)

Function f= funn, f = —F,z, — F325 — F,z,; initial
approximation of optimization parameters is:z0 = [0 0 0].
A compact matrix formulation is used for representing
constraints.

Equality constraints (A, B) are:

A B

Faki_5 0 0 (P — P")ky_s5
Fy(ki—s +k3_s) F3 0 Py—PP® 4 (P, — PP)(20., kij)
Fy(ksp +k3_g) O Fy Py—PI"™ + (Pp — P)(X6o, kij)
F, F3 F, Yy pmer + P

Inequality constraints (L, R,) are:

L R
F2k1—2 0 0 Plnl%x_Pl—Z_kl—Z(PZ_P;nax
F2k1—3 0 0 Plnia3x_P1—3_k1—3(P2 _P%’nax)
F2k1—5 0 0 Plni%x - P1—5 - kl—S(PZ - Pémax)
Fykz—s 0 0 P =Py —kyy(P, = P*)
Faks_4 0 0 P = Py_y = k3_y(P, = P*)

Step 3. Perform optimization. The result is a vector of
optimization parameters (z) with given constraints.

Step 4. Interpret the results. Calculate the load values at
nodes 3, 4, and the generation at node 2, according to
formula (6). Figure 3 shows the active power values at
nodes 2, 3, 4 before (SS), and after (SS max) optimization.
Step 5. Check if the obtained state variables meet the given
limits. If the result is negative, invalid state variables are
assumed to be corrected.
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Fig. 3 Active power at nodes 2, 3, 4 before (SS) and after (SS max)
optimization

5.4 Analysis of results

The results obtained by the two methods are summarized in
Table 2. The last line shows the flexibility calculated by (28)
using different methods. Table 3 presents the values
calculated by the formula:

AFdist = |Fnonl - Fdist| ) (46)

where F,;; is the EPS flexibility (F; Table 2) calculated by
the brute-force method using Euclidean distance (8.8MW)

or Chebyshev distance (9.3MW), F,,,; is EPS flexibility
(12.9 MW, Table 2) calculated by nonlinear optimization.

Table 2. Result of calculations (MW).

Initial data Calculated data
Number | Forecast | Max Brute force Nonlinear
of P'forec Pl-max Picalc Picalc
nodes | ° euclid | cheb
1 13.9
2 21 30 31 30
3 -23 37 -23.4 -25.5 -26.9
4 -13 25 -21.4 -19.8 -22
5 6.2 6.2 6.2
F; 88 | 93 12.9

Table 3. Absolute difference between two values of flexibility.

. AF yise) (MW) X AF45  (MW)
Difference Number of nodes
3 4
Front = Feua 35 06 41
Front — Feneb 14 22 36

The active powers, which are the result of three load flow
solution problems and the result of the nonlinear
optimization, are shown in Figure 4.

Active power
40
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20

= L] [l |
[a

1 Node 1 Node 2 Imi|l Node 5
-20

-30

o

o

Node number
m Euclidean m Chebyshev @ Nonlinear m Steady State

Fig. 4. Diagram of active power

Analysis of the results presented in Table 2 and Figure 4
shows that

» Comparison of the given maximum loads (italics) with the
maximum possible loads calculated by different methods
(bold) shows that the loads calculated using nonlinear
optimization are closer to the given maximum loads;

* The flexibility of the considered EPS is 12.9 MW (formula
28) according to nonlinear optimization, 8.8 MW and 9.3
MW according to the brute-force method when using the
Euclidean distance and Chebyshev distance, respectively, as
a metric.

Table 3 shows that the nonlinear optimization results are
closer to the results obtained by the brute-force method in
the case of the Chebyshev distance used as a metric (4.1>
3.6).

Findings have revealed that the calculation of load flow
solution in the case where the result of nonlinear
optimization is used as the initial data, requires that reactive
power be added at node 3 for all variables to be within given
limits.

6 Conclusion

The paper describes the methods for determining the
flexibility of the electric power system: the brute-force and
nonlinear optimization. In the brute-force method, the
Euclidean distance and the Chebyshev distance are used as
a metric for comparing the two vectors. For nonlinear
optimization, a function developed in Matlab is used.

The nonlinear optimization results are analyzed. The
analysis shows that the loads calculated using nonlinear
optimization are closer to the given maximum loads. The
study indicates that to ensure the reactive power balance in
the EPS at the obtained load values, it is necessary to
increase the reactive power at node 3.

A comparative analysis of the results has shown that the
reference for the verification of the nonlinear optimization
output should be the results calculated by the brute-force
algorithm based on the Chebyshev distance as a metric.

An algorithm was developed to create an archive of
loads required for the brute-force method.
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